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Artificial and natural selection in livestock is expected to leave unique footprints on their genomes. Goat breeds in Kenya have evolved for survival, breeding, and production in various harsh ecological areas, and their genomes are likely to have acquired unique alleles for adaptation to such diverse production environments and other traits of economic importance. To investigate signals of selection for some selected goat breeds in Kenya, Alpine (n = 29), Galla (n = 12), Saanen (n = 24), and Toggenburg (n = 31) were considered. A total of 53,347 single-nucleotide polymorphisms (SNPs) generated using the Illumina GoatSNP50 BeadChip were analyzed. After quality control, 47,663 autosomal single-nucleotide polymorphisms remained for downstream analyses. Several complementary approaches were applied for the following analyses: integrated Haplotype Score (iHS), cross-population-extended haplotype homozygosity (XP-EHH), hapFLK, and FLK. A total of 404 top genomic regions were identified across all the four breeds, based on the four complementary analyses. Out of the 16 identified putative selection signature regions by the intersection of multiple-selective signal analyses, most of the putative regions were found to overlap significantly with the iHS and XP-EHH analyses on chromosomes 3, 4, 10, 15, 22, and 26. These regions were enriched with some genes involved in pathways associated directly or indirectly with environmental adaptation regulating immune responses (e.g., HYAL1 and HYAL3), milk production (e.g., LEPR and PDE4B), and adaptability (e.g., MST1 and PCK). The results revealed few intersect between breeds in genomic selection signature regions. In general, this did not present the typical classic selection signatures as predicted due to the complex nature of the traits. The results support that some various selection pressures (e.g., environmental challenges, artificial selection, and genome admixture challenges) have molded the genome of goat breeds in Kenya. Therefore, the research provides new knowledge on the conservation and utilization of these goat genetic resources in Kenya. In-depth research is needed to detect precise genes connected with adaptation and production in goat breeds in Kenya.
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INTRODUCTION
Goats were the first ruminant animal to be domesticated from wild bezoar goat (Capra aegagrus) in the ancient civilization along the rivers of Nile (Africa), Tigris and Euphrates (Asia), and Indus (India) (Naderi et al., 2007). Domestication occurred about 10,000 years ago (Zeder and Hesse, 2000). They spread all over the world, including Africa, following the pattern of human migrations with their livestock and trade routes (Luikart et al., 2001; Taberlet et al., 2008). In the process of migrations, the goats adapted to a wide range of various geographical conditions, ranging from the mountains to the desert and tropical regions of Africa.
Goat populations were managed differently, with both natural and artificial selection playing a major role in their genetic variation. In the process of domestication, selection, and breed formation, some regions within the goat genomes may have developed special patterns to reflect such development. According to Smith and Haigh (1974), positive selection pressure increases the frequency of beneficial alleles, leaving unique signatures in the genome. In an organized screening of the genome for genes under selection, these exceptional signatures can be utilized by identifying genomic regions or loci showing deviations from neutrality. Apart from selection, other factors influence selection signatures, for example, the strength of selection, the relative age of the neutral-linked alleles, and the recombination rate (Kim and Stephan, 2002; Charlesworth, 2007; McVean, 2007).
In Kenya, the goat population is estimated to be about 26.7 million head distributed in all the agroecological zones (FAO STAT, 2018). Dairy goat populations, mainly exotic breeds such as Toggenburg, Anglo-Nubian, German Alpines, Saanen, and Boer were first introduced in Kenya in the 1950s by the British settler farmers (Shivairo et al., 2013). Succeeding introductions were through the collaboration between the Government of Kenya (GoK) with donor agencies or by non-governmental organizations (NGOs). They were introduced mainly for crossbreeding with local populations to improve both the milk and growth performance of the indigenous goats (Ahuya et al., 2009; Bett et al., 2011; Shivairo et al., 2013). Among the exotic goat breeds in Kenya, this study concentrated on Toggenburg, Saanen, and Alpine breeds. The breeds are reared in intensive and semi-intensive production systems based on agroecological zones and management regimes. The main breeding objective for Toggenburg and Saanen was milk production whereas for the Alpine breed is breeding flock.
Indigenous goats (e.g., Galla and small East Africa) and the crossbred of exotic and indigenous are known to be well adapted to various ecological areas in Kenya as shown by their better performance achievement (Ahuya et al., 2009; Ndeke et al., 2015; Kiura et al., 2020). Their characteristics such as resistance to dehydration, preference for browsing, and a wide range of feeding habits (Chenyambuga et al. 2004) have allowed them to adapt to the expanse of arid and semi-arid regions in the country. The Galla goat breed in this study was introduced in the Naivasha Sheep and Goats Station in the early 1970s during a sheep and goat project funded by the FAO (Pillian and Racokzi, 1976). They are maintained in this government breeding and conservation station as a pure breed for meat and milk production and to reproduce under harsh conditions in an extensive production system.
The phenotypic characteristics of these goats since introduction have been determined by the adaptation to new environments and artificial selection based on distinct breeding goals. Artificial selection increases the beneficial alleles associated with economic traits and helps in improving the production factors. Putative loci in the genome that controls these traits in the four goat breeds in Kenya have not been identified so far, which has slowed down the understanding of the mechanism of selection in these goats. It can therefore be assumed that these selected goats have evolved for survival, breeding, and production in various ecological areas since their genomes have footprints for adaptation to such environment and other traits of economic importance.
In goats, selection signature analyses using genome-wide SNPs have been used in discovering their genomes (Wang et al., 2016; Brito et al., 2017; Onzima et al., 2018). The approach has identified several putative genomic candidate regions and genes under selection that influenced some traits such as thermo-tolerance, energy and digestive metabolism, nervous and autoimmune response, body size and development, skin and hair structure, and reproduction and functions.
Many statistical approaches have been developed to identify footprints of selection in recent years. These approaches are generally classified into three key groups 1) the linkage disequilibrium (LD)-based approach (e.g., integrated Haplotype Score (iHS), cross-population-extended haplotype homozygosity (XP-EHH), and hapFLK), 2) site frequency spectrum (SFS) (e.g., Tajima’s D and Fu and Li’s tests), and 3) population differentiation-based tests (e.g., FLK) (Weigand and Leese, 2018). To detect the signatures of selection that exploit the benefit of complementarity and to improve the statistical power, several studies have been conducted exploiting more than one test statistic.
In this study, four complementary approaches were applied as follows: iHS, FLK, hapFLK, and XP-EHH. When a good reference population cannot be found, the iHS test is anticipated to be more reliable. However, it has low power when the selected allele is close to fixation (Voight et al., 2006). According to the primary evolutionary version, the FLK statistic assumes that SNPs were already in polymorphic in the ancestral breeds, and hapFLK is robust when considering migration and bottlenecks. The XP-EHH statistic evaluates haplotype differences between two potentially divergent populations because it is aimed to identify alleles that have increased in frequency to the point of fixation or near fixation in one of the populations (Sabeti et al., 2007). The objective of this study was to identify distinctive selection signatures in the genome and the genes mapping to these candidate regions of goat breeds in Kenya.
MATERIALS AND METHODS
Ethics Statement
The study was conducted in strict accordance with the recommendations from the Institute of Primate Research (IPR) ethical guidelines on Animal Care and Use of Laboratory Animals. The protocol was approved by the Committee on the Ethics of Animal Experiment of Egerton University of Egerton in Kenya (ISERC/03/2020). A qualified veterinary officer collected the whole blood following FAO guidelines (FAO, 2012) to reduce pain and discomfort to a minimum.
Animals and Genotype Control
Data used were obtained from 96 samples across four goat breeds. The four breeds were Galla (n = 12), Alpine (n = 29), Saanen (n = 24), and Toggenburg (n = 31). Animals were genotyped using the Illumina GoatSNP50 BeadChip (Tosser-Klopp et al., 2014) containing 53,347 single-nucleotide polymorphisms (SNPs). Quality control (QC) on genotype data was performed using PLINK v1.90 (Chang et al., 2015). The genotyping rate was 0.979687. Out of the 96 samples, two samples failed due to missing genotype data (--mind 0.05); 1,079 variants were removed due to missing genotype data (--geno 0.1); 527 variants were removed due to the Hardy–Weinberg exact test (--hwe 0.001), and 1,305 variants were removed due to a minor allele frequency threshold (--maf 0.05). Additionally, variants located on non-autosomal chromosomes were discarded. The genotyping rate in the remaining 94 samples was 0.98088. Following these QC procedures, 94 individuals and a total of 47,663 SNPs (with a genotyping rate of 0.98) remained for downstream analysis.
Identifying Selection Signatures
A total of four goat breeds were considered as four different populations in the signature of selection analyses, namely, Alpine, Galla, Saanen, and Toggenburg. Various methods have been used to improve the likelihood to detect true selection signatures (i.e., no false-positive results) (Qanbari and Simianer, 2014). The following are the various methods that were applied in detecting selection signatures. Several different methods were used to exploit the benefit of complementarity and to improve the statistical power.
An iHS was estimated using fastPHASE and performed using the rehh package (Gautier and Vitalis, 2012) in R v. 3.4.4. Following analyses, the |iHS| values were transformed into −log 10 [1–2|Φ iHS −0.5|], in which Φ iHS is the cumulative Gaussian distribution function for better visualization and assessment of selection signals. According to Gautier and Naves (2011), assuming a normal distribution, |iHS| values can be interpreted as log10 (1/P), where P is a one-sided p-value associated with the neutral hypothesis of no selection. In this study, all the SNPs ranking above 0.1 percentile of the |iHS| distribution were selected as candidates for selection. This is a conservative cutoff value corresponding to p-value < 0.00001 and a false discovery rate (FDR) threshold of less than 0.01 following the formula described by Bolormaa et al. (2011). This cutoff threshold was chosen based on the fact that the sample size used was small (n = 94) and in a bid to guard against false-positives.
To detect potential selection signatures of main differentiation between four goat breeds, the FLK (Bonhomme et al., 2010) and hapFLK (Fariello et al., 2013) methods were applied. The FLK statistic was analyzed for each SNP within each breed. The hapFLK method was also used to account for haplotype structure and changing population sizes. The hapFLK method used unphased data of multiple populations to determine cluster identities. These identities were then used to calculate a population differentiation statistic, which incorporated a kinship matrix, representing the relationship between breeds based on Reynolds genetic distance. For each SNP, the pairwise Reynolds genetic distances among populations were calculated and averaged over the genome. Genotype data, kinship matrix, and assumption of four clusters in the fastPHASE model (Scheet and Stephens, 2006) (−k, 4) were used to run the program. To fit the linkage disequilibrium (LD) model, the hapFLK statistic was calculated as an average of 20 expectation maximization iterations. The p-values were estimated based on a chi-square distribution of the numerical values using the hapFLK values generated for each SNP as described by Fariello et al. (2013). As in the iHS test, candidate selection SNPs were defined as those ranking the top 0.1 percentile distribution of hapFLK and FLK–log (p-values) corresponding to p < 0.01.
In total, three exotic goats breed (Saanen, Alpine, and Toggenburg) genomes were used as a test population with the genome of Galla used as a reference population to identify positive selection signatures in exotic goat populations. Several goat comparisons were performed using the XP-EHH method (Sabeti et al., 2007) as follows: Alpine versus Galla; Saanen versus Alpine; Saanen versus Galla; and Toggenburg versus Galla. The XP-EHH is designed to detect SNPs that are under selection in one population but not in another. Basically, it compares the haplotype homozygosity (EHH) and integrated Haplotype Score (iHS) among the populations. Therefore, XP-EHH analyses consider distinct SNPs amongst populations that are homozygous for one and polymorphic for others using the comparison of the EHH score of two populations. A positive XP-EHH value indicates selections occurred in the test population, while a negative value indicates selection in the reference/control population. The XP-EHH was calculated as follows:
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where IA is the integrated value of the test population EHH, and IB is the integrated value of the reference population EHH.
For visualization and interpretation of regions under selection, the XP-EHH scores were standardized to a distribution with zero mean and unit variance. As in previous signatures of selection analyses, SNPs ranking top 0.1 percentile were considered a candidate for selection from XP-EHH analyses. This cutoff threshold corresponds to a different p-value for different population comparisons: Alpine vs. Galla (p < 0.001); Saanen vs. Alpine (p < 1.0e-05); Toggenburg vs. Galla (0.001), and Saanen vs. Galla (p < 1.0e-04).
Candidate Genes Associated With Selection Signature Identification
Based on the aforementioned results, for all the SNPs passing the top 0.1 percentile threshold from all the four methods, intersection of multiple-selective signal analysis was performed. In the regions which overlapped across the analysis, goat gene mapping was extracted to 10 kb up-downstream for each significant SNP using the BioMart tool based on the goat reference genome assembly (ARS1). The protein-coding genes which overlapped with the regions under positive selection were defined as candidate genes. Gene enrichment analyses were conducted using the database for annotation, visualization, and integrated discovery (DAVID) v6.8 (Sherman and Lempicki, 2009), which permits for the investigation of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway (Kanehisa et al., 2012) and Gene Ontology (GO) for biological processes (Ashburner et al., 2000). To identify significantly enriched GO biological process, molecular function, and cellular component, Fischer’s exact test (p-value = 0.05) was applied. Due to the limited scope of the study, more rigorous settings, such as Bonferroni correction and Fold enrichment test, were not considered in the detection. Human gene ontologies were used because the goat genome has not been properly annotated. In addition, the human genome is well annotated than that of other species, therefore improving the probability of retrieving GO terms in the goat genome. Finally, an extensive review of the literature to annotate functions of the identified genes was performed.
RESULTS
Selection Signatures
Figure 1 shows the genome-wide distribution of iHS values across the genome for each goat breed. Using the FDR <0.01 cutoff (as described earlier) for each breed, 27, 32, 24, and 27 signatures of selection in Alpine, Galla, Saanen, and Toggernburg were found, respectively. The regions in all the breeds were not uniformly distributed across the genome. Out of these regions (within breed), only selective sweeps on different chromosomes passed the clustering conditions for describing candidates for strong selection. A strong selective sweep was observed on chromosome 3 for both Galla and Saanen breeds, while in the Alpine breed, chromosomes 4 and 5 had a stronger signal than the other chromosomes. The strongest candidate selective sweep region in Toggenburg was on chromosomes 6, 15, and 26.
[image: Figure 1]FIGURE 1 | Genome-wide distribution of iHS values for Alpine, Galla, Saanen, and Toggenburg goat breeds. The dashed line represents top 0.01 percentile distribution of iHS values.
The FLK and hapFLK analyses detected a total of 100 signatures of selection in the four breeds (Figure 2). The FLK analyses detected regions of putative selection signature regions, notably with strong signals at chromosomes 3, 6, 12, 13, 16, and 26. While hapFLK revealed two putative genomic regions under selection in chromosome 1 and chromosome 13. Only the genomic region in chromosome 13 was detected by both FLK and hapFLK.
[image: Figure 2]FIGURE 2 | Distribution of FLK (top) and hapFLK (bottom) values with a dashed line representing a cutoff threshold of 0.01 percentile.
To identify loci under selection between two breeds, the XP-EHH was calculated for the two breeds separately, integrated over recombination distance, and performing comparison at last. Using the cutoff threshold of 0.01 percentile (as described earlier), several significant selection sweeps were detected. The Manhattan plot of the log-transformed XP-EHH values for different comparisons are presented in Figure 3. Chromosomes 3 and 22 were detected as the strongest signals for selection between Saanen and Galla and in Saanen vs. Alpine, consistent with chromosomes 3 in the iHS test for the Saanen breed. A significant region on chromosome 4 was detected in Alpine vs. Galla and Toggenburg vs. Galla.
[image: Figure 3]FIGURE 3 | Distribution of standardized XP-EHH scores comparing amongst goat breeds. The dashed lines represent a cutoff threshold of 0.01 percentile of XP-EHH scores.
Putative Regions, Genes Identified, and Enrichment of Putative Selective Signatures
Although all the aforementioned tests detected candidate regions, genomic regions that passed the cutoff threshold (top genomic regions) (Supplementary Table S1), located within the same chromosomal position, and were within the intersection of the multiple-selective signal were considered the overlapping selection signature regions (Supplementary Table S2). The intersect analysis resulted in putative selection signature regions on chromosomes 3 (41.0–53.0 Mb), 4 (94.0–95.0 Mb), 10 (47.0–48.0 Mb), 13 (57.0–62.0 Mb), 15 (22.0–26.0 Mb), 22 (50.0–51.0 Mb), 26 (16.0–19.0 Mb), and 27 (9.0–10.0 Mb). Most of the putative regions were found to overlap significantly with the iHS and XP-EHH analyses on chromosomes 3, 4, 10, 15, 22, and 26. Comparing the genomic locations, there is limited or no overlap between the different breeds. For example, intersect between XP-EHH and iHS detected 47 genes on chromosome 22 (50.0–51.0 Mb) for the Saanen breed.
Within the overlapped selection signature regions identified, a list of genes was used to perform separate functional analyses using DAVID with default settings on the human gene set (Homo sapiens). A few of the candidate genes were identified, which may be playing a role in regulating immune responses include HYAL1, HYAL2, HYAL3, PCK1, SFRP1, and DAG1, among others. Supplementary Table S2 shows intersected selection regions detected and genes associated with the identified regions. Functional analysis of the genes from the intersected regions generated significant (p < 0.05) Gene Ontology (GO) of 36 biological process (BP) terms (Supplementary Table S3), 10 cellular component (CC) terms (Supplementary Table S4), and eight molecular function (MF) terms (Supplementary Table S5), and seven significant (p < 0.05) KEGG pathways were enriched (Supplementary Table S6).
The biological processes enriched were associated to cellular response to interleukin-1, cellular response to UV-B and hyaluronan catabolic process, cellular response to tumor necrosis factor, and response to antibiotics, among other GO terms. The cellular components (CC) include dendritic spine, extracellular exosome, midbody, basement membrane, and glutamategic synapse, among others. Whereas, molecular functions (MFs) were related to hyalurononglucosaminidase activity, GDP binding, GTP binding, hyaluronoglucuronidase activity, lipid binding, guanyl nucleotide binding, methyltransferase activity, and G-protein beta/gamma-subunit complex binding. The glycosaminoglycan degradation, arrhythmogenic right ventricular cardiomyopathy, axon guidance, autophagy–yeast, cAMP signaling pathway, parathyroid hormone synthesis, secretion and action, and pathways in cancer were among the enriched KEGG pathways.
DISCUSSION
Selection Signatures
Detecting recent positive selection signatures in domesticated animals that have gone through both artificial and natural selection can provide information on genomic sites that can contribute to the identification of beneficial mutations and underlying biological pathways for economically important traits. Several methods have been used for the detection of selection signatures in various domestic animal species. The two commonly used approaches are by considering the regions of low genetic diversity within a population (linkage disequilibrium-based methods) and by investigating genomic areas that display high levels of differentiation among populations (population differentiation-based methods). Both approaches are able to detect signals that are a result of rapid fixation of initially rare variants (hard sweeps). The statistical power to identify selection signatures may differ among the methods. However, linkage disequilibrium-based methods are more powerful than population differentiated-based methods (Jacobs et al., 2016). These methods have been used in cattle (Cheruiyot et al., 2018; Tijjani et al., 2019), goats (Henkel et al., 2019; Islam et al., 2019), and sheep (Saravanan et al., 2021; Zhang et al., 2021). To enhance the accuracy of selection sweep detection and also to exclude unknown biasness, it is essential to combine various statistical approaches (Qanbari and Simianer, 2014).
The aim in this study was to detect selection signatures in the genome of selected four goat breeds in Kenya (Alpine, Galla, Saanen, and Toggenburg) using high-density genotypes (47,663 SNPs). Both linkage disequilibrium-based methods (iHS, XP-EHH, and hapFLK) and population differentiation-based method (FLK) were used in the analyses. The combination of XP-EHH, FLK, and hapFLK in a two-population sample comparison permits a slight improvement of power, showing that these various statistics capture patterns in the data differently (Fariello et al., 2013).
The application of FLK and hapFLK approaches in this study was because these methods have been used successfully in goat (Bertolini et al., 2018) and in sheep data (Fariello et al., 2014). These methods increase the power of signature of selection detection and also allow the detection of soft or incomplete selective sweeps. However, in this study, FLK and hapFLK detected very few intersect genomic regions with other analyses, and this is probably due to the FDR threshold applied and the small population sample size.
Although iHS and XP-EHH are both LD-based methods, according to Sabeti et al. (2007), the XP-EHH test uses a population comparison approach, while iHS requires haplotypes per individual of one population to detect selection (Voight et al., 2006). Cross-population-extended haplotype homozygosity is based on iHS and EHH, and calculation between and not within breeds makes the main difference (Sabeti et al., 2007).
The intersect analysis detected various putative selective regions. However, differentiating between true signatures of selection and those arising from admixture and genetic drift remain the most challenging task (Akey et al., 2002). Most of the putative regions were found to overlap significantly with the iHS and XP-EHH analyses on chromosomes 3, 4, 10, 15, 22, and 26. The presence of the overlap between the two analyses may be explained by the increased power of iHS in not having a good reference population in this study (Voight et al., 2006) and of XP-EHH in which alleles have increased in frequency to the point of fixation or near fixation in one of the populations (Sabeti et al., 2007). However, only one putative region on chromosome 13 (61.0–62.0 Mb) intersected between hapFLK and FLK. The lack of overlap for the top putative regions probably can be due to hapFLK being designed to mostly detect regions with migration and bottlenecks (Fariello et al., 2013). Furthermore, the haplotypes in these regions are probably not to be selected for in the corresponding breeds since hapFLK considers population stratification. The results also suggest that selection on those regions most closely did not resemble classic sweeps. Essentially, the results in this study were drawn from the analyses of Illumina GoatSNP50 BeadChip genotyping data. It is very possible that some key genome regions might not have been detected because the genome coverage and ascertainment bias of the tool was toward pure dairy goats, Saanen and Alpine, among others, which were included in the panel discovery (Tosser-Klopp et al., 2014). Worth noting, according to Waineina et al. (2021), the breeds in this study were admixed at different levels. Therefore, further research is recommended using whole-genome deep sequencing to build up the findings from this study. A further study will represent the genetic diversity of a series of local populations, resulting in the availability of large amount of genetic information.
Although the history of the selected goats in this study has witnessed founding events and introgression, demographic events most likely have influenced the pattern of the selected goats’ genome diversity (Waineina et al., 2021). It is challenging to differentiate between the effects of natural selection and demographic events. In addition, the identification of true signatures is complicated and of great concern because of false-positive arising from selection signatures (Gouveia et al., 2014). Estimating the degree of such biasness on selection signature analyses, fewer efforts have been applied to date. In this study, a stringent percentile (0.01) was applied for all the approaches to limit possible false-positives.
Comparing the genomic locations, there is limited or no overlap between different breeds. This showed that most of the selected regions were breed-specific and contained several genes reflecting definite phenotypic evolutions under various selection objectives or adaptations to the local environments. The iHS and XP-EHH analyses intersect detected candidate regions mostly in Saanen and Galla breeds on chromosomes 3 (46.0–53.0 Mb). The reasons might be Saanen and Galla breed alleles have almost reached the point of fixation, which is in agreement with Waineina et al. (2021) findings that the two breeds were less admixed than the other breeds and are managed in seclusion from other breeds in this study. Additionally, random genetic drift and natural selection for adaptation to their environment might have contributed to the detection of strong signals in candidate selection signatures.
In general, most of the selected regions were elusive and breed-specific, as expected for complex traits under selection. In this study, the forces stirring selection in the genome of various goat breeds may be connected with adaptation to tropical environments, such as disease and parasite resistance and the capability to perform in the harsh environment with limited feed and water resources. The identified candidate genes within the putative selective signatures associated with specific biological, molecular, and cellular pathways and functions may be shaping the genomic architecture of selected goat breeds in this study for survival in the harsh environment.
Candidate Genes Associated With Selection Signatures
Interestingly, the three breeds (Saanen, Toggenburg, and Alpine) were introduced in Kenya to improve milk production of the indigenous goats, whereas the Galla goat population has been maintained as a pure breed in the government breeding station under artificial selection for many generations. Galla goat is known for its potential for meat, milk production, and survives better even under harsh tropical conditions.
Genomic analyses on four goat breeds using various approaches detected a number of putative regions of selection connected to economic traits: milk production, growth, disease resistance, and adaptation to stress from heat, parasite, and feeds. These regions harbored a number of candidate genes with various cellular, molecular, and biological functions for better production, reproduction, and adaptation to a wide range of environments and with special characteristics. This is because rather than a single candidate gene, a composite network of genes is known to control the adaptation processes to environmental challenges. A candidate gene is a gene that is accountable for a considerable amount of genetic variation of a trait (Moioli et al., 2007).
According to Zonaed Siddiki et al. (2020), over 271 candidate genes have been detected in goats, which impact the metabolism, physiological pathway, and expression of phenotypic characteristics. These genes play vital roles in economically important traits such as growth, reproduction, milk, and disease resistance. The biological pathways and genes identified within the candidate selection signatures further permit to categorize the diversity of selection pressure having molded the genome of goat breeds in Kenya.
The study identified genes (HYAL1, HYAL2, HYAL3, PCK1, SFRP1, and MST1R) associated with the biological process that regulates the immune system of goats: cellular response to interleukin-1, cellular response to UV-B, response to antibiotics, viral entry into the host, and response to virus, etc. In most tropical countries, diseases are the main challenges of productivity in goats. Some of the common diseases that affect goats in the tropical countries are pneumonia, helminthiasis, pox, ectoparasite, fever, anorexia, and alopecia, etc. The identification of multiple genes related to disease resistance would seem to propose that the trait is under intense natural selection pressure in the tropically adapted goat breed in their local environment. According to Kim et al. (2016), adaptation of indigenous Barki goats and sheep to hot arid environments may probably be a result of a complex network of genes. This is in agreement with Lv et al. (2014) findings that adaptation to a certain environment is a result of the interaction of various complex traits that are controlled by many genes and also found that due to weak selection acting on various regions across the genome, selection for complex traits leave behind limited or no classic footprints of selection (signatures of selection) (Kemper et al., 2014).
The genes identified for hypoxic adaptation are MST1, PCK, and SFRP1. They are responsible for cellular response to hypoxia biological processes. Hypoxia is caused by the low oxygen availability of high-altitude regions. The three study areas have an altitude of 1830–2210, 1460–1710, and 1166 m above the sea level. This is one of the most important environmental challenges to envisage animals. It enforces severe constraints on aerobic metabolism and causes high-altitude illness. The identification of the MSTI gene in the Saanen breed elucidates the importance of breeding Saanen for adaptive capability for a high-altitude environment. Saanen was introduced into the study area for crossbreeding with the indigenous goats; therefore, with time, the breed has adapted to the tropical environment stressors. It is important for an in-depth study at high resolution to identify more and precise genes associated with tropical adaptation and production in goat breeds in Kenya.
Candidate genes that might be involved in goat milk production identified according to biological processes are the negative regulation of gluconeogenesis (LEPR and MST1) and regulation of calcium ion transport (GNAI2 and RHOA). The LEPR gene regulates function that takes place in the liver. The liver is the major site for the increase of lipid β-oxidation and increased glycogenesis in early lactation, thus affecting blood glucose regulation and milk yield (Bauman and Currie, 1980). This biological pathway is vital in goat breeds in Kenya to maintain adequate energy production and activity in their harsh environment, especially during the lactation period. The LEPR gene is also related to hypoxic in Tibetan goats (Jin et al., 2020) and reproductive and fatness traits in goats and sheep (Alim et al., 2019; Gunawan et al., 2019). The parathyroid hormone synthesis, secretion, and action of the KEGG pathway is associated with GNAI2, PDE4B, and RHOA genes identified in this study. According to Ma et al. (2021), phosphodiesterase 4B (PDE4B) is one of the genes that control milk production traits in dairy cattle. Parathyroid glands play an important role in regulation of calcium balance in the body. Calcium is vital in milking goats, and its major biological function is bone formation. Parturition in goat is connected to sustained increase in secretion of the parathyroid hormone-related protein into both milk and plasma (Ratcliffe et al., 1992). These results show that artificial selection has played a vital role to shape the genome of the goat breeds in the study.
CONCLUSION
This is the first study to identify candidate regions for selection signatures in the genome of four goat breeds in Kenya. The study identified several putative genomic regions and genes regulating immune responses (e.g., HYAL1 and HYAL3), milk production (e.g., LEPR and PDE4B), and adaptation (e.g., MST1 and PCK) that play an important role in underlying adaption to various environmental conditions in the selected Kenyan goat breeds. The results show that the diversity of selection forces has likely molded the genome of the goat breeds. Moreover, the results provide knowledge of the conservation and utilization of these goat genetic resources. In-depth research is necessary to further confirm and refine the results reported in this study by including comprehensive whole-genome deep sequencing and more samples, so that precise genes connected with adaptation and production in goat breeds in Kenya can be detected.
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