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Abstract

Sub-Saharan African cattle breeds such as Kuri, N'Dama, and Bororo represent unique genetic resources with distinct adaptive
traits and production potentials. Understanding their genomic diversity and population structure is critical for conservation and
genetic improvement. In this study, we analysed high-density SNP genotyping data to investigate population structure, breed
classification and signatures of selection for milk production and adaptation of these cattle. Random forest classification
identified twenty highly informative SNPs for breed differentiation and revealed traceability and assignment of the breeds.
Principal component analysis (PCA), admixture, and neighbour-joining (NJ) trees revealed distinct clustering patterns,
consistent with the breeds’ evolutionary histories. Manhattan plot illustration, Fst and gene enrichment analyses confirmed
overlaps with known milk production and adaptation QTLs. Manhattan plots and subsequent annotation of candidate regions
identified genes associated with both milk production (APR CHODL, ROBO1, EPHAS3, GAP43, KALRN, EPHB1, BRWD1, DSCAM and
COL18AT) and adaptive and other traits (PDCD10, TBC1D5, CHN1, RAPGEF4, ERBB4, DOCK10, DDR2, ROR1, NGEF and AGAP1). In
conclusion, random forest, a machine learning approach and breed informative markers could be used for breed traceability,
assignment and assessment of genetic diversity meant for cattle breed conservation and improvement. Therefore, this finding
provide new insights into the genomic architecture of African cattle and support strategies for their sustainable management
and utilization.

Introduction

African cattle breeds are critical for food security and rural livelihoods due to their adaptation to diverse ecological zones and
tolerance to harsh conditions. N'Dama cattle are renowned for trypanotolerance, an adaptive trait enabling survival in tsetse fly-
infested areas [1]. Kuri cattle in the other hand, localised around Lake Chad, are valued for unique morphological features and
adaptation to aquatic environments [2]. Bororo (Zebu) cattle in addition, are widely distributed across West Africa with genetic
contributions to productivity and resilience [3]. Modern genomic tools, including high-density SNP arrays, enable detailed
investigations into population structure, inbreeding, and signatures of selection. High-density SNP arrays and other
contemporary genomic technologies allow for in-depth studies of population structure, inbreeding, and selection signatures.
Random forest machine learning approaches enhance breed classification and identify highly informative markers [4]. Such
analyses are also critical for breed traceability and for identifying genetic variants contributing to adaptation and productivity in
livestock [5]. A central component of population structure analysis is the identification and use of breed-informative markers-
SNPs with high discriminatory power across populations. Marker informativeness can be quantified using allele frequency
differences and information-theoretic measures [6]. One widely used statistic, & (delta), measures the absolute allele frequency
difference between breeds and is effective for identifying markers that maximize population differentiation [7]. Such markers
have applications in breed assignment, genomic traceability, and conservation programmes [8].

Beyond classical methods for population structure analysis, machine learning approaches such as Random Forest classification
[8] have gained much attention in evaluating the power of informative SNPs for breed assignment. Predictive accuracy of such
classification models is often assessed using a confusion matrix, which quantifies misclassification rates and the reliability of
breed assignment [9, 10].

Principal component analysis (PCA) and admixture in the other hand are widely applied basically to infer breed relationships and
ancestry history [11, 12]. Understanding population structure and genetic relationships among cattle breeds using high-
throughput genotyping technologies and high-density SNP arrays is fundamental for effective utilization, conservation, and
genetic improvement, in evaluate admixture, and design effective management strategies [13, 14, 15]. Phylogenetic methods,
such as the Neighbor-Joining (NJ) tree, summarize genetic distances to depict evolutionary relationships and divergence
among populations [16]. Multivariate analyses, including Principal Component Analysis (PCA), provide a dimension-reduction
framework to visualise clustering patterns of individuals and populations [11]. genome-wide visualization approaches further
enhance interpretation of marker informativeness. Manhattan plots are frequently used to display genome-wide distributions of
allele frequency differences or informativeness statistics, highlighting highly differentiated loci that may represent breed-
defining markers or candidate regions under selection [17].
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Insights into the genetic makeup and selection signature profile of admixed population of Bororo, Kuri and N'Dama cattle
exposed to tropical environments is the aim of this study. Based on neutral evolutionary theory, a number of statistical
techniques have been developed to identify selection footprints [18]. Various approaches have been developed to detect
selection signatures within and between cattle populations, including Tajima'’s D, runs of homozygosity (ROH), integrated
haplotype score (iHS), XP-EHH, Fg, and principal component analysis (PCA) [19, 20]. Application of these methods has revealed
numerous genomic regions associated with productivity and environmental adaptation in cattle [21]. Selection scans using Fgr
and Manhattan plots have identified candidate genes linked to milk production (PRL, CSN2, DGATT) and adaptation-related traits,
including disease resistance and environmental resilience (BoLA, TICAM1, and HSP genes) [22—-26]. Despite these advances,
limited information exists on recent positive selection and adaptive evolution in Kuri, N'Dama, and Bororo cattle [27]. Therefore,
this study integrates phylogenetic analysis, admixture inference, and genome-wide selection scans to identify genomic regions
and candidate genes underlying milk production and adaptive traits in these African indigenous breeds.

Materials and Methods

A total number of 78 cattle of African origin were used for this study. The cattle are made up of 30 Kuri, 25 N'Dama and 23 Zebu
Bororo breeds of Sub-Saharan African origin. The genotype data for the African cattle breeds analysed for this study were
obtained from the publicly accessible WIDDE (Web-Interfaced Next Generation Database for Genetic Diversity Exploration)
repository.

Data availability: The genotyping data of African cattle breeds used for conducting this research were already deposited into the
WIDDE public data repository. http://widde.toulouse.inra.fr/widde/widde/main.do?module=cattle

Genotype Data and Quality Control

High-density SNP genotype data for Kuri, N'Dama, and Bororo cattle were obtained from publicly available datasets and
processed using PLINK v1.9 [28]. Quality control (QC) steps included: Filtering SNPs with call rate < 95%, removing SNPs with
minor allele frequency (MAF) < 0.05, excluding SNPs deviating from Hardy-Weinberg equilibrium (p < 1 x 10-¢), removing
individuals with >10% missing genotypes. After QC, the pruned dataset was used for downstream analyses. Allele frequency
distributions were calculated across populations to assess variation within and between breeds.

Genetic differentiation

To identify informative SNPs for breed differentiation, Weir & Cockerham’s Fgr [29] was calculated in PLINK to quantify genetic
differentiation among breeds. Delta (A) allele frequency was computed as the absolute difference in allele frequency between
breeds. Allele frequency differences (A) were calculated for each pairwise breed comparison. SNPs exhibiting high A values in
one or more comparisons were considered informative markers for breed discrimination and were retained. Then,
informativeness for assignment (1) was estimated following [6], where SNPs with higher Il values are more effective for
population classification. Random forest classification was conducted in R (randomForest package) [30]. Individuals were
classified into their respective breeds (Kuri, N'Dama, Bororo) using genotype data. The algorithm was trained on 70% of the data
and tested on the remaining 30% [8]. SNP importance scores (Mean Decrease in Gini and Mean Decrease in Accuracy) were
extracted to rank highly informative SNPs [8, 30]. Classification performance was assessed using a confusion matrix, overall
accuracy, precision, recall, and F1-score. These metrics quantified the ability of the random forest model to correctly assign
individuals to their breeds [31].

Population Structure and admixture Analysis

Population stratification was examined using smartPCA from the EIGENSOFT v7.2.1 package [4]. PCA was performed with
default settings, and the top principal components (PCs) were extracted. To determine the optimal number of informative PCs, a
scree plot was generated in R (ggplot2), where eigenvalues were plotted against PC rank. Genetic distances were estimated
from allele frequencies using Nei's genetic distance in PHYLIP v3.697 [32, 33] A neighbor-joining (NJ) tree was then constructed
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to visualize evolutionary relationships among the three breeds. The resulting dendrogram was visualized in FigTree v1.4.4 [16].
Population admixture was evaluated using admixture v1.3.0. Cross-validation was applied to select the optimal number of
ancestral clusters (K = 2-6) [1]. All statistical analyses and visualizations were conducted in R v4.3.1.

Detection of Selection Signatures and Quantitative Trait Loci

Population differentiation and selection signatures were assessed using pairwise Fg estimates among Kuri, N'Dama, and
Bororo cattle. Pairwise SNP-based Fgr values were calculated in VCFtools v0.1.17 [34] for Kuri-N'Dama, Kuri—Bororo, and
N'Dama-Bororo comparisons. Genomic regions under putative selection were identified by summarizing Fgr values in 100-kb
sliding windows with 50-kb steps across autosomes, excluding windows containing fewer than five SNPs. Mean and maximum
Fgr values per window were visualized using Manhattan plots in R (ggplot2) [13]. Candidate regions were annotated using
GALLO, with gene information obtained from Ensembl BioMart and QTL overlaps identified through the Animal QTLdb.
Functional enrichment analyses (GO) were performed using clusterProfiler [13].

Results

Analysis of allele frequency differences (AMAF) across Kuri, N'Dama, and Bororo cattle revealed substantial divergence at
multiple SNP loci (Table 1). The AMAF values ranged from 0.8261 to 0.873, indicating pronounced allele frequency
differentiation between breeds. For example, ARS-BFGL-NGS-4016 (BTA 13) showed the highest differentiation (AMAF = 0.873),
with a major allele frequency of 0.913 in one population compared to 0.04 in another. Similarly, SNPs such as ARS-BFGL-NGS-
117151 (BTA 24) and BTA-58423-no-rs (BTA 24) exhibited AMAF values > 0.87, suggesting strong divergence at chromosome
24. Notably, SNPs on chromosomes (BTA) 7,10, 11, 14, and 26 also exhibited high AMAF (> 0.82), implying breed-specific allele
fixation or near-fixation events. These results point to selective pressures or historical genetic drift that may have contributed to
differentiation among Kuri, N'Dama, and Bororo cattle.
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Table 1
Delta between Kuri, N'Dama and Bororo

SNP CHR A1 A2 MAF_b1 MAF_b2 MAF_b3 Delta_MAF
ARS-BFGL-NGS-4016 13 C A 0.4333 0.04 0.913 0.873
ARS-BFGL-NGS-117151 24 A G 0.5 0.02 0.8913 0.8713
BTA-58423-no-rs 24 A C 0.4667 0.02 0.8913 0.8713
ARS-BFGL-NGS-111395 14 A G 0.4167 0 0.8696 0.8696
BTB-00737840 7 A G 0.5167 0.02 0.8696 0.8496
ARS-BFGL-NGS-30236 10 A G 0.5167 0 0.8478 0.8478
ARS-BFGL-NGS-4101 11 A C 0.4833 0 0.8478 0.8478
BTB-00528306 13 G A 0.3333 0 0.8478 0.8478
Hapmap31774-BTA-145190 7 G A 0.5333 0 0.8478 0.8478
Hapmap33430-BTC-037618 6 A G 0.5 0 0.8478 0.8478
ARS-BFGL-NGS-21471 24 A G 0.4833 0.06 0.8913 0.8313
ARS-BFGL-NGS-104836 14 A C 0.65 0 0.8261 0.8261
ARS-BFGL-NGS-110287 18 A G 0.55 0 0.8261 0.8261
ARS-BFGL-NGS-36064 26 G A 0.4333 0 0.8261 0.8261
Hapmap31876-BTA-60880 26 A G 0.4333 0 0.8261 0.8261
MAF = Major Allelic Frequency

Table 2 presents the breed informative markers (BIMs) detected among Kuri, N'Dama, and Bororo cattle based on allelic
frequency differences and informativeness for assignment index (/). The most informative SNPs included ARS-BFGL-NGS-4016
(CHR13), ARS-BFGL-NGS-117151 (CHR24), ARS-BFGL-NGS-104836 (CHR14), and ARS-BFGL-NGS-11407 (CHR10), each
exhibiting high heterozygosity (HE) and substantial between-breed differentiation (HEE). SNPs such as ARS-BFGL-NGS-11407
and Hapmap23685-BTA-132541 also showed strong allele frequency contrasts among the three breeds, making them highly
discriminative for population assignment. The informativeness index (/) ranged from 0.2358 to 0.2549, indicating moderate to
high breed informativeness across loci. Notably, SNPs on chromosomes 13, 24, and 14 displayed the highest [l values,
suggesting their potential utility in distinguishing Bos taurus-adapted breeds (N'Dama) from Bos indicus-influenced breeds
(Bororo and Kuri).

Page 5/20



Table 2
Breed Informative Markers among Kuri, N'Dama and Bororo

SNP CHR A1 A2 MAF_KURI MAF_NDAMA MAF_BORORO H_T H_S_ I_n
ARS-BFGL- 13 C A 0.4333 0.04 0.913 0.497127 0.242255 0.254872
NGS-4016

ARS-BFGL- 24 A G 0.5 0.02 0.8913 0.498252  0.244323  0.253929
NGS-117151

BTA-58423-no- 24 A C 0.4667 0.02 0.8913 0.496692 0.243584  0.253109
rs

ARS-BFGL- 14 A C 0.65 0 0.8261 0.499873  0.247439 0.252434
NGS-104836

ARS-BFGL- 14 A G 0.4167 0 0.8696 0.489852 0.237638 0.252214
NGS-111395

ARS-BFGL- 10 A G 0.2833 1 0.2174 0.5 0.248786 0.251214
NGS-11407

Hapmap41813- 5 A G 0.3167 0.14 0.9565 0.498326 0.252273  0.246053
BTA-27442

Hapmap31774- 7 G A 0.5333 0 0.8478 0.496858 0.251951  0.244908
BTA-145190

ARS-BFGL- 10 A G 0.5167 0 0.8478 0.49592 0.252504 0.243416
NGS-30236

BTB-00528306 13 G A 0.3333 0 0.8478 0.477401 0.234164 0.243236
Hapmap33430- 6 A G 0.5 0 0.8478 0.494852  0.25269 0.242162
BTC-037618

ARS-BFGL- 11 A C 0.4833 0 0.8478 0.493661 0.252504 0.241156
NGS-4101

MAF = Major Allelic Frequency

The principal component analysis (PCA) revealed clear genetic separation among the three cattle breeds (Fig. 1). The first
principal component (PC1) explained 47.53% of the total genetic variation and effectively distinguished Bororo (left cluster)
from N'Dama (right cluster). The second component (PC2), accounting for 9.66% of the variation, separated Kuri from the other
breeds, clustering them distinctly in the upper part of the plot. The tight clustering of individuals within each breed reflects a
high degree of within-breed genetic homogeneity, while the wide separation across breeds demonstrates substantial between-
breed genetic divergence. The scree plot (Fig. 2) illustrates the proportion of genetic variation explained by the first ten principal
components (PCs). PC1 accounted for the largest share of the total variation (47.53%), followed by PC2 (9.66%). Together, PC1
and PC2 explained 57.19% of the total variance, indicating that the first two axes captured the majority of the genetic structure
present in the dataset.

The admixture analysis at K = 3 (Fig. 3) revealed clear genetic differentiation among the three cattle breeds. Bororo individuals
were predominantly assigned to the K1 (red) ancestral cluster, with only minor contributions from K2 and negligible K3 ancestry.
N'Dama cattle showed almost complete assignment to the K3 (green) cluster, indicating a highly homogeneous genetic
background. In contrast, Kuri cattle were primarily composed of the K2 (blue) ancestral component but exhibited noticeable
contributions from both K1 and K3, suggesting a mixed ancestry pattern. The degree of admixture was highest in Kuri, whereas
Bororo and N'Dama displayed relatively uniform ancestry profiles. The strong assignment of Bororo and N'Dama individuals to
distinct ancestral clusters indicates substantial genetic differentiation between these breeds.

The Neighbor-Joining (NJ) tree based on pairwise genetic distances (Fig. 4) revealed distinct clustering patterns among the
three cattle populations. Kuri individuals (red) formed a separate cluster, highlighting their unique genetic divergence from the
other populations. N'Dama (blue) and Bororo (green) showed a closer genetic relationship, with individuals from both
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populations clustering more tightly together. The tree topology indicates that Kuri is genetically distant, while N'Dama and
Bororo share a more recent common ancestry. The NJ tree provides further evidence of the genetic distinctiveness of Kuri
cattle, consistent with results from PCA and admixture analyses.

The Random Forest analysis identified the top 20 most informative SNPs contributing to population differentiation (Fig. 5). The
SNP ARS-BFGL-NGS-... showed the highest importance with the largest mean decrease in Gini index, indicating its strong
discriminatory power. Several other SNPs within the ARS-BFGL-NGS panel ranked highly, followed by Hapmap595 loci and
others. The cumulative importance line (orange) shows that these top SNPs together explain a substantial proportion of the
model’s classification accuracy.

The confusion matrix illustrates the classification accuracy of the Random Forest model in assigning individuals to their correct
breeds (Figs. 6 and 7). Out of the 9 true Kuri individuals, all were correctly classified (100% accuracy). For Bororo individuals, 4
were misclassified as Kuri and 4 as Bororo, showing mixed assignment. N'Dama individuals were misclassified entirely, with 7
being assigned to N'Dama incorrectly. Generally, the model achieved high accuracy for Kuri, but misclassification rates were
higher in Bororo and N'Dama.

Manhattan plot revealed the genome-wide distribution of population differentiation (Fg) across autosomes (Fig. 8). This
outlined multiple regions with elevated differentiation between populations. The majority of SNPs showed moderate
differentiation (Fgr < 0.25), suggesting shared ancestry and gene flow across populations. Several SNPs exceeded the threshold
line (Fg > 0.5), indicating candidate regions under strong divergent selection. Peaks of high Fgr values were distributed across
several chromosomes, particularly on CHR6, CHR14, CHR16, and CHR20, which are well-known to harbour QTLs linked to milk
production, reproduction, immunity, and adaptation in cattle. The clustering of highly differentiated SNPs suggests the presence
of selective sweeps, reflecting adaptation to environmental and management pressures in the studied populations.

Functional enrichment analysis of candidate regions under selection (Table 3) revealed several significant Gene Ontology (GO)
terms (adjusted p < 0.05) associated with milk production, adaptation, and heat stress responses. The top enriched categories
included cell morphogenesis (G0:0000902, p.adjust = 2.64E-09) and neuron development (G0:0048666, p.adjust = 1.57E-06),
both linked to milk yield, udder tissue development, and heat-stress resilience. Genes such as APR, ROBO1, EPHA3, GAP43, and
DSCAM were consistently present across morphogenesis and neuron-related GO terms, suggesting their broad involvement in
mammary gland development and adaptive physiology. Additionally, enrichment in positive regulation of catalytic activity
(G0:0043085) and regulation of GTPase activity (G0:0043087) highlighted genes like RAPGEF4, DOCK10, ARHGAP15, and
ERBB4, which are implicated in cell signalling, stress response, and metabolic regulation. Such processes are critical for
maintaining cellular homeostasis under environmental stressors, including heat stress prevalent in African cattle production
systems.

Page 7/20



Table 3
Fst GO Enrichment candidate Genes for milk production and adaptive traits

ID Description p.adjust  Classification Genes
G0:0000902 cell morphogenesis 2.64E- Milk Production, APB, CHODL, ROBO1, EPHAS3,
09 Adaptation, Heat Stress GAP43, EPHB1, BRWD1,
COL18A1
G0:0043085 positive regulation of catalytic 4.42E- Other, Adaptation PDCD10, CHN1, RAPGEF4,
activity 08 ERBB4, DDR2, ROR1, NGEF,
AGAP1
G0:0043087 regulation of GTPase activity 3.07E- Other, Adaptation RASA2, TBC1D5, CHN1, ALS2,
09 DOCK10, IQGAP3, VAV3
G0:0044093 positive regulation of molecular 4.79E- Other, Adaptation ILTRAR MAP3K13, RIPK4,
function 07 TBC1D5, CHN1, RNF25
G0:0048666  neuron development 1.57E- Milk Production, DSCAM, CYFIP1, NEUROD1
06 Adaptation, Heat Stress
G0:0050790 regulation of catalytic activity 8.61E- Other, Adaptation CBLB, RASA2, SH3BP5, TFPI,
07 ARHGAP15
G0:07120039 plasma membrane bounded cell 1.45E- Milk Production, GAP43, KALRN, DSCAM, CYFIP1,
projection morphogenesis 06 Adaptation, Heat Stress NRP2
Discussion

High A values indicate substantial allele frequency differences among breeds and identify highly informative loci for breed
discrimination. The extreme allele frequency shifts observed at some loci (A > 0.8) suggest strong genetic differentiation, which
may have arisen through directional selection acting on breed-specific adaptive traits, or through demographic processes such
as genetic drift, founder effects, population bottlenecks, and restricted gene flow. Consequently, these loci may harbour genes
associated with breed-specific adaptations and warrant further investigation. For instance, N'Dama cattle are renowned for
trypanotolerance and disease resistance [34, 35], while Kuri are adapted to aquatic environments of Lake Chad [34, 36], and
Bororo (Zebu) excel in heat tolerance and long-distance trekking [37]. Divergence at these SNPs may thus reflect adaptive
differences related to environmental stress, disease, or production traits. Particularly, the clustering of highly differentiated
SNPs on chromosome 24 may indicate a selective sweep or QTL region linked to important adaptive traits such as fertility or
immunity [38]. Similarly, SNPs on chromosome 14, a chromosome frequently associated with milk yield and body conformation
traits in cattle [39], may suggest differentiation linked to production trade-offs between taurine (N'Dama, Kuri) and indicine
(Bororo) breeds. Generally, the large allele frequency differences suggest that genetic differentiation among these breeds is not
random, but shaped by both natural selection (environment, disease pressure, climate adaptation) and artificial selection
(management and breeding objectives). These SNPs may represent valuable markers for understanding local adaptation and for
designing genomic-assisted breeding programmes tailored to African cattle production systems.

The PCA results highlight the strong genetic structuring of the cattle populations studied. The clear separation along PC1 and
PC2 underscores the unique evolutionary histories of Bororo, Kuri, and N'Dama, shaped by geographical isolation, environmental
adaptation, and selective breeding. The clustering pattern confirms previous reports of independent domestication and
subsequent admixture events in African cattle populations [13, 40]. The distinct positioning of N'Dama supports its
classification as an African taurine breed, historically known for trypanotolerance and adaptation to humid environments [1, 41].
Bororo, belonging to the indicine lineage, shows strong separation from N'Dama, consistent with its zebu ancestry and
adaptation to arid Sahelian environments [40]. kuri cattle, clustering independently along PC2, reflects their unique genetic
background and adaptation to the Lake Chad Basin, corroborating earlier findings of their genetic distinctiveness due to
geographic isolation and local adaptation [42, 43]. Therefore, the PCA demonstrates that historical admixture, selective
pressures, and environmental adaptation have contributed to shaping the genetic diversity of these African cattle breeds [44].
These results reinforce that African cattle breeds harbour both shared and unique genetic signatures, shaped by domestication,
gene flow, and local adaptation [1, 24].
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The admixture analysis showed near-exclusive K3 ancestry in N'Dama, confirming its distinct West African taurine origin and
previously reported trypanotolerant adaptation [40, 45]. Bororo formed a separate K1 cluster, consistent with its predominantly
zebu ancestry and genetic differentiation from African taurine cattle [13, 46]. In contrast, Kuri exhibited the highest level of
admixture, with dominant K2 ancestry and contributions from both Bororo-like (K1) and N'Dama-like (K3) components,
indicating historical taurine-zebu gene flow. The geographic position of Kuri within the Lake Chad Basin likely facilitated such
admixture through livestock movement and exchange [46, 47]. While N'Dama and Bororo maintained relatively pure ancestral
backgrounds, Kuri represented an admixed population derived from both taurine and Zebu lineages. This genetic admixture,
coupled with habitat loss and population decline, may contribute to the threatened status of Kuri cattle. These findings
underscore the importance of conserving the unique genetics.

The separation of Kuri in the neighbour joining (NJ) tree supports earlier findings of their isolation and adaptation to the Lake
Chad environment, which has likely contributed to their unique genetic background [1, 43]. The close clustering of N'Dama and
Bororo suggests shared evolutionary history, reflecting their taurine ancestry and historical gene flow within West African cattle
populations [13]. Together, these results indicate a triangular population structure. Kuri showes a genetically distinct feature and
possibly under unique selective pressures. N'Dama and Bororo: closely related, forming a taurine genetic background cluster.
The concordance of NJ tree topology with admixture and PCA highlights the robustness of the findings and emphasizes the role
of both demography and selection in shaping the genetic structure of these populations.

Breed informative markers (BIMs) are crucial for differentiating cattle populations, assessing admixture, and guiding
conservation and breeding programmes [48, 49]. The identified SNPs exhibited strong differentiation among Kuri, N'Dama, and
Bororo, reflecting their unique evolutionary histories and adaptations. N'Dama cattle, known for their trypanotolerance and West
African taurine ancestry, consistently displayed low MAFs for several loci (e.g., ARS-BFGL-NGS-111395 and Hapmap31774-BTA-
145190), supporting their genetic distinctiveness [1, 50]. Bororo (Zebu) cattle, by contrast, carried high MAFs at these loci,
consistent with indicine ancestry and adaptive introgression [49]. Kuri cattle, with their mixed taurine-indicine background,
generally showed intermediate allele frequencies, suggesting historical admixture and local adaptation [51]. The presence of
highly informative SNPs on chromosomes 13 and 24 may be linked to regions under selection for adaptive traits, as previous
studies have associated these chromosomes with immune response, heat tolerance, and production traits [52, 37]. The ability of
these SNPs to clearly separate the three cattle breeds highlights their potential for use in breed traceability, conservation
genetics, and genomic selection programmes in West Africa.

The high-ranking SNPs revealed by the Random Forest analysis are strong candidate markers for population differentiation.
SNPs with high mean decrease in Gini suggest they may be under selection pressure or linked to genomic regions influencing
adaptation and breed-specific traits [53]. The prevalence of ARS-BFGL-NGS markers among the top SNPs highlights their broad
informativeness in cattle population genetics, consistent with earlier genomic studies [49, 54]. Such SNPs can serve as potential
biomarkers for further studies, including selection signature scans, GWAS, and breed conservation programmes [55, 56]. The
Random Forest results complement PCA, admixture, and NJ tree findings, reinforcing that specific loci play a key role in
distinguishing Kuri, N'Dama, and Bororo cattle populations [57,58].

The confusion matrix highlights differences in breed assignment power: The perfect classification of Kuri suggests the presence
of strong, distinct genetic markers unique to this population, consistent with their known genetic isolation and limited admixture
[36, 59]. The misclassification of Bororo and N'Dama reflects possible genetic overlap between these breeds, potentially due to
historical admixture, shared ancestry, or insufficient breed-specific markers captured in the SNP set [60, 61]. These findings align
with results from PCA, admixture, and NJ tree analyses, which also showed partial clustering and overlaps between Bororo and
N’Dama, but clear separation of Kuri [57,58]. From a practical perspective, while Kuri cattle can be reliably identified, improving
SNP panels with more informative loci may enhance discrimination between Bororo and N'Dama [55, 56].

The genome-wide Fg distribution revealed both shared ancestry and population-specific selection among the three cattle
breeds. Elevated Fg peaks on CHR6 and CHR14 correspond to regions previously associated with milk production, carcass
quality, and reproductive traits [62,63], while signals on CHR16 and CHR20 overlapped loci linked to disease resistance and
environmental adaptation in African cattle [1, 41]. The moderate overall Fg values reflect the historical admixture between
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African taurine and indicine cattle, alongside distinct signatures of local adaptation [14, 40]. Collectively, these patterns suggest
that both natural and artificial selection have shaped genomic variation related to productivity, reproduction, and adaptation.
Functional enrichment analyses identified genes involved in morphogenesis, mammary gland development, neuronal regulation,
and signal transduction. Candidate genes including EPHA3, ROBO1, ERBB4, and DDR2 are associated with tissue development
and lactogenic processes, whereas APP, GAP43, RAPGEF4, and DOCK10 may contribute to stress resilience, immune function,
trypanotolerant and environmental adaptation [64-68]. These results indicate that selection in indigenous cattle has targeted
pathways underlying both milk production and adaptation to harsh African production environments.

Conclusion

High-density SNP analyses revealed clear genetic differentiation and population structure among African cattle breeds,
consistent with their evolutionary backgrounds. PCA, admixture, and NJ tree analyses confirmed breed-specific clustering. The
perfect classification of Kuri, N'Dama, and Bororo cattle highlights the presence of breed-specific genetic signatures
demonstrating that machine learning approaches, combined with informative SNP markers, provide powerful tools for
assessing genetic diversity, population structure, breed traceability, and the conservation and improvement of African cattle
genetic resources. Fgr, and gene enrichment analyses highlighted genomic regions overlapping with production and adaptation
QTLs, underscoring selection for both milk yield and environmental resilience. Candidate genes such as APR, ROBO1, EPHA3,
and GAP43 were linked to heat tolerance and adaptation, while DOCK70, DDR2, and ERBB4 were associated with adaptive and
functional traits. Therefore, these findings enhance understanding of the genomic architecture and adaptive evolution of African
cattle, providing a strong foundation for genetic improvement, conservation, and sustainable breed management.
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PCA plot showing genetic distances among the three breeds
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Scree Plot: Variance Explained by PCs
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PCA scree plot revealing proportion of genetic variance explained among the breeds
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Admixture plots showing genetic clustering and differentiation among African Kuri, N'Dama and Bororo

Page 16/20



NJ Tree: Individuals Colored by Population
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Figure 4

Neighbour Joining (NJ) Tree revealing genetic distance among Kuri, N'Dama and Zebu Bororo
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Confusion matrix

Breed Assignment by Random Forest
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Breed assignment from random forest
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Fst Manhattan plots for Kuri, N'Dama and Bororo cattle
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