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Abstract

Background: N’Dama (West African taurine) cattle exemplify African breeds that evolved
under distinct ecological and management regimes. The underlying genetic mechanisms behind
these potentials are still not well defined. Understanding the genetic basis of milk and adaptive
mechanism can guide in developing the effective breeding goals that both conserve the local
breeds and improve the commercial cattle. In this study, we evaluated the genome-wide scans
with runs of homozygosity (ROH), integrated haplotype scores (iHS) and Tajima’s D to unveil
selection signatures for milk production and adaptive traits in N’Dama cattle using publicly
available high density SNP chips.

Results: ROH islands, iHS and Tajima’s D hotspots overlapped milk and adaptation-related
genes consistent with trypanotolerance in N’Dama. Manhattan plot and functional enrichment
of these regions implicated milk production QTLs and disease resistance in N’Dama. Notably,
ROH hotspots contained candidate genes associated with milk protein synthesis (LEP, NCK]1,
IL6R, PDGFB, FGF23, CSNKIE, KIT, RPTOR, CSNKI1D), thermal adaptation (DNAJB2,
STRADB, OAZ3, SASHI, SOCS4, STRADA, MAPKAPK3), adaptive immunity (FCGR34,
IFIHI, IFI16, PDCDI, CTLA4, FCGR2A4, CDIB, TLR6, ANXAI) while iHS hotpot contained
CDH2, TCN2, ITGA1l, ITGAG6 for milk production and SMURF2, TNXB, CD47, THBSI for
adaptation and Tajima’s D hot spot revealed /IGF'I, STAT5B, LPIN1, GALM and NREP, SMAD®,
TLR9. TYRO3, SELI, CAT, TNFE, TXN, AP3BI as candidate genes associated with milk
production and adaptive traits respectively. Some genes such as DCDC2, HECWI1, CAPZB,
FER, ANAPC4, HECTD2, RFFL, SLIT2 were found to be overlapping between ROH and iHS.
Among overlaps between ROH and Tajima’D were found to be ANXAI, GCG, GCK, SOCS?7,
ALOXI5B and that between iHS and Tajima’s D were SDCCAGS and EPHB2. No overlap
genes were intersected between the three selection signature methods.

Conclusions: The contrasting ROH, iHS and Tajima’s D landscapes of N’Dama reflected
demographic history in selection and highlighted candidate loci for breeding milk productive
and adaptive N’Dama cattle. The overlaps between ROH, iHS and Tajima’s D signals provides
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robust evidence of recent positive selection, highlighting high-confidence candidate genes
likely contributing to adaptation and economically important traits such milk.

Keywords: N’Dama; Genome; ROH; Tajima’s D, Candidate gens

BACKGROUND

African indigenous cattle represent a genomic mosaic shaped by historical taurine-indicine
admixture, ecological adaptation, and centuries of diverse management practices [1-2,3].
Among these, N’Dama (Bos taurus) cattle are exceptional for their natural trypanotolerance,
which enables them to thrive in tsetse-infested West African regions where other breeds
succumb to African animal trypanosomiasis [4,5]. This makes them an invaluable genetic
resource for improving cattle productivity and resilience in tropical environments. In contrast,
Kuri cattle, adapted to semi-aquatic ecosystems, face challenges such as small population sizes
and higher inbreeding. Despite their adaptive importance, N’Dama cattle remain
underrepresented in genome-wide studies combining runs of homozygosity (ROH), integrated
haplotype score (iHS), and Tajima’s D, which together provide a comprehensive understanding
of selection signatures.

ROH represents long stretches of homozygous SNPs that reveal genome-wide autozygosity
and help distinguish between recent and ancient inbreeding [6,7]. The proportion of the genome
covered by ROH (FROH) quantifies realized inbreeding, offering insights into population
history and genetic diversity [8,9]. ROH islands shared across individuals often mark regions
under positive selection, where advantageous alleles have become fixed [10]. In livestock, such
regions frequently overlap with QTLs associated with milk production, growth, reproduction,
and adaptation [3,13].

In contrast, iHS detects partial selective sweeps regions where beneficial alleles are still
segregating but surrounded by extended haplotype homozygosity, signalling recent positive

selection [10,12]. iHS is particularly useful for identifying genomic regions linked to
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adaptation, disease resistance, and production traits [13,14]. Tools such as PLINK, SHAPEIT,
and SELSCAN are commonly used for these analyses [15].

Tajima’s D, on the other hand, is a site frequency spectrum (SFS)-based neutrality test [16] that
compares nucleotide diversity to segregating sites. Negative values suggest recent positive
selection or population expansion, while positive values indicate balancing selection or
bottlenecks. Unlike ROH and iHS, which depend on haplotype structure and linkage
disequilibrium, Tajima’s D reflects allele frequency changes across loci, thus detecting older
or frequency-based selection signals [17].

Integrating ROH, iHS, and Tajima’s D provides a robust, complementary framework for
detecting selection signatures across different evolutionary timescales: ROH identifies long-
term fixation or autozygosity, iHS captures recent selective sweeps, and Tajima’s D highlights
ancient or frequency-based selection events [18,19]. Overlapping results from these methods
strengthen confidence in true selection signals by reducing false positives due to drift or
population structure [20]. In summary, combining these three approaches enhances the
detection and interpretation of adaptive, production, and disease-resistance genes in N’Dama
cattle. This integrative strategy provides a comprehensive understanding of both historical and
ongoing selection processes, essential for the conservation and sustainable genetic
improvement of African indigenous cattle.

African cattle breeding can benefit from the systematic and practical application of these tools
for a variety of reasons [21]. First, compared to artificial selection for growth and milk in
breeding programs, indigenous and composite breeds have experienced different selection
regimes and environmental obstacles in harsh rangelands, leading to different genetic imprints.
Second, networks of genes linked to metabolism, endocrine regulation, and immune biology
mediate the polygenic economic traits under selection in these breeds, including as growth rate,

carcass composition, milk output and composition, parasite resistance, and thermotolerance.
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Lastly, mapping selection signatures helps prioritize haplotypes to maintain or introgress, offers
candidate markers for genomic selection, and helps manage inbreeding by highlighting
genomic regions where homozygosity is most concentrated [22,23]. Since Lake Chad is
recognized as a source of N'Dama genetics for several tropical countries facing milk production
constraints, conserving the genetic diversity of N'Dama cattle in Africa remains a significant
challenge. Ensuring the long-term sustainability and productivity of N'Dama breeding
programs requires a deeper understanding of the genomic mechanisms underlying
autozygosity, haplotype homozygosity and site frequency, which represent an emerging area of
research. Accordingly, this study aims to perform genome-wide analyses of autozygosity,
haplotype homozygosity and site frequency in N'Dama cattle to identify comprehensive

selection signatures associated with milk production and adaptive traits.

MATERIALS AND METHODS

Ethical statement

Genomic analyses were conducted using publicly available sequence data from a cohort of 25
N'Dama cattle. No new animal procedures were performed for this study. All data utilization
complied with the relevant ethical guidelines, data-sharing agreements, and standard practices

for the use of existing genotype datasets.

Genotype Data and Quality control

Whole-genome SNP genotype data for 25 N’Dama cattle originating from West Africa were
retrieved from the WIDDE (Web-Interfaced Next Generation Database for Genetic Diversity
Exploration) database [24]. The dataset was generated using the Illumina BovineSNP50

BeadChip, which assays 51998 SNP markers distributed across the bovine autosomes. To



ensure high-quality markers for downstream analyses, standard quality control (QC) filters
were applied in PLINK v1.9 [25]. SNPs and individuals were retained if they satisfied the
following criteria: Per-SNP call rate > 0.95, Per-individual call rate > 0.95, Minor allele
frequency (MAF) > 0.05, Hardy-Weinberg equilibrium (HWE) test p-value > 1 x 1076,

Autosomal SNPs passing these QC steps were used in all subsequent analyses (Table 1).

Table 1: Quality control/Filtering of the SNPs in N’Dama cattle

Parameters Total values Total SNPs SNPs
SNPs removed retained
filtered

Genotype (geno) call rate >0.95 51998 839 51159

Hardy-weinberg equilibrium 0.001 51998 12 51986

(hwe)

Minimum allele frequency (MAF) 0.05 51998 23427 28571

Total (geno/hwe/MAF) >(0.95/0.001/0.05 51998 24278 27720

ROH-Based selections signatures

Heterozygosity and Inbreeding Coefficient (FIS)

Within-breed genetic diversity was quantified by estimating observed heterozygosity (HO) and
expected heterozygosity (HE) under Hardy-Weinberg equilibrium using PLINK v1.9. The
inbreeding coefficient (FIS) was calculated as:

FIS=(He-Ho)/Hg

This provided a marker-based estimate of deviation from Hardy-Weinberg equilibrium,

reflecting within-population inbreeding.

Detection and Classification of Runs of Homozygosity (ROH)
ROH were identified in PLINK using the --homozyg command set, with parameters optimized
for cattle as recommended in previous studies [7,9]. The following thresholds were applied:

plink --cow --bfile N’Dama --homozyg --homozyg-snp 50 --homozyg-kb 250 --homozyg-
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density 250 --homozyg-gap 1000 --homozyg-window-snp 30 --homozyg-window-het 1 --
homozyg-window-threshold 0.05 -out. This is according to window size employed by Illa [26].
ROH were further categorized into five length classes [27] to differentiate between recent and
ancient autozygosity: 2-4 Mb, 4-8 Mb, 8-16 Mb, >16 Mb. Short ROH typically represent
ancient shared ancestry, whereas long ROH reflect recent parental relatedness or reduced

effective population size.

Genomic Inbreeding (FROH) and Identification of ROH Islands

The proportion of the genome covered by ROH was used to estimate realized inbreeding
(FROR) following McQuillan method [6]:

FROH = Total length of ROH per individual/Total autosomal genome length covered by SNP.
Both per-individual and per-chromosome FROH were computed to capture variation across the
genome [28]. Breed-specific ROH islands were defined as genomic regions where SNPs were
included in ROH across the top 1-5% of individuals in the dataset, representing loci with the
highest frequency of homozygosity. These regions are indicative of selective sweeps or fixation

of advantageous alleles.

iHS-Based selecetion signatures

To identify regions under recent positive selection, we employed the integrated haplotype score
(1HS), which evaluates the relative extended haplotype homozygosity (EHH) between derived
and ancestral alleles at segregating loci [12]. Genotype data were first quality controlled in
PLINK v1.9 [27,29], excluding SNPs with call rates below 95%, minor allele frequency (MAF)
< 0.05, or significant deviations from Hardy-Weinberg equilibrium (p <1 x 1079). The filtered
dataset was then phased into haplotypes using SHAPEIT v2 [30], incorporating breed-specific

effective population sizes to enhance phasing accuracy, and subsequently converted to VCF
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format for analysis with selscan v2.1 [10]. iHS was calculated by integrating the decay of
haplotype homozygosity around each core SNP, comparing ancestral and derived alleles.
Resulting iHS scores were standardized within allele frequency bins across the genome to
correct for frequency-dependent biases [12], and normalized iHS values exceeding 2 were

considered indicative of strong recent positive selection [31].

Tajima’D-Based selection signatures

Tajima’s D was calculated to detect deviations from neutral evolution and identify potential
regions under selection. Previously filtered SNP genotype data were used for this analysis. The
dataset was split by chromosome and converted to Variant Call Format (VCF). Tajima’s D
statistics were computed using VCFtools v0.1.16 [32], employing a sliding window approach
with a 50 kb window size and 25 kb step size to estimate local variations in nucleotide diversity
across the genome. The resulting Tajima’s D values were aggregated and visualized genome-
wide to detect regions exhibiting significant positive or negative deviations, which may

indicate balancing or directional selection, respectively [16].

Functional Annotation and Enrichment of Genes and Quantitative Trait loci (QTL) and

Overlaps between ROH, iHS and Tajima’s D candidate genes

For the QTL annotation and enrichment, ROH islands were identified and then annotated by
aligning genomic coordinates to genes in the Bos taurus ARS-UCD1.2 reference genome using
Ensembl and NCBI genome browsers. To assess their potential economic relevance, overlaps
with known quantitative trait loci (QTL) were examined through the Cattle QTL Database
(QTLdb_CattleARS UCD2.gtf) [21], with QTL subsequently grouped into trait categories
such as milk production, meat quality, health, adaptation, reproduction, and overall production.

Candidate regions of selection were defined as genomic windows harbouring clusters of SNPs
7



with extreme iHS and Tajima’s D values and were annotated to nearby genes using the
Bos taurusARS-UCD2.0.114.gtf reference genome. Functional enrichment analyses were then
conducted to explore biological processes associated with selection signatures. Both ROH
islands and significant iHS and Tajima’s D hotpots regions were subjected to enrichment
analysis using the GALLO R software package [33], which facilitated gene and QTL
annotation, cross-breed comparisons of functional categories, and QTL enrichment tests via
permutation and hypergeometric approaches [21]. Visualization of candidate selection hotspots

was performed using Manhattan plots and Venn diagrams generated in GALLO.

RESULTS

Runs of Homozygosity

Runs of Homozygosity (ROH) analysis in Table 2 identified a total of 544 ROH segments
distributed across different length classes in the studied cattle population (Table 2). The
majority of ROHs were within the 2-4 Mb class (375; 42.25%), contributing the largest
proportion of the genome coverage (41.41%). Short ROHs of 1-2 Mb were comparatively rare
(36; 2.73%) and accounted for only 2.67% of genome coverage. Intermediate ROHs of 4-8 Mb
(78; 17.52%) and 8-16 Mb (36; 16.93%) contributed substantially to genomic autozygosity,
covering 17.17% and 16.59% of the genome, respectively. The longest ROHs (>16 Mb) were
fewer in number (19 segments) but made up a considerable proportion of the genome (20.17%
coverage). The mean ROH length increased progressively with ROH class, from 1.85 Mb in
the shortest class to 26.53 Mb in the longest class. The ROH distribution suggests that the
studied cattle population harbours both short and long homozygous segments, indicating

signatures of both ancient inbreeding and recent demographic events.



Table 2: Summary of ROH metrics per breed (nROH count, cumulative ROH length, mean

ROH, total length and genome converage) in N’ DAMA cattle

Class nROH Percent Cumm. Mean SD Total length Genome
Percent Length Coverage
(%)

1-2Mb 36 2.73 2.73 1855.97 550.05 66815.01 2.67
2-4Mb 375 42.25 4498  2760.78 1346.81 1035291.13 41.41
4-8Mb 78 17.52 62.5 5502.29 2002.19 429178.94 17.17
8-16 Mb 36 16.93 79.43 11519.69  3113.67 414708.72 16.59
>16 Mb 19 20.58 100 26534.01 5567.33 504146.25  20.17
Total

Individual genomic inbreeding

The genomic autozygosity analysis revealed variable levels of inbreeding (measured as %Fron)
across individuals (Figure 1). Most animals displayed relatively low inbreeding levels (<0.5%),
but several individuals exhibited substantially higher %Fron, with peaks reaching up to about
2.5%. This indicates the presence of both highly outbred and moderately inbred individuals
within the population. The observed variation in %Fron suggests heterogeneity in inbreeding

levels within the population.

2.5

%FROH

0 100 200 300 400 500 600
Individuals

Figure 1. Scatter plot of N’Dama Fron per individual
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Autosomal genomic inbreeding

The chromosomal distribution of runs of homozygosity (%Fron) in N'Dama cattle revealed
variation across the genome (Figure 2). Peaks of homozygosity were particularly evident on
chromosomes 3, 6, 16, 17, 19, 20 and 22, where %Fron exceeded 1-2% in some regions. In
contrast, several chromosomes displayed relatively low autozygosity, with most values
clustering below 0.5%. These findings indicate that autozygosity is not uniformly distributed

but rather concentrated in specific chromosomal regions.

2.5
)
2
L 15 :. ¢
g o ° 0.
X 1 o

‘ [ ]
ll"lllllooo'll’olo!."llo.oo
20 25 30

Chromosomes in N'Dama

35

Figure 2: Scatter plot of N’Dama Frou per chromosomes

Genomic inbreeding coefficient

The mean inbreeding coefficient (FIS) across chromosomes exhibited heterogeneous patterns
(Figure 3). Most chromosomes showed values close to zero, indicating Hardy-Weinberg
equilibrium or minimal deviations. However, distinct deviations were observed: chromosome
1 displayed a slight excess of homozygosity (positive FIS around 0.02), whereas chromosome
20 exhibited the most pronounced negative FIS (< -0.02), suggesting an excess of

heterozygosity. Other chromosomes fluctuated within narrow margins (-0.01 to 0.01). The
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chromosomal variation in FIS highlights the non-uniform distribution of inbreeding and

genetic diversity across the genome.

Mean FIS per Chromosome

28 29 1 2
27 3

0.02 26 4

0.00

) ' 24 \, 6
22 ’/l. \ 8

19 11

18 12

17 16 45 14 13

Mean FIS
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Figure 3: Genomic inbreeding coefficient (FIS) revealing inbreeding in N’NDAMA

Genome wide scan with integrated haplotype scores (iHS)

The genome-wide iHS scan for the N’Dama breed revealed several candidate regions under
potential positive selection (Figure 4). Most SNPs showed iHS values close to zero, consistent
with neutrality, while a subset displayed elevated iHS signals. Using thresholds of iHS > 2
(blue line) and iHS > 3 (red line), we detected multiple loci exceeding these cutoffs across
several chromosomes. Notably, strong peaks were observed on chromosomes 5, 6, 13, 14, and

21, suggesting regions potentially associated with adaptation and functional traits in N’ Dama

cattle.
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Figure 4: Manhattan plot of iHS showing genome-wide scan for N’Dama using iHS

The genome-wide Tajima’s D scan for N’Dama cattle revealed variable patterns of nucleotide
diversity across all 29 autosomes (Figure 5). Most genomic regions displayed neutral Tajima’s
D values around zero, indicating mutation-drift equilibrium. However, several loci showed
elevated positive Tajima’s D values exceeding the threshold (D > 2.0), suggesting regions under
balancing selection. These peaks were notably distributed across chromosomes 1, 5, 8, 11, and

17, representing potential selection hotspots associated with adaptive and production traits.
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Tajima's D
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Figure 5: Tajima’s D Manhattan plot revealing Genome-wide selection sweep

Gene interaction networks in runs of homozygosity

The protein-protein interaction (PPI) network revealed several highly connected gene clusters
(Figure 6). Three major modules were evident. Signal transduction cluster centered on SRC,
FGFRI1, NRAS, and LYN, with strong connections to genes involved in intracellular signalling
(e.g., ITGA4, GAB2, ACTB). This cluster also highlighted SNPs located in btal00 and bta466,
suggesting association with chromosomal loci under selection. Futhermore, chromatin and
transcriptional regulation cluster was anchored by ZNF, SF1, and H2AC family genes,
indicating roles in epigenetic regulation and gene expression modulation. Moreover, metabolic
and detoxification cluster were organized around CYP450 family genes (CYP7A1, CYP21A2,
CYP17A1), sulfotransferases (SULT1A1, SULT1E1), and flavin-containing monooxygenases
(FMO1-FMO5). These are critical for xenobiotic metabolism, hormone regulation, and

oxidative stress response.
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Figure 6: ROH Cytoscape showing Gene interaction network

Genes interaction network in integrated haplotype scores

Pathway enrichment analysis of iHS identified bta04820 (Smooth muscle contraction pathway)
as significantly enriched, with several genes connected within the network (Figure 7). Key
genes included ACTG2, MYHI, TPM1, TLN2, ITGA6, ITGAIl, COL6AS5, COL27A1, THBSI,
FBNI, and CAPZB. These genes are functionally linked to cytoskeletal organization,
extracellular matrix interactions, and contractile functions. Their strong connectivity highlights

coordinated regulation in muscle contraction and structural integrity.
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Figure 7: iHS Cytoscape showing Gene interaction network in N’Dama cattle

The gene-gene interaction network for N’Dama (Figure 8) revealed multiple densely connected
modules, suggesting extensive molecular interactions among genes under selection. Several
hub genes including ENO3, ILIB, RBI, GSK3A4, and CCR6 showed high degrees of
connectivity, indicating their central roles in the network (Figure 8). These genes form
interaction cores linked to both metabolic and immune-related pathways. Peripheral clusters
composed of NUMB, HEYL, TLE4, and DVL?2 represent smaller modules associated with cell

differentiation and signal transduction.
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Figure 8: Tajima’s D gene interaction network in N’Dama cattle

ROH-Based selection signatures

The runs of homozygosity gene ontology (GO) enrichment analysis of N’Dama candidate
genes identified five significantly enriched biological processes and molecular functions (Table
3). Among these, positive regulation of protein metabolic process (GO:0051247) was the most
prominent, with genes partitioned into both milk production (LEP, IL6R, RPTOR, KIT) and
heat stress response (DNAJB2, MAPKAPK3, SOCS4). The regulation of immune response
(GO:0050776) highlighted several immunity-related genes (FCGR3A4, IFIHI, PDCDI,
CTLA4, TLRG6), consistent with the well-documented trypanotolerance and disease resistance
in N’Dama cattle. Additionally, endopeptidase activity (GO:0004175) and regulation of actin
cytoskeleton organization (G0O:0032956) were enriched with calpains (CAPNI, CAPN2,
CAPN?3) and cytoskeletal regulators (RACI, ROCK?2), both implicated in stress adaptation and

resilience. Therefore, the enriched GO categories suggest that N’Dama cattle balance
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production potential (milk-associated pathways) with adaptive advantages (immune and stress

resilience), reflecting evolutionary adaptation to tropical environments.

Table 3: Runs of homozygosity gene ontology (GO) enrichment of classification of candidate

genes in N’Dama

1D Description p.adjust Genes Category
LEP, NCKI,
Positive IL6R, PDGFRB,
regulation of FGF23,
protein CSNKIE, KIT,
metabolic RPTOR,
GO:0051247 process 0.020272 CSNKI1D Milk Production
FCGR34,
IFIHI, IFll6,
PDCDI,
CTLA4,
regulation of FCGR24,
immune CDIB, TLR6. Adaptive /
GO:0050776 response 0.030173 ANXAI, Immunity
positive DNAJB2,
regulation of STRADB, OAZ3,
protein SASHI, SOCS4,
metabolic STRADA,
GO:0051247 process 0.020272 MAPKAPK3 Heat Stress
endopeptidase CAPN3,CAPN3, Adaptive/Stress
G0O:0004175 activity 0.00476 CAPN2CAPNI  Response
regulation  of
actin CAPZA2,
cytoskeleton CAPZB, HAXI, Adaptive/Stress
G0O:0032956 organization 0.010612 RACI, ROCK2  Response

iHS-Based selection signatures

GO enrichment analysis revealed significant biological processes associated with both adaptive

and milk-related categories. In the adaptive category, enrichment was observed for protein

polyubiquitination (GO:0000209; SMURF?2), indicating a role for ubiquitin-mediated protein
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regulation. Processes related to neural development were also prominent, including
neurogenesis (GO:0022008; 7NXB) and generation of neurons (GO:0048699; TNXB).
Additionally, cell interaction processes such as cell adhesion (GO:0007155; TNXB, CD47,
THBSI) and cell to cell adhesion (GO:0098609; CD47) were significantly represented,
suggesting involvement in tissue organization and adaptive structural remodeling. In the milk-
related category, strong enrichment was detected for cell morphogenesis (GO:0000902; CDH?2)
and multiple adhesion related processes, including cell adhesion (GO:0007155; CDH2, TLN2,
ITGAIl, ITGAG6). Neural development-associated terms such as axonogenesis (GO:0007409),
neurogenesis (G0O:0022008), neuron differentiation (GO:0030182), generation of neurons
(GO:0048699), and neuron projection morphogenesis (GO:0048812) largely driven by CDH?2
were also enriched, reflecting shared molecular pathways between neural development and

mammary gland structure and function.

Table 4: iHS Gene ontology (GO) enrichment in N’Dama

ID Description p.adjust  Genes Category
protein

GO0:0000209 polyubiquitination 0.025255 SMURF?2 Adaptive
cell

GO:0000902 morphogenesis 0.00075 CDH2 Milk

GO:0007155 cell adhesion 0.001988 TNXB, CD47, THBS1 Adaptive

GO0:0022008 Neurogenesis 0.00051 TNXB Adaptive

G0:0022008 Neurogenesis 0.00051 CDH2 Milk
neuron

GO0O:0030182  differentiation 0.014796 CDH?2 Milk
generation of

GO:0048699 neurons 0.00075 TNXB Adaptive

GO:0098609 cell-cell adhesion  0.00075  CD47 Adaptive

GO:0098609 cell-cell adhesion 0.00075 CDH2, TLN2, ITGAll, ITGA6 Milk
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Tajima’s D-Based selection signatures

The Gene Ontology (GO) enrichment analysis of genes under Tajima’s D selection in N’ Dama
cattle identified multiple biological processes associated with milk production and adaptive
functions (Table 5). Among the milk production-related processes, positive regulation of
molecular function (GO:0044093; P = 0.002541) and cell surface receptor protein tyrosine
kinase signalling pathway (GO:0007169; P = 0.04505) were significantly enriched and
represented by IGFI and STATS5B, respectively-both of which are known regulators of
mammary gland development and lactation performance. Additional significant milk-related
terms included lipid biosynthetic process (GO:0008610; P = 0.04505; LPINI) and small
molecule catabolic process (GO:0044282; P = 0.04505; GALM). Adaptive processes were also
prominent, with positive regulation of molecular function (GO:0044093; TLRY, TYRO3), cell
surface receptor protein tyrosine kinase signalling pathway (GO:0007169; NREP, SMADG),
and regulation of molecular function (GO:0065009; TLR9) showing strong enrichment. Other
adaptive terms included response to nitrogen compound (GO:1901698; SEL1), lipid
biosynthetic process (GO:0008610; CAT), DNA metabolic process (GO:0006259; TNF), and

protein transport (GO:0015031; TXN, AP3BI).
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Table 5: Tajima’s D GO genes in N’Dama cattle

GO Term  Description p.adjust Gene Category
GO0:004409 Positive regulation of molecular Milk

3 function 0.002541 IGF1 Production
GO:000716 Cell surface receptor protein Milk

9 tyrosine kinase signalling pathway 0.04505 STATSB Production
GO:000861 Milk

0 Lipid biosynthetic process 0.04505 LPINI Production
G0:004428 Milk

2 small molecule catabolic process  0.04505 GALM Production
GO:000716 Cell surface receptor protein NREP,

9 tyrosine kinase signalling pathway 0.04505 SMADG6 Adaptive
G0:004409 Positive regulation of molecular TLR9,

3 function 0.002541 TYRO3 Adaptive
GO:190169

8 Response to nitrogen compound 0.000302 SELI Dual
G0:006500

9 Regulation of molecular function  0.005435 TLRY Adaptive
GO:000861

0 Lipid biosynthetic process 0.04505 CAT Adaptive
G0:000625

9 DNA metabolic process 0.04505 TNF Adaptive
G0:001503 TXN,

1 Protein transport 0.04505 AP3BI Adaptive

Shared candidate between iHS and ROH

Functional enrichment analysis of overlapped (Shared) candidate genes under selection
between 1iHS and ROH (Table 6 and Figure 9) identified several significant Gene Ontology
(GO) terms related to neurogenesis (G0O:0022008, P = 0.00051), cell morphogenesis
(GO:0000902, P = 0.00075), cell adhesion (GO:0007155, P = 0.0019), and protein
polyubiquitination (GO:0000209, P = 0.025). Notably, two genes, HECW1 and SLIT2, were
identified across both iHS and ROH signals, indicating robust evidence of selection. SLIT2 was
annotated with roles in both milk production and adaptive responses, while HECWI was

mainly linked to adaptive functions. Other genes, including DCDC2, ANAPC4, HECTD?2,
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RFFL, FER, and CAPZB, were enriched in cellular organization and protein modification

pathways, although their direct roles in cattle adaptation or milk traits remain unclear.

Overlap of Candidate Genes (ROH vs iHS)

iHS

ROH

count

250
200
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100
50

Figure 9: Shared candidate genes between Runs of Homozygosity and Integrated Haplotype

Scores

Table 6: Gene ontology (GO) overlapped (shared) genes between iHS and ROH in N’dama

cattle
ID Description p.adjust  Genes Category
G0:0022008 Neurogenesis 0.00051 HECWI Adaptive
G0:0022008 Neurogenesis 0.00051  SLIT? Milk and adaptive
G0:0022008 Neurogenesis 0.00051 DCDC2 Adaptive
GO:0000902 Cell morphogenesis  0.00075  CAPZB Milk/Adaptive
GO:0007155 Cell adhesion 0.001988 FER Milk and Adaptive
Protein
GO0:0000209 polyubiquitination 0.025255 ANAPC4 Milk
Protein
GO0:0000209 polyubiquitination 0.025255 HECTD?2 Adaptive
Protein
G0:0000209 polyubiquitination 0.025255 RFFL Adaptive
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Shared candidate genes between iHS and Tajima’s D

Two candidate genes, SDCCAGS8 and EPHB2 were identified in overlapping regions between
iHS and Tajima’s D selection scans in N’Dama cattle (Table 7 and Figure 10). SDCCAGS,
associated with cell cycle, ciliary function, and stress response (GO:0007049; P = 0.045),
indicates selection for adaptive mechanisms related to environmental and physiological stress
tolerance. EPHB2, linked to enzyme-linked receptor protein signalling and mammary gland
morphogenesis (GO:0007167; P = 0.024), suggests a role in mammary gland development and

milk production.

Overlap of GO Genes (iHS, TajimaD)

Figure 10: Shared candidate genes between Integrated Haplotype Scores and TajimaD



Table 7: iHS - Tajima’s D GO overlapped (Shared) genes in N’DAMA cattle

GO terms Description P.adjusted  Genes Category

GO0:0007049 cell cycle, Ciliary function & 0.0450498 SDCCAGS Adaptive
stress response

enzyme-linked receptor protein 0.023557 EPHB? Milk
signalling pathway, Mammary production
GO:0007167 gland morphogenesis

Shared candidate genes between ROH and Tajima’s D

The ROH-Tajima’s D GO overlap in N'Dama cattle (Table 8 and Figure 10) revealed
enrichment of key biological processes primarily related to lipid metabolism and secretion,
signifying their strong influence on milk production and adaptive physiology. The most
significantly enriched GO term was lipid biosynthetic process (GO:0008610; P = 4.88x1071%),
involving ANXAI, SOCS7, ALOX15B, SPHK2, PGAP3, DEGSI, and ACSM2B. These genes
play crucial roles in fatty acid synthesis, phospholipid remodeling, and sphingolipid signalling,
essential for maintaining milk fat composition and membrane fluidity in the mammary gland.
Similarly, genes such as DPM3, HMGCS2, and FDPS were enriched in phospholipid and
glycerophospholipid biosynthetic processes (GO:0008654; P = 3.12x10* and GO:0046474;
P =2.08x107?%), indicating active lipid membrane synthesis required for milk secretion. The
sphingolipid biosynthetic process (GO:0030148; P = 1.52x1072*) included CERS2, CERSG,
STK11, GCK, and LRP5, linking lipid metabolism with cellular energy balance and stress
response. Additionally, genes like ANXA 1, GCG, TRH, and SSTR5 were enriched under peptide
and hormone secretion pathways (G0O:0002790, GO:0030072; P = 1.13x107®), highlighting
hormonal control in milk release and mammary function. Adaptive pathways included

carbohydrate homeostasis (GO:0033500; P = 1.76x107®) and regulation of cellular response to
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stress (GO:0080135; P = 0.034), with genes such as STK1I, CYP7A41, RNFTI, and OTUBI

indicating metabolic and stress adaptation in tropical conditions.

Overlap of GO Genes (ROH, TajimaD)

TajimaD

ROH

Figure 11: Shared candidate genes between Runs of Homozygosity and TajimaD
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Table 8: ROH- Tajima’s D GO overlapped (Shared) genes in N'DAMA cattle

Description p.adjust Genes Category
lipid ANXAI, SOCS7, ALOX15B,

GO:000861 biosynthetic SPHK?2, PGAP3, DEGS], Milk

0 process 4.88E-106 ACSM2B Production
phospholipid

GO:000865 Dbiosynthetic DPM3, HMGCS2, FDPS, Milk

4 process 3.12E-40 HYCCI, PIP5KIA, INPP Production
glycerophosph
olipid

GO0:004647 Dbiosynthetic PLD2, PTDSS1/BPNT2PIGC, Milk

4 process 2.08E-35 PIGV, LPCAT3, HDHDS Production
membrane
lipid

G0O:004646 biosynthetic CERS2, GAL3ST2, PIGYV, Milk

7 process 1.69E-34 ORMDLI, PLA2G6, AGK Production
phospholipid

GO:000664 metabolic FDPS, HYCCI, CERS2, DPM3, Milk

4 process 3.91E-31 GAL3ST? Production
glycerophosph
olipid

GO:000665 metabolic CHKA, IP6K2, CISH, SOCS6, Milk

0 process 1.50E-27 INPP5K, INPPL1 Production
glycerolipid

G0O:004648 metabolic Milk

6 process 2.54E-26 DPM3, HYCCI, SOCS7 Production
sphingolipid

GO:003014 biosynthetic CERS?2, CERS6, STK11, GCK, Milk

8 process 1.52E-23 LRP5 Production

GO:000279 peptide Milk

0 secretion 1.13E-08 ANXAI, GCG, SSTRS Production
peptide

GO:003007 hormone NNAT, HNF1B, TRH, LRPS, Milk

2 secretion 1.13E-08 SSTRS Production

GO:003350 carbohydrate

0 homeostasis 1.76E-08 STK11, CYP7A41, ASPSCR Adaptation
glycosphingoli
pid

GO:000668 biosynthetic UGT, RHBDFI, IGFIR, Milk

8 process 7.02E-08 HNFIB, TRH, LRP5, SSTR5 Production
regulation of
cellular

GO:008013 response to RTELI, RNFTI, USPI, OTUBI,

5 stress 0.034041 SHLDI Adaptation

GO:001604 lipid catabolic ABHD?2, CYP7A1, APOE, Milk

2 process 0.038406 APOC2, ACOX2 Production
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Identified milk production and adaptive traits QTLs in ROH

ROH-based QTL enrichment in N’Dama cattle identified numerous loci associated with
production, reproduction, exterior, meat and carcass, and milk traits across multiple
chromosomes (Figure 9). Exterior traits showed significant enrichment on CHR11 (189 QTLs,
adj. P = 1.13E-23) and CHR17 (93 QTLs, adj. P = 2.82E-26). Meat and carcass traits were
enriched on several chromosomes, with prominent signals on CHR14 (345 QTLs, adj. P =
4.96E-20) and CHR15 (142 QTLs, adj. P=2.00E-42), as well as CHR3, CHR16, and CHR17.
Milk-related traits exhibited strong enrichment on CHR7 (272 QTLs, adj. P = 2.62E-34),
CHR13 (555 QTLs, adj. P=1.01E-58), and CHR19 (657 QTLs, adj. P = 1.14E-27), consistent
with previous reports in Bos taurus breeds involving key milk genes on CHR6, CHR13, CHR14

(DGAT1), and CHR20 (GHR)(S1).

Annotated QTLs

Reproduction - . . 2000
. 4000

Production -
. 6000
Milk . 8000

QTL Type

Meat and Carcass - -
—logqo adj.pval
250
Health 200

150
100

Exterior
50

NS kD B A D 2.0MNLD SO B DR AP A AR N 2
Chromosome

Figure 9: QTL enrichment across chromosomes in ROH
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Identified milk production and adaptive traits QTLs in iHS

QTL enrichment analysis for iHS identified significant associations with both milk production

traits and health-related traits (Figure 10). For milk traits, strong signals were observed on

chromosomes 6, 14, and 25, particularly linked to milk fat yield, casein composition, and fatty

acid content. Notably, the most significant associations were for the C18 index (Chrl14, adj.P =

5.37E—07) and fat yield (Chr23, adj.P = 7.19E-05; Chr25, adj.P = 0.000354). Casein-related

QTLs (aS2-casein and its phosphorylated form, x-casein) were enriched mainly on Chr6 and

Chr13, aligning with known milk protein loci. Mineral content traits (zinc, potassium) and fatty

acids (linoleic, linolenic, oleic, stearic acids) also showed significant enrichment, emphasizing

the nutritional aspects of milk. In the health category, a significant enrichment was detected for

bovine tuberculosis susceptibility (Chr20, adj.P = 0.0037) (S2).
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Figure 10: QTL enrichment across chromosomes in iHS

Identified milk production and adaptive traits QTLs in Tajima’s D
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The analysis of Quantitative Trait Loci (QTLs) under Tajima’s D selection in N’Dama cattle
identified several significant regions associated with milk production and adaptive traits
(Figure 11). For milk-related QTLs, the most enriched signals were detected on chromosomes
5,6, 16, and 21 with highly significant adjusted p-values (e.g., CHR21, P =9.21x1073; CHRS,
P =4.16x107°). These chromosomes harbor QTLs previously associated with milk yield, fat,
and protein content, as well as mammary gland development. In contrast, adaptive QTLs were
concentrated on chromosomes 4, 10, 19, 20, 21, and 23, with CHR4 (P = 1.64x107"*) and
CHR21 (P = 7.62x107'%) showing the strongest signals. These regions correspond to genes
involved in immune response, stress tolerance, and morphological adaptation, supporting

N’Dama’s resilience in tropical environments (S3).
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Figure 11: QTL enrichment across chromosomes in Tajima D

DISCUSSION

Runs of homozygosity
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The predominance of short ROHs (2-4 Mb) implies the persistence of homozygous segments
originating from more ancient common ancestors, where recombination over generations has
fragmented longer ROHs into smaller tracts [7,9]. Conversely, the presence of long ROHs (>16
Mb) reflects more recent inbreeding or population bottlenecks, as longer uninterrupted
homozygous stretches are less affected by recombination and typically arise from recent
parental relatedness [15,34]. The considerable proportion of intermediate ROHs (4 - 16 Mb)
further suggests a mixed demographic history, where both historical and more recent events
shaped genomic autozygosity. These findings are consistent with reports in other indigenous
cattle populations, where moderate to long ROHs indicate the influence of selection for
adaptive traits under small effective population sizes [10,35]. The relatively high contribution
of longer ROHs (>8 Mb, around 37% of coverage) suggests that recent inbreeding cannot be
ruled out, possibly due to restricted breeding practices or small herd sizes, which is typical for
indigenous and locally adapted breeds. Therefore, the ROH profile highlights a dual pattern of
ancient shared ancestry and recent inbreeding, underscoring the need for management
strategies to conserve genetic diversity while maintaining the adaptive potential of the

population.

Individual genomic inbreeding

The majority of individuals displayed low autozygosity, implying a broad genetic base and
limited recent inbreeding. However, the presence of individuals with higher %Fron values
points to segments of the population with increased genomic homozygosity, likely resulting
from recent common ancestry, bottlenecks, or small effective population sizes [7]. The
relatively low mean %Fron across the population is consistent with the traditional breeding

and management practices in indigenous cattle, where natural mating and lack of intensive
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selection often maintain genetic diversity [36]. Nonetheless, the outlier individuals with high
Fron may represent closed breeding within herds or geographically isolated subpopulations,
raising potential concerns for long-term genetic health and adaptability [37]. Overall, these
findings highlight the need for careful monitoring of genomic autozygosity, particularly in
conservation and breeding programs, to prevent the accumulation of deleterious alleles and loss

of genetic variability.

Autosomal genomic inbreeding

The presence of chromosomal hotspots of ROH suggests the influence of selection,
demographic history, or linkage disequilibrium patterns. Chromosomes 3 and 6, where
pronounced peaks were detected, have been previously associated with immune response
genes, trypanotolerance loci, and milk production QTLs in N'Dama and other African taurine
cattle [3,38]. Elevated homozygosity in these regions may reflect selection for adaptive traits,
such as disease resistance and environmental tolerance, which are critical for the survival of
N'Dama in tsetse-infested and humid tropical environments. Conversely, the low %Fron across
many chromosomes suggests that the overall genomic diversity is preserved, consistent with
the relatively low levels of inbreeding reported for N'Dama populations [39]. The heterogeneity
of %Fron across chromosomes highlights the importance of region-specific selective pressures

rather than genome-wide fixation.

Manhattan genome wide scan with iHS and Tajima’s D

These findings indicate ongoing or incomplete selective sweeps, consistent with the utility of
iHS for identifying recent selection [10,12]. The significant iHS signals identified in N’Dama

cattle likely reflect historical and recent selection related to adaptation and production traits.
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N’Dama is renowned for its trypanotolerance, disease resistance, and adaptation to harsh
tropical environments [4,40]. Selection signals on chromosome 21 may be linked to disease
resistance loci, consistent with previous reports of immune-related genes in African taurine
cattle [13]. Likewise, strong signals on chromosome 6 are noteworthy, as this region harbors
QTLs associated with milk production, casein genes, and immune functions in Bovine QTLdb
[38]. Furthermore, signals on chromosome 14 coincide with known QTLs for milk fat and fatty
acid composition [41,42], suggesting that although N’Dama is primarily adapted for survival
traits, there is also evidence of selection on production-related loci. The presence of multiple
peaks across the genome highlights the polygenic nature of adaptation in indigenous breeds
[43]. To sum it all, the iHS results demonstrate the interplay between natural and artificial
selection in shaping the N’Dama genome. The combination of health related and production-
related signatures emphasizes the dual importance of environmental adaptation and economic

traits in breed evolution.

The presence of positive Tajima’s D peaks in N’Dama cattle reflects signatures of balancing
selection, a pattern typical of populations exposed to diverse environmental pressures, such as
parasites, heat stress, and nutritional fluctuations [3,39]. The detected regions likely harbor
functional variants that contribute to disease resistance and environmental adaptability,
consistent with N’Dama’s well-documented trypanotolerance and heat tolerance. Similar
studies have shown that balancing selection maintains advantageous alleles at intermediate
frequencies, promoting immune system diversity and metabolic resilience [44]. In N’Dama,
this adaptive pattern aligns with the enrichment of genes such as TLR9, TNF, and CAT,
identified in the GO analysis, which are involved in innate immunity, oxidative stress

regulation, and metabolic adaptation. The combined evidence underscores the role of balancing

31



selection in shaping N’Dama’s genetic architecture for environmental fitness and sustainable

milk production.

Gene interaction networks in ROH, iHS and Tajima’s D

In ROH, the network highlights the functional diversity of candidate genes detected in selection
regions such as the SRC,FGFR,NRAS signalling axis suggests roles in cell proliferation,
immune signalling, and growth regulation, consistent with reports of selective pressures in
cattle linked to disease resistance and productivity traits [39]. Meanwhile, the ZNF, SF1 and
H2A cluster implicates chromatin remodeling and transcriptional control, which may underlie
adaptive gene expression plasticity in response to environmental challenges. In addition to this,
the CYP450, SULT and FMO cluster reflects metabolic adaptation, especially in detoxification
pathways, which is crucial for cattle exposed to diverse diets, pathogens, and environmental
stressors [45]. Together, these findings indicate that genomic regions under selection are
enriched for genes in signalling, immunity, transcriptional regulation, and metabolism,
reflecting the combined pressures of adaptation, productivity, and resilience in cattle
populations.

Meanwhile, in iHS, the enrichment of smooth muscle contraction pathway (bta04820) is
biologically relevant to cattle physiology. Genes such as MYH I (myosin heavy chain 1), TPM1
(tropomyosin 1), and ACTG2 (actin gamma 2) are directly involved in muscle fibre contraction
and sarcomere organization [46,47]. Structural proteins like COL6A45, COL27A1, and FBNI
contribute to extracellular matrix remodeling, which is essential for tissue strength and
resilience [48]. Importantly, several integrin-related genes (ITGA6, ITGA11) and cytoskeleton
regulators (7LN2, DIAPH3) play roles in mechanotransduction and muscle adaptation [49].

These pathways may influence not only muscle physiology but also traits linked to growth,
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meat quality, and overall resilience in cattle. In African taurine breeds such as N’Dama and
Kuri, enrichment of smooth muscle-related pathways could reflect adaptation to endurance,
energy efficiency, and disease tolerance, as smooth muscle contraction is critical for vascular
function, thermoregulation, and immune responses [ 13,40]. This suggests that selection in these
cattle may favor structural and metabolic efficiency, which contributes to their survival in harsh
tropical environments.

Moreover, in Tajima’s D, the observed high connectivity of ENO3 (enolase 3) reflects its key
function in energy metabolism, particularly in glycolytic processes that sustain tissue activity
during stress or lactation [39]. The clustering of IL1B (interleukin-1 beta) underscores strong
immune and inflammatory signalling, consistent with adaptive responses to environmental and
pathogenic pressures [39]. The presence of GSK34 (glycogen synthase kinase 3 alpha) and
RBI (retinoblastoma gene) within the network center suggests selection on cell-cycle
regulation and metabolic control, both vital for tissue growth and repair [50]. CCR6 (C-C
chemokine receptor 6), another highly connected node, mediates immune cell trafficking,
supporting adaptation to infection challenges. Peripheral nodes such as NUMB, HEYL, TLE4,
and DVL2 are linked to the Notch and Wnt signalling pathways, which regulate cell fate
determination and developmental plasticity [51]. The integration of these functional clusters
highlights the interplay between metabolic efficiency, immune competence, and developmental

regulation, supporting evidence of polygenic adaptation in N’Dama cattle.

Selection signatures for milk production and adaptive traits

The enrichment of candidate ROH genes in N’Dama cattle reveals a dual pattern of selection
for production and adaptation traits. Genes involved in positive regulation of protein
metabolism, including LEP, IL6R, PDGFB, RPTOR, and CSNKID/E, highlight pathways

regulating energy balance, lactation efficiency, mammary gland function, and mTOR signalling
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associated with milk protein synthesis [52,53]. Concurrently, enrichment of immune response
genes such as FCGR2A/FCGR3A, PDCD1, CTLA4, and TLR6 underscores roles in antibody-
dependent responses, immune checkpoint regulation, and pathogen resistance, supporting
N’Dama’s well-documented trypanotolerance [54]. Genes related to heat and stress tolerance,
including DNAJB2, SOCS4, MAPKAPK3, and calpains (CAPNI-3), reflect molecular
chaperone, proteolytic, and signalling mechanisms that buffer cellular stress [55,56].
Additionally, enrichment in cytoskeletal regulation through genes such as RAC/ and ROCK?2
suggests roles in stress adaptation, apoptosis resistance, and thermotolerance [57]. Collectively,
these findings demonstrate that N’Dama cattle maintain genetic variants that support both milk

production traits and adaptive resilience, reflecting the selective pressures of tropic.

In iHS, the enrichment of cell adhesion and morphogenesis pathways highlights their dual role
in adaptation and milk production. Adhesion molecules such as CDH2 (N-cadherin) and
ITGA6/ITGAII regulate cell-cell interactions, mammary gland development, and tissue
remodeling, processes essential for milk synthesis and secretion [58]. The repeated detection
of CDH?2 across multiple neuron- and adhesion-related terms suggests it plays a pleiotropic
role linking neurodevelopmental signalling with lactation physiology. Adaptive signals were
particularly strong for TNXB, a gene implicated in extracellular matrix stability and stress
response, which could contribute to resilience under environmental challenges [59]. Similarly,
CD47 and THBSI are known for their roles in immune modulation and cellular adhesion,
supporting their potential contribution to adaptive immune defense. Overall, the findings
suggest that adhesion and neurogenesis-related genes (CDH2, TNXB, ITGA6) may function at
the interface of production and adaptation, reflecting selective pressures for both milk yield

and environmental resilience.
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Moreover, The Tajima’s D-based GO enrichment in N’Dama cattle highlights selective
pressures on both milk production and adaptation-related genes, reflecting the dual-purpose
nature and environmental resilience of this trypanotolerant West African breed. Genes such as
IGF1 (Insulin-like Growth Factor 1) and STATS5B are crucial regulators of mammary gland
development, cell proliferation, and milk synthesis, with established roles in enhancing milk
yield and composition. Both /GFI and STAT5B had been identified in multiple breeds [21] as
growth factors. Similarly, LPINI, involved in lipid biosynthetic process, influences milk fat
synthesis through its role in triglyceride and phospholipid metabolism. The identification of
GALM, related to small molecule catabolic process, indicates metabolic optimization for
energy utilization during lactation. The adaptive gene set reflects immune regulation and stress
response mechanisms essential for survival in humid and tsetse-infested environments. 7LR9
and TYRO3 are pattern recognition receptors participating in innate immune signalling and
pathogen defense, while TNF (tumor necrosis factor) modulates inflammatory responses under
environmental and parasitic stress. 7LR9 has been reported to involve in innate immune system
which are ubiquitous across climatic regions [60,61]. CAT (Catalase) contributes to lipid
biosynthetic and antioxidant defense, protecting cells from oxidative damage. NREP and
SMADG, part of the tyrosine kinase signalling pathway, regulate cell differentiation and tissue
repair, possibly contributing to thermotolerance and disease resilience. Thes findings align with
that of Merve [21] and Dzomba [62] who reported genes such as SMAD2, ESR2, DMC1 which
were implicated in oocyte production, growth and seasonal reproduction. The enrichment of
dual-function genes such as SEL! (response to nitrogen compound) further demonstrates an
adaptive metabolic plasticity, enabling N’Dama cattle to maintain production efficiency under
nutritional and environmental constraints. Overall, these findings emphasize the integrated

selection for milk productivity and environmental adaptation in N’Dama cattle consistent with
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its long history of natural and artificial selection for trypanotolerance and sustainable

production in sub-Saharan Africa.

Shared candidate genes between iHS and ROH

The detection of genes such as SLIT2 and HECW1 in both iHS and ROH analyses highlights
their potential importance in cattle adaptation. SLI/72 is known to regulate axon guidance and
neurogenesis, but in livestock it has also been linked to mammary gland development and milk-
related pathways. Enhanced alveoli development and increased milk production have noticed
in the SLIT2/SLIT3 knockout mammary gland epithelia [63]. Its dual annotation in our dataset
(milk and adaptive) suggests that selection on this gene may underlie both production and
environmental resilience. Similarly, HECWI, an HECT E3 ubiquitin-protein ligase, plays a role
in protein homeostasis and cellular stress responses, supporting its classification as an adaptive
candidate [64]. The enrichment of processes such as protein polyubiquitination and cellular
organization suggests that protein quality control and structural regulation are important targets
of selection in these cattle breeds. Previous studies have reported that ubiquitination-related
genes contribute to cellular adaptation under environmental stress [65,66]. Genes with unclear
roles (ANAPC4, HECTD2, RFFL, DCDC2, FER, CAPZB) may represent background selection
signatures or have species specific functional relevance not yet fully characterized in cattle.
Nevertheless, their enrichment in core cellular processes points to potential indirect
contributions to adaptation. Overall, these findings suggest that selection in Kuri, N’Dama, and
Bororo cattle is acting on a combination of neurogenesis, protein regulation, and cell
organization pathways, with SLIT2 and HECW 1 emerging as strong candidates underlying both

adaptive and milk production traits.
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Shared candidate genes between iHS and Tajima’s D

These genes reflect concurrent selection pressures on adaptation and milk production traits in
N’Dama cattle, consistent with their dual importance in tropical environments. The SDCCAGS
which is functionally linked to NEK8 gene, has been found to be associated with cell cycle and
stress response, has been implicated in cellular organization and ciliogenesis [67]. Its
involvement in stress adaptation suggests a potential role in environmental resilience and
disease tolerance, key adaptive features of N'Dama cattle [4]. Conversely, EPHB2 functions in
cell signalling and mammary gland morphogenesis [68], linking it to mammary epithelial
development and milk production. Selection signals at this locus indicate evolutionary pressure
on milk-related pathways, consistent with the breed’s dual-purpose (milk and adaptive) nature.
The overlapping signals between iHS and Tajima’s D thus highlight genomic regions subject
to both recent and historical selection, underscoring the adaptive-productive balance that

defines N'Dama cattle genetics.

Shared candidate genes between ROH and Tajima’s D

The overlapping GO signatures between ROH and Tajima’s D analyses suggest long-term
selection and adaptive balancing of genes governing lipid metabolism and milk-related
functions in N'Dama cattle. The dominance of lipid biosynthetic and metabolic processes
underscores the evolutionary importance of efficient lipid utilization for milk synthesis, even
under environmental stress. Genes such as ANXAI, SPHK2, and CERS? are integral to
phospholipid signalling, sphingolipid metabolism, and fatty acid turnover, processes that are
critical for maintaining mammary gland integrity and milk fat yield [69,70] and have also been
associated with regulation of cardiovascular diseases, inflammatory injury and diabetes

[71,72]. Similarly, PLA2G6 and ACSM2B contribute to membrane lipid remodeling and energy
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balance, consistent with adaptation to nutritional fluctuations typical of tropical environments
and as well as maintaining neurodegeneration [73,74]. The enrichment of GCG, TRH, and
SSTRS5 within peptide and hormone secretion pathways points to a tight endocrine regulation
of lactation, reinforcing the coordination between lipid metabolism and hormonal signalling
[75]. The involvement of STK// and CYP7A1 in glucose and bile acid homeostasis further
supports adaptive metabolic efficiency, which is crucial for N'Dama’s resilience to thermal and
nutritional stress [76]. Therefore, the shared GO terms highlight a functional convergence
between selection signals and homozygosity regions, reflecting the dual optimization of milk

productivity and environmental adaptation in N'Dama cattle.

Identified milk production and adaptive traits QTLs in ROH, iHS and Tajima’s D

In ROH, production traits showed the highest overall enrichment, particularly on CHR6 and
CHR14. Reproduction traits were dominated by a major hotspot on CHR25 and this has been
reported to be aligning with known associations for fertility related traits such as calving ease,
gestation length, and ovarian function [77]. The enrichment patterns reflect the polygenic
architecture of adaptive and productive traits in N’Dama cattle, a trypanotolerant African
taurine breed renowned for disease resistance and environmental adaptability [4,44]. Our
results revealed high QTLs on CHR14 and CHRI15 in this study. Strong signals on CHR14 and
CHRI15 are consistent with regions harboring genes affecting growth, muscle development,
and carcass traits [78.79], while enrichment on CHR6 and CHR14 overlaps known selection
sweeps for growth and feed efficiency, an observation that agreed with that of Flori et al. [80].
Generally, these results highlight CHR25 as a key reproductive adaptation hotspot and CHR®6,
CHRI13, and CHR14 [81,82] as central hubs integrating milk, growth, and meat traits,

supporting the dual adaptive—productive potential of N’Dama cattle.
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However, in iHS, the enrichment of QTLs for milk composition and yield in this finding
confirms the major role of chromosomes 6, 14, and 25 in dairy cattle production traits. CHR6
harbors the casein gene cluster, explaining its association with casein percentages and milk
minerals [69,83]. Similarly, CHR 14 is well-established as a hotspot for fatty acid metabolism
genes (notably DGAT1), which drives variation in milk fat yield and composition [83,84]. The
strong signal for the C18 index on CHR14 supports the importance of this region in shaping
milk fat quality. The enrichment for minerals (zinc, potassium) and fatty acids (linoleic,
linolenic, oleic, stearic) further highlights the genetic basis of nutritional quality in milk
[70,83,85]. These findings are highly relevant for improving functional milk properties in
breeding programs. On the adaptive side, the identification of QTLs for bovine tuberculosis
susceptibility (CHR20) suggests a possible overlap between production and resilience traits,
indicating selection pressures balancing milk yield and health [38,86]. This supports the
integration of disease resistance loci into genomic selection strategies to enhance both

productivity and animal health.

Meanwhile, in Tajima’s D, the identification of significant QTLs across multiple chromosomes
highlights the polygenic nature of selection in N’Dama cattle, which combines both milk
production efficiency and environmental adaptation. Chromosomes 5 and 6, showing strong
milk-related QTL signals, are consistent with previous reports linking these regions to milk
yield and composition traits. This report aligns with that of Lopdell [83] Bionaz and Loor [69]
who emphasized the association of CHR6 with milk casein percentage and minerals. Genes
such as LPIN1 and STATSB, located within these QTLs, regulate lipid biosynthesis and
lactation signalling, emphasizing their functional importance for milk productivity under
tropical stress conditions. The adaptive QTLs observed on chromosomes 4, 10, 20, and 23
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overlap with regions previously associated with immune defense, thermoregulation, and
parasite resistance [39,44,81]. Notably, CHR4 and CHR21 harbored both health and milk-
related QTLs, suggesting possible pleiotropic effects where genes contribute to both
productivity and adaptation which is a hallmark of genomic balancing selection in African
indigenous breeds. Overall, these findings demonstrate that N’Dama cattle have undergone
strong natural and artificial selection targeting dual-purpose traits, reinforcing their economic

and ecological significance in tropical livestock systems.

CONCLUSION

Chromosome-level analyses revealed breed-specific homozygosity peaks in N’Dama cattle,
with ROH length distributions indicating both recent inbreeding and ancient demographic
events. Overlapping ROH islands and iHS hotspots highlighted genes linked to milk
production, thermal tolerance, and immune adaptation, reflecting the breed’s trypanotolerant
nature. Functional enrichment pointed to key QTLs for milk yield, composition, and disease
resistance. ROH regions contained genes for milk protein synthesis (e.g., LEP, IL6R, KIT,
RPTOR) and thermal adaptation (DNAJB2, MAPKAPK3), while iHS hotspots captured recent
selection on milk (CDH2, ITGA6) and adaptive (TNXB, THBSI) genes. Tajima’s D identified
frequency-based selection on both milk (/IGFI, STAT5B) and adaptive (TLR9, TNF) genes.
Shared signals between ROH-iHS (DCDC2, SLIT2), ROH-Tajima’s D (ANXA1, SOCS?7), and
iHS-Tajima’s D (SDCCAGS, EPHB?) reinforce complementary detection of selection across
different timescales. Although no single gene overlapped among all three methods, their
convergence on related functional pathways underscores the combined power of ROH, iHS,
and Tajima’s D in revealing genomic regions underlying milk production and adaptive traits in

N’Dama cattle.
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