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Simple Summary: Abigar cattle, native to southwestern Ethiopia’s hot and humid environment, are
recognized for their adaptability and vital contribution to local livelihoods and the livestock value
chain. Investigating their genetic basis for adaptive traits is crucial for sustainable use. However,
there is a paucity of studies on genomic diversity, population structure, and selection signatures of
Abigar cattle. This study introduces the first whole-genome sequencing of Abigar cattle, revealing
genes linked to heat tolerance, immune response, and stress resilience in tropical conditions. These
findings offer essential genomic insights for future Abigar cattle breeding.

Abstract: Over time, indigenous cattle breeds have developed disease resistance, heat tolerance,
and adaptability to harsh environments. Deciphering the genetic mechanisms underlying adaptive
traits is crucial for their improvement and sustainable utilization. For the first time, we performed
whole-genome sequencing to unveil the genomic diversity, population structure, and selection
signatures of Abigar cattle living in a tropical environment. The population structure analysis
revealed that Abigar cattle exhibit high nucleotide diversity and heterozygosity, with low runs
of homozygosity and linkage disequilibrium, suggesting a genetic landscape less constrained by
inbreeding and enriched by diversity. Using nucleotide diversity (Pi) and population differentiation
(FST) selection scan methods, we identified 83 shared genes that are likely associated with tropical
adaption. The functional annotation analysis revealed that some of these genes are potentially
linked to heat tolerance (HOXC13, DNAJC18, and RXFP2), immune response (IRAK3, MZB1, and
STING1), and oxidative stress response (SLC23A1). Given the wider spreading impacts of climate
change on cattle production, understanding the genetic mechanisms of adaptation of local breeds
becomes crucial to better respond to climate and environmental changes. In this context, our finding
establishes a foundation for further research into the mechanisms underpinning cattle adaptation to
tropical environments.
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1. Introduction

African cattle have been playing an indispensable role in shaping the development
and interdependence of societies, economies, and ecosystems across the continent for gen-
erations. As a fundamental pillar of African agriculture, these magnificent animals hold
immense significance in the lives of millions, contributing to livelihoods, food security,
cultural heritage, and economic growth [1,2]. African cattle have undergone a remarkable
journey of evolution, shaped by centuries of natural selection and adaptation to diverse
ecosystems and climates. Spanning the arid landscapes of the Sahelian regions to the
fertile grasslands of the Savannah, these cattle populations have successfully adapted to
scarcity of feed and water resources, extreme temperature fluctuations, and region-specific
diseases and parasites [3–6]. Their ability to thrive in such challenging environments stands
as a testament to their resilience, enabling them to overcome environmental constraints.
Moreover, the high within and between-breed genetic diversity further enhances their
adaptability, ensuring their continued provision of invaluable resources to the communities
they serve. Thus, the detection of specific genomic regions influenced by both human selec-
tion and environmental selective pressure is essential for understanding how changes in
the genome contribute to variations in phenotype and adaptation to extreme environments.
This information is key to enhancing animal breeding techniques, leading to improvements
in production, health, and overall welfare outcomes [7]. Although the content is rich in
cattle genetic resources, limited studies have been conducted on the adaptive attributes
of African cattle breeds [5,6,8,9]. This highlights the need for further research into the
distinctive genetic factors that underlie adaptive traits within unexplored individual cattle
breeds [10,11].

In the continent, Ethiopia has broad and diverse bovine genetic resources, with over
28 indigenous cattle breeds inhabiting the diverse geographic and climate conditions [12].
These indigenous cattle breeds have long been serving as a major labor force in agricultural
production and providing milk, meat, and other byproducts with the intrinsic worth of par-
asite resistance, utilization of roughage-based diets, and tolerance to extreme climates [6].
Ethiopian indigenous cattle are broadly classified into four groups: Zebu, Zenga, Sanga,
and taurine [3]. Among indigenous cattle breeds, the Abigar cattle, classified as “Sanga”,
primarily inhabit the border region between Ethiopia and South Sudan [12]. They have
a significant presence in Ethiopia, particularly in the Akobo area of the Gambella region.
The Sanga cattle are known for their adaptability to local environments characterized by
high temperatures and high burdens of disease and parasites and are historically important
for the livelihoods of communities in the region [13]. Indeed, the Abigar breed possesses
remarkable adaptive traits that enable them to thrive in challenging environments. Over
generations, these adaptive characteristics have evolved, allowing the cattle to cope effec-
tively with harsh conditions, including frequent disease outbreaks, drought, seasonal feed
and water shortages, and high temperature and heat loads [14]. The unique combination
of these adaptive traits makes the Abigar cattle well-suited for their specific ecological
niche and plays a vital role in the livelihoods of local communities, providing them with
valuable resources like milk, meat, and draught power while contributing to the preser-
vation of cultural heritage. To our knowledge, there is a dearth of genomic information
about Abigar cattle. To advance our insight into the unique genomic architecture of the
breed, we performed whole-genome sequencing. This endeavor unveiled an extensive list
of candidate genes linked to immune response and thermotolerance functions contributing
to the breed’s adaptive characteristics for further improvement and sustainable utilization.

2. Materials and Methods
2.1. Sequence Data

Whole-blood samples (10 mL) were collected from 10 Abigar and 10 Barka (Begait)
cattle breeds in their natural breeding tracts. DNA extraction was carried out at the Insti-
tute of Biotechnology, Addis Ababa University, Ethiopia, using a Tiangen genomic DNA
extraction kit following the manufacturer’s protocols (https://en.tiangen.com/content/
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details_43_4224.html, accessed on 8 June 2022). The paired-end libraries with an average
insert size of 500 bp were constructed for each individual, with an average read length of
150 bp. The whole-genome sequencing (WGS) was performed using the MGI-SEQ 2000
platform by Frasergen Bioinformatics Co., Ltd. (Wuhan, China). To investigate the genetic
relationship between Ethiopian cattle and other cattle breeds, we retrieved additional WGS
samples of African and European taurine and African Sanga cattle breeds from the NCBI
database (Table S1).

2.2. Quality Control, Read Mapping and Variant Calling

To confirm the quality of the raw sequencing data, we performed a per-base sequence
quality check using the fastQC v0.11.8 software (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/, accessed on 3 December 2022). Then, the raw sequences were
subjected to quality control and trimmed using the Trimomatic v0.39 [15] using default
parameters. This step ensured the removal of adapter sequences, low-quality reads, and
bases with low-quality scores. The pair-end sequence reads were mapped against the latest
Bos taurus reference genome (ARS-UCD1.2) [16] using BWA-MEM (v0.7.13-r1126) with
default settings [17]. SAMtools version 1.9 was employed to convert SAM files to the BAM
format and subsequently sort the resulting BAM files by contigs [18]. To account for dupli-
cate reads arising from PCR amplification artifacts, the MarkDuplicates function of Picard
tools v2.27.4 was used (https://broadinstitute.github.io/picard/, accessed on 31 August
2023). The identification of short variants (SNPs) was performed following the GATK 4.3.0
best practice protocol (https://gatk.broadinstitute.org/hc/en-us/articles/360035535932
-Germline-short-variant%20discovery, accessed on 22 June 2023). The protocol involved
utilizing the HaplotypeCaller function on individual samples to detect variants, followed
by the consolidation of individual samples and joint genotyping using the GenotypeGVCFs
function. Furthermore, a two-step machine learning model called variant quality score
recalibration (VQSR) was used to enhance the quality and reliability of variant calls. A
set of high-quality variants that underwent careful curation and validation were utilized
to train the VQSR model. After filtering against poor-quality sequence and non-variant
data, a total of 33,522,977 biallelic, autosomal SNPs were retained for downstream analysis.
Furthermore, the extent of missing genetic data within the individual sample and the
interrelationship among the other samples were evaluated using “--missing-indv” and
“--relatedness”, respectively, provided by the vcftools v0.1.15 [19]. Fortunately, we did
not remove any sample due to excessive missing data (>20%) and high relatedness (>0.8)
among individuals belonging to different breeds [8]. Finally, for each cattle breed, the total
numbers of SNPs and the transition to transversion (Ts/Tv) ratio were estimated using
bcftools ver 1.8 [20].

2.3. Genomic Diversity and Population Structure

After variant calling and obtaining the variant call set, we performed genomic diversity
analysis to explore the patterns of genetic variation within and between populations. The
vcftools v0.1.15 [19] was employed to estimate the average nucleotide diversity (π) and
population genetic differentiation (FST) within 100 kb windows, with a step size of 50 kb,
along the bovine autosomes. The observed heterozygosity was determined as the fraction of
total heterozygous SNPs to the total number of sites considered within each genome, using
the ARS-UCD1.2 taurine cattle reference genome as the basis for analysis. The observed
and expected heterozygosity of each population were computed by employing the “--het”
option in PLINK v1.9 [21]. Subsequently, the calculated values were averaged for each
population to obtain representative measures.

Principal component analysis (PCA) and admixture analysis were employed to infer
population structure and admixture levels. These analyses were started with a set of
high-quality autosomal SNPs, and then SNPs with minor allele frequency (MAF) less
than 0.05 were filtered out, resulting in 23,963,154 SNPs. We further pruned the filtered
SNPs for high levels of pairwise linkage disequilibrium (LD) using Plink 1.9 [21] with the
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parameter (--indep-pairwise 50 10 0.2) and removed SNPs with more than 10% missing
genotypes (--geno 0.1) using vcftools [19]. Subsequently, we used pruned SNPs (1,314,830)
and employed the block relaxation algorithm in ADMIXTURE ver 1.3.0 software [22] to
infer the admixture levels of the study populations with K values ranging from 2 to 10.
The optimal K value was obtained according to the cross-validation (CV) value (Figure S1).
The admixture plot was visualized using the R package. In addition, we used the same
dataset to generate eigenvalues PC with PLINK 1.9 and visualized with ggplo2 in the R ver
4.3 environments [23]. Furthermore, the neighbor-joining tree was constructed based on
pairwise genetic distances using splitsTree v4.19.1 [24].

2.4. Linkage Disequilibrium and Run of Homozygosity

The decay of linkage disequilibrium (LD) with the physical distance between SNPs
was calculated and displayed using the PopLDdecay software ver. 3.41 [25] with its default
settings. The PLINK 1.9 software was used in a sliding window of 50 SNPs to identify
runs of homozygosity (ROHs). The following settings were used to define ROH: (1) a
minimum required density of 50; (2) allowing a maximum of 3 heterozygotes in a window;
(3) permitting a maximum of 5 missing calls in a window. The number and length of ROHs
were estimated for each breed, and the length of ROHs was categorized into three groups:
0.5–1 Mb, 1–2 Mb, and >2 Mb [26].

2.5. Genome-Wide Selection Sweeps

To elucidate the positive signatures of selection in Abigar cattle, a within-population
genomic scan method (the nucleotide diversity; Pi) was employed. Additionally, the
population differentiation between the Abigar and Holstein cattle breeds was estimated
by Weir and Cockerham statistics (FST) [27]. To implement these methods, we adopted
a sliding window approach with window sizes set at 100 kb and a step size of 50 kb
using VCFtools [19]. The top significant 0.05% genomic regions of each selection scan
method was selected, and the adjacent windows were merged into a single region. These
regions were subsequently annotated using the Ensembl Biomart online annotation tool
(http://useast.ensembl.org/index.html, accessed on 1 August 2023), employing the ARS-
UCD1.2 bovine reference genome [16]. The Database for Annotation Visualization and
Integrated Discovery (DAVID, https://david.ncifcrf.gov/content.jsp?file=release.html,
accessed on 1 August 2023) was employed to unravel the gene ontology (GO), pathways,
and enriched terms of the candidate genes [28].

3. Results
3.1. Sequence Reads and Variant Statistics

To better understand genomic variations in Ethiopian indigenous cattle populations,
we performed whole-genome sequencing of ten Abigar (ABI) and ten Barca (BAR) cattle
and compared them with publicly available genomic data from Ankole (ANK), NDama
(NDA), and Holstein (HOL) cattle breeds (Table S1). The clean sequencing reads were
mapped to the Bos taurus reference genome (ARS-UCD1.2) using the BWA MEM algorithm,
resulting in a 99% alignment rate. As expected, the number of SNPs in taurine cattle
was significantly lower when compared to African Bos indicus (Table S2). Notably, the
Abigar breed exhibited the highest number of variants (27,155,787), whereas Holstein cattle
showed the lowest SNP number (10,331,162). This difference in SNP numbers between
Bos indicus and Bos taurus cattle breeds aligns with previous research findings [5,8]. The
average transition versus transversion (Ts/Tv) ratio for the five cattle breeds was found to
be 2.31 (Table S2). A higher ratio indicates a reduced likelihood of false-positive variants,
which in turn enhances the reliability of the genetic data used for the subsequent analyses.

3.2. Population Genetic Structure

We performed Principal Component (PCA), admixture, and neighbor-joining (NJ)
analyses to explore the genetic relationships among Ethiopian and reference cattle breeds,

http://useast.ensembl.org/index.html
https://david.ncifcrf.gov/content.jsp?file=release.html


Animals 2023, 13, 3269 5 of 14

including African Sanga (Ankole), African taurine (NDama), and the commercial cattle
breed (Holstein) (Table S1). The PCA results exhibited distinct separation among the studied
breeds according to their geographic origins (Figure 1a). PC1 and PC2 accounted for 10.44%
and 3.95% of the total variation, respectively, and clearly separated the individuals into
taurine and indicine breeds, with the Ankole cattle at an intermediate position. In the
admixture analysis, when K = 2, the cattle breeds exhibited genetic differentiation into Bos
taurus and Bos indicus ancestry. At K = 4, the admixture plot captured the highest observed
ancestry proportion, which was further substantiated by the lowest coefficient of error
variance (Figure S1). The Abigar breed, despite its classification among other African Sanga
breeds, exhibits a substantial Bos indicus genetic background in contrast to the Ankole
cattle. The Neighbor-Joining (NJ) tree analysis further supported the results obtained based
on PC and admixture analyses. The NJ tree displayed a clear separation of the Sanga and
zebu cattle breeds from African and European Bos taurus breeds. The admixture result
revealed a substantial genomic share of the Abigar with the Ankole cattle breed, reflecting
their common ancestry or historical genetic interactions (Figure 1c).
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Figure 1. Genetic diversity and population structure of the five studied breeds (ABI = Abigar,
ANK = Ankole, BAR = Barca, HOL = Holstein, NDA = N’Dama). (a) Principal component plots
for the first two PCAs, (b) Neighbor–joining tree of the relationships between the five cattle breeds
(50 animals), (c) Admixture analysis results for five cattle breeds at K = 2 to 4.

3.3. Patterns of Genomic Diversity

Figure 2 illustrates the average nucleotide diversities observed among the studied
breeds. Notably, the Abigar and Barca breeds demonstrated the highest nucleotide diversi-
ties, whereas the Holstein breed exhibited the lowest nucleotide diversity, consistent with
the previous findings [5,8]. Similarly, higher heterozygosity was observed in Abigar and
Barca breeds, while the lowest heterozygosity was detected in the Ankole breed (Figure 2e).
The population differentiation (FST) between African zebu and taurine breeds revealed
significant genetic divergences. Conversely, moderate differentiation was found between
the African Sanga and zebu breeds (Table 1). These moderate population differentiations
among African cattle breeds provide insights into their common genetic backgrounds and
possible gene flow. To investigate the genomic landscape and genetic history of popula-
tions, we categorized runs of homozygosity (ROH) into three groups based on their length:
0.5–1 Mb, 1–2 Mb, and >2 Mb (Figure 2c). As expected, the Holstein breed showed a
significant accumulation of ROH in all ROH classes (Figure 2c). The observed high LD in
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short distance and the long ROH in the Holstein cattle breed suggests potential inbreeding,
which could be attributed to long-term artificial selection practices (Figure 2d).
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Table 1. Genetic differentiation (FST) between studied cattle breeds.

Abigar Ankole Barca Holstein NDama

Abigar
Ankole 0.055
Barca 0.062 0.122
Holstein 0.275 0.250 0.349
NDama 0.189 0.173 0.267 0.265

3.4. Genome-Wide Selective Sweeps

The nucleotide diversity (Pi) and population differentiation (FST) selection scan meth-
ods were employed to uncover selection sweeps associated with adaptive traits in Abigar
cattle. In both methodologies, we designated the top 0.5% of genomic regions as candidates
under selection. A total of 310 and 323 genes were detected by the Pi and FST methods,
respectively (Tables S3 and S4). Of these, 83 genes were detected by both selection scan
methods (Figure 3c, Table S5). Interestingly, a substantial number of the shared genes with
potential roles for tropical environment adaptations have been previously identified in
different African zebus (Table 2). The identification of adaptation-related genes using both
selection scan methods, aligned with prior research, underscores the Abigar cattle breed’s
harbored adaptive attributes for thriving in tropical environments. Notably strong signals
of differentiation observed in the regions harboring well-known candidate genes were
associated with immune response genes (WIF1, MZB1, SIRT1, STING1, IRAK3, and HSPA9),
oxidative stress response (SLC23A1), and heat tolerance genes (ASIP, DNAJC18, HOXC13,
HSF4, and RXFP2) (Table 2; Tables S3–S5). The genome-wide distribution of Pi and FST
values is presented in Figure 3a,b.

Animals 2023, 13, x FOR PEER REVIEW 8 of 15 
 

 
Figure 3. Analysis of selective sweeps in Abigar cattle (a) Manhattan plots FST selection scan; (b) 
Manhattan plots Pi selection scan; The horizontal dash lines represent the 0.5% outlier regions in 
both of the selection scan methods; (c) Venn diagrams of genes shared by Pi and FST selection scan 
methods. 

The functional annotation of gene sets enrichment analysis revealed several statisti-
cally significant (p ≤ 0.05, Bonferroni correction) enriched biological processes (Table S6). 
Here, we focused on genes and GO terms related to tropical environment adaptation. 
Among the significant GO terms, those related to tropical environment adaptations in-
clude anterior/posterior pattern specification (GO:0009952), skeletal system development 
(GO:0001501), positive regulation of immune response (GO:0050778), cellular response to 
insulin stimulus (GO:0032869), and cellular response to stress (GO:0033554) (Table S6). 

Table 2. Candidate genes putatively selected for tropical environment adaptations of Abigar cattle 
using two selection scan methods (Pi and FST). 

Methods BTA Gene Ensemble ID Summary of Gene Function References 

Pi 
13 ASIP ENSBTAG00000034077 Heat tolerance/coat color  [29] 
18 HSF4 ENSBTAG0000000354 Heat tolerance [30] 
28 SIRT1 ENSBTAG00000014023 Oxidative stress response [31,32] 

FST 
5 GRIP1 ENSBTAG00000033726 Immune response [31] 
7 HSPA9 ENSBTAG00000011419 Immune response  [9,33] 

Both (Pi and FST) 

5 IRAK3 ENSBTAG00000007636 Immune response [8] 
5 HOXC13 ENSBTAG00000000923 Heat tolerance [6,32,34] 
5 WIF1 ENSBTAG00000014758 Immune response [9,33] 
7 MZB1 ENSBTAG00000038337 Immune response [9] 
7 STING1 ENSBTAG00000002296 Immune response [9] 
7 DNAJC18 ENSBTAG00000002286 Heat tolerance [9,35] 
7 SLC23A1 ENSBTAG00000010798 Oxidative stress response [6] 

12 RXFP2 ENSBTAG00000015132 Heat tolerance, horn development [31] 

16 FAAP20 ENSBTAG00000014136  Dryland adaptation (scarce feed and water 
supply) 

[8] 

16 SKI ENSBTAG00000038716  Dryland adaptation (scarce feed and water 
supply) 

[8] 

  

Figure 3. Analysis of selective sweeps in Abigar cattle (a) Manhattan plots FST selection scan;
(b) Manhattan plots Pi selection scan; The horizontal dash lines represent the 0.5% outlier regions
in both of the selection scan methods; (c) Venn diagrams of genes shared by Pi and FST selection
scan methods.



Animals 2023, 13, 3269 8 of 14

Table 2. Candidate genes putatively selected for tropical environment adaptations of Abigar cattle
using two selection scan methods (Pi and FST).

Methods BTA Gene Ensemble ID Summary of Gene Function References

Pi
13 ASIP ENSBTAG00000034077 Heat tolerance/coat color [29]
18 HSF4 ENSBTAG0000000354 Heat tolerance [30]
28 SIRT1 ENSBTAG00000014023 Oxidative stress response [31,32]

FST
5 GRIP1 ENSBTAG00000033726 Immune response [31]
7 HSPA9 ENSBTAG00000011419 Immune response [9,33]

Both (Pi and FST)

5 IRAK3 ENSBTAG00000007636 Immune response [8]
5 HOXC13 ENSBTAG00000000923 Heat tolerance [6,32,34]
5 WIF1 ENSBTAG00000014758 Immune response [9,33]
7 MZB1 ENSBTAG00000038337 Immune response [9]
7 STING1 ENSBTAG00000002296 Immune response [9]
7 DNAJC18 ENSBTAG00000002286 Heat tolerance [9,35]
7 SLC23A1 ENSBTAG00000010798 Oxidative stress response [6]

12 RXFP2 ENSBTAG00000015132 Heat tolerance, horn development [31]

16 FAAP20 ENSBTAG00000014136 Dryland adaptation (scarce feed and
water supply) [8]

16 SKI ENSBTAG00000038716 Dryland adaptation (scarce feed and
water supply) [8]

The functional annotation of gene sets enrichment analysis revealed several statis-
tically significant (p ≤ 0.05, Bonferroni correction) enriched biological processes (Table
S6). Here, we focused on genes and GO terms related to tropical environment adaptation.
Among the significant GO terms, those related to tropical environment adaptations in-
clude anterior/posterior pattern specification (GO:0009952), skeletal system development
(GO:0001501), positive regulation of immune response (GO:0050778), cellular response to
insulin stimulus (GO:0032869), and cellular response to stress (GO:0033554) (Table S6).

4. Discussion

African cattle breeds exhibit an extensive distribution across the continent, ranging
from the Afro-alpine to the Afar depression. Unraveling the genetic diversity, population
structure, and specific selection sweeps of these cattle breeds provides a valuable asset
for genetic improvements, sustainable agriculture, and conservation initiatives. The PCs
and admixture analysis revealed clear genetic differentiations between Abigar cattle and
Bos taurus breeds (Figure 1a,c). The distinct separation of Abigar and taurine cattle breeds
provides crucial insights into the genetic structure and ancestry of the cattle populations,
highlighting their unique evolutionary paths and genetic backgrounds, which have been
shaped by historical selection, environmental pressures, and breeding practices [5,36].

In our study, the Abigar and Barca cattle breeds showed a relatively higher nucleotide
diversity. The higher nucleotide diversity in these cattle breeds could be attributed to weak
artificial selection histories compared to the Holstein cattle breed. This aligns with Kim
et al. [5] and Terefe et al. [9], indicating that indigenous Ethiopian cattle breeds tend to
preserve greater genetic variation, likely due to the country being a gateway from the center
of domestication to the African continent and experiencing less intensive selective breeding
practices. Likewise, the estimated observed heterozygosity in Ethiopian cattle revealed the
high level of diversity within the studied populations. Notably, the Abigar and Barca cattle
breeds exhibit higher genetic variation, which can be plausibly attributed to the absence
of substantial selection pressure owing to the lack of effective breeding programs. Our
finding is consistent with the reported estimates for indigenous cattle breeds of Ethiopia [9]
and Sudanese zebu [8].

Runs of Homozygosity (ROH) are defined as contiguous stretches of the genome where
an individual inherits identical alleles from both parents [37]. In our study, a significant
proportion of ROH, identified across all breeds, was observed to fall within the length
range of 0.5–1 Mb (Figure 2c). Notably, the Abigar breed exhibited the lowest ROH count



Animals 2023, 13, 3269 9 of 14

in all ROH length categories, indicating a comparatively higher level of genetic diversity.
The high genetic diversity suggests a potential adaptive advantage for the Abigar cattle
breed, enabling them to better cope with various environmental stressors. Conversely, the
Holstein breed exhibited substantial linkage disequilibrium (LD) in short genomic distances
(Figure 2d) and a notable prevalence of long ROH, which may indicate the presence of
potential inbreeding. These observed characteristics in Holstein breeds are likely attributed
to long-term artificial selection practices [5,36].

Indigenous African cattle breeds’ exhibit unique resilience and resistance to a range
of challenging environmental pressures compared to their commercial counterparts. This
resilience not only highlights the adaptive capabilities of these breeds but also emphasizes
the potential value they hold for sustainable livestock management and breeding programs,
especially in the face of changing and unpredictable environmental circumstances. In
this analysis, we have identified several candidate genes that shed light on the adaptive
significance of Abigar cattle in hot and humid tropical environments marked by multiple
environmental stressors, disease prevalence, limited feed resources, and parasitic chal-
lenges. Interestingly, the genes found within the identified candidate regions in our current
investigation exhibit functions closely tied to traits encompassing heat tolerance, immune
response, and the ability to counteract oxidative stress (Table 2 and Tables S3–S5).

Heat stress is one of the challenges that significantly shapes the adaptive landscape of
cattle populations. The constellation of candidate genes, notably ASIP, DNAJC18, HOXC13,
HOXC12, HSF4, and RXFP2 (Table 2 and Table S3–S5), holds profound implications for
thermal adaptations. The bovine coat acts as a vital barrier against solar radiation and
environmental stressors. Hair coat length, skin pigmentation, and coat color are often
proposed to influence heat tolerance [38,39]. Dark-coated animals absorb more heat from
solar radiation than their light-coated counterparts [40]. Cattle adapted to arid regions
feature efficient heat dissipation through traits like smooth, short, and thin hair, attributed
to the slick hair gene [41].

Interestingly, Abigar cattle are characterized by their predominant coat colors of white
and grey [12,14]. The prevalence of white coloration in Abigar cattle is likely attributed to
the involvement of the agouti signaling protein (ASIP), a key player in pigmentation. ASIP
reduces eumelanin production by downregulating the melanocortin 1 receptor (MC1R)
while simultaneously promoting pheomelanin production [42]. Beyond its genetic under-
pinnings, the white coat color in Abigar cattle holds substantial adaptive significance in
their natural habitat. White coats possess the unique ability to reflect sunlight and mitigate
heat absorption, effectively counteracting the impact of solar radiation. This attribute
provides a unique advantage in the hot environmental conditions where Abigar cattle
thrive, offering mechanisms for heat adaptation. Studies have indicated that an increased
copy number of the ASIP gene might account for white pigmentation in goats [43] and
sheep [44]. Additionally, in Nellore cattle, which have been selectively bred for a white
coat, reduced ASIP expression led to elevated eumelanin production and, subsequently,
a darker coat color [45]. Similarly, a loss-of-function mutation in the ASIP gene’s coding
region frequently results in a recessive black coat color in rabbits [46].

We have also identified the RXFP2 gene (BTA12: 29.21–29.27 Mb), previously re-
ported for its pleiotropic effects encompassing both reproductive and horn development
functions [31,47,48]. The Abigar cattle’s horns exhibit a distinctive elongated structure
that extends upwards, resembling an oval configuration. However, these morphological
traits extend far beyond mere aesthetics; they are intricately linked with adaptation. The
distinctive structure of tropical cattle horns is believed to serve as a thermal adaptation.
The significant surface area of the vascular bed, combined with the thin keratin sheath,
facilitates rapid heat dissipation following strenuous activities. Furthermore, the vertical
orientation of these horns on tropical bovids optimally places them in areas of heightened
airflow. This arrangement effectively enhances the rapid dispersion of heat, particularly
during intense, high-speed evasive maneuvers used to evade predators [49]. Similarly, Ben-
Jemaa et al. [29] have highlighted that horns potentially play a role in the thermoregulation
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of Creole cattle. Given that the horn’s core is connected to the sinus, it is plausible that the
horns contribute to nasal heat exchange. This mechanism significantly minimizes water
loss by cooling the exhaled air, resulting in water condensation and reabsorption [50].

The homeobox genes (e.g., HOXC12 and HOXC13) are integral developmental reg-
ulators intricately involved in shaping essential morphological traits that actively drive
hair follicle differentiation, growth, and overall development [51]. Their influence on the
regulation of genes associated with keratin differentiation holds profound significance,
contributing significantly to the adaptive responses to heat observed in both cattle and
goats [6,34]. Specifically, the HOXC13 gene is a key determinant impacting skin thickness.
The combined factors of skin thickness and the abundance of hair follicles play a pivotal
role in finely tuned body temperature regulation. For instance, animals with thicker skin,
such as the heat-tolerant Bos indicus breeds of cattle, exhibit improved thermoregulation
compared to their heat-sensitive counterparts like the Bos taurus breeds [52]. Moreover, the
role of heat shock factor 4 (HSF4) is particularly significant within the family of heat shock
transcription factors. These regulatory proteins hold the reins in orchestrating cellular
responses to a spectrum of stressors, with a primary focus on heat-induced stress [32].
The dynamic involvement of these transcription factors in modulating heat shock proteins
during episodes of thermal stress has been documented across various African cattle popu-
lations [6,53,54]. Aside from the genes mentioned above, the DNAJC18 gene encodes for
heat shock proteins that play vital roles in facilitating protein folding, directing misfolded
proteins towards degradation pathways, and upholding protein equilibrium within the cel-
lular environment. The positive selection signals around this region are further confirmed
by significantly lower Pi and high FST values (Figure 4). This gene has been previously
identified and associated with safeguarding cellular integrity across a diverse spectrum of
stress scenarios, prominently including instances of heat stress [8,9,35].
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For generations, the African continent has faced multitudes of selection pressures,
including diseases and parasites. This prolonged exposure has nurtured potent innate
and acquired immune responses, empowering the ability to combat an extensive range
of diseases and parasitic challenges. For instance, we identified a highly significant ge-
nomic region on BTA7: 50.64–50.74 Mbp encompassing three immune response genes
(MZB1, SLC23A1, and STING1), exhibiting a robust positive selection signal in Abigar
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cattle (Table 2). MZB1 encodes a protein vital for the immune response and B cell function,
playing a pivotal role in the adaptive immune system by generating antibodies that target
specific pathogens [55,56]. SLC23A1 pertains to sodium-dependent membrane transporters,
crucial for human vitamin C metabolism. It regulates dietary intake, reabsorption, and
tissue distribution of vitamin C [57]. Furthermore, hot environments intensify heat stress
and physical activity, elevating oxidative stress. This increases the demand for antioxidants
like vitamin C, which responds to harmful free radicals generated during cellular processes,
mitigating cellular damage and inflammation. Maintaining adequate vitamin C levels
proves essential for the robust production and functioning of immune cells, including
key players like neutrophils, lymphocytes, and phagocytes, all integral for effective im-
mune responses [58]. Additionally, STING emerges as a transmembrane protein situated
on the endoplasmic reticulum. Its pivotal function lies in the innate immune signaling
response, fortifying the host against viral and bacterial infections [59]. On chromosome 5,
we identified anti-inflammatory genes, namely GRIP1 and IRAK3 (Table 2). In mice, GRIP1
plays a pivotal role in augmenting the anti-inflammatory effects of glucocorticoids, and its
deficiency results in heightened sensitivity to inflammatory challenges [60]. On the other
hand, IRAK3 is a component of the Toll-like receptor (TLR) signaling pathway, tasked with
the regulation of immune responses. Specifically, IRAK3 operates as a negative regulator of
TLR signaling, adjusting the innate host defense mechanisms to modulate the extent and
duration of excessive inflammation [61,62].

Last but not least, the regions inhabited by Abigar cattle are marked by food and water
scarcities. We further elucidated previously identified genes on chromosome 16 (FAAP20
and SKI) (Table 2), primarily associated with adaptive metabolic strategies involving
insulin signaling, glucose homeostasis, and fat metabolism [8]. In general, these African
cattle-specific selective sweeps are evidence of shared historical selection footprints and
introgression, most likely due to their ancestral, geographical, and husbandry system
acquaintances for resilience to the tropical selection pressures. This may also reflect the
pleiotropic effects of genes on other relevant adaptive and agro–economic traits. However,
these results would need further fine-mapping and functional genomic studies.

5. Conclusions

Indigenous African cattle breeds exhibit pronounced resilience and resistance to en-
vironmental pressures, holding immense potential for sustainable livestock management.
This study unveiled genes that have undergone positive selection in Abigar cattle. These
genes contribute to various biological and cellular functions, collectively shaping the adap-
tive characteristics of this cattle breed within tropical environments. The genes are mainly
associated with heat tolerance, immune response, and oxidative stress counteraction and
have previously been elucidated in other African cattle breeds. The shared African cattle-
specific adaptation genes underscore their potential value for future breeding programs and
sustainable livestock management in the face of climate change and breeding objectives.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ani13203269/s1: Figure S1: Distribution of the coefficients of
error variance in admixture analysis; Table S1: Sample information for each cattle breed used in this
study; Table S2: Single nucleotide variants statistics and Ts/Tv ratio of studied cattle breeds; Table S3:
Candidate gene detected by the Pi selection scan method for Abigar cattle; Table S4: Candidate
genes detected by the FST selection scan method between Abigar and Holstein cattle; Table S5:
Shared candidate gene detected by Pi and FST selection scan methods in Abigar cattle; Table S6: GO
functional annotation of candidate genes identified by Pi and FST selection scan methods.

https://www.mdpi.com/article/10.3390/ani13203269/s1
https://www.mdpi.com/article/10.3390/ani13203269/s1


Animals 2023, 13, 3269 12 of 14

Author Contributions: Conceptualization, W.A., G.M.T. and X.W.; methodology, W.A., X.W., G.M.T.
and Z.E.; software, W.A., G.M.T., X.W., R.V.D., R.N. and Z.E.; validation, W.A., X.W., G.M.T., T.S.T.,
Z.E., R.N., E.B.-R., R.V.D. and S.E.; formal analysis, W.A.; resources, P.Y., T.S.T. and E.B.-R.; data
curation, W.A., S.E. and R.V.D.; writing—original draft preparation, W.A.; writing—review and
editing, W.A., X.W., G.M.T., T.S.T., Z.E., E.B.-R., R.V.D. and P.Y.; visualization, W.A.; project adminis-
tration, P.Y.; funding acquisition, P.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Innovation Project of the Chinese Academy of Agri-
cultural Sciences (25-LZIHPS-01) and the China Agriculture Research System of MOF and MARA
(CARS-37).

Institutional Review Board Statement: In the study area, no specific approval from the Ethical
Committee was required to collect blood samples for animal-based studies. Therefore, only receiving
consent from animal owners was sufficient.

Informed Consent Statement: Not applicable.

Data Availability Statement: Sequence data will be deposited in GenBank.

Acknowledgments: The authors are grateful for the financial support from the Innovation Project of
the Chinese Academy of Agricultural Sciences (25-LZIHPS-01) and the China Agriculture Research
System of MOF and MARA (CARS-37). We also thank the Swedish University of Agricultural Sciences
(SLU), Uppsala, Sweden, for providing the SLU Bioinformatics Infrastructure (SLUBI) and other
support for this study. Finally, the Institute of Biotechnology, Addis Ababa University, Ethiopia, is
duly acknowledged for providing laboratory and other facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schneider, H.K. The subsistence role of cattle among the Pakot and in East Africa. Am. Anthropol. 1957, 59, 278–300. [CrossRef]
2. Di Lernia, S.; Tafuri, M.A.; Gallinaro, M.; Alhaique, F.; Balasse, M.; Cavorsi, L.; Fullagar, P.D.; Mercuri, A.M.; Monaco, A.; Perego,

A.; et al. Inside the “African cattle complex”: Animal burials in the Holocene central Sahara. PLoS ONE 2013, 8, e56879. [CrossRef]
[PubMed]

3. Rege, J.E.O. The state of African cattle genetic resources I. Classification framework and identification of threatened and extinct
breeds. Anim. Genet. Res. Inf. Bull. 1999, 25, 1–26. [CrossRef]

4. Mwai, O.; Hanotte, O.; Kwon, Y.J.; Cho, S. African indigenous cattle: Unique genetic resources in a rapidly changing world.
Asian-Australas. J. Anim. Sci. 2015, 28, 911–921. [CrossRef] [PubMed]

5. Kim, J.; Hanotte, O.; Mwai, O.A.; Dessie, T.; Bashir, S.; Diallo, B.; Agaba, M.; Kim, K.; Kwak, W.; Sung, S.; et al. The genome
landscape of indigenous African cattle. Genome Biol. 2017, 18, 34. [CrossRef]

6. Taye, M.; Lee, W.; Caetano-Anolles, K.; Dessie, T.; Hanotte, O.; Mwai, O.A.; Kemp, S.; Cho, S.; Oh, S.J.; Lee, H.K.; et al. Whole
genome detection of signature of positive selection in African cattle reveals selection for thermotolerance. Anim. Sci. J. 2017, 88,
1889–1901. [CrossRef]

7. Johnsson, M. Integrating selection mapping with genetic mapping and functional genomics. Front. Genet. 2018, 9, 603. [CrossRef]
8. Tijjani, A.; Salim, B.; da Silva, M.V.; Eltahir, H.A.; Musa, T.H.; Marshall, K.; Hanotte, O.; Musa, H.H. Genomic signatures for

drylands adaptation at gene-rich regions in African zebu cattle. Genomics 2022, 114, 110423. [CrossRef]
9. Terefe, E.; Belay, G.; Tijjani, A.; Han, J.; Hanotte, O. Whole Genome Resequencing Reveals Genetic Diversity and Selection

Signatures of Ethiopian Indigenous Cattle Adapted to Local Environments. Diversity 2023, 15, 540. [CrossRef]
10. Kim, S.J.; Ka, S.; Ha, J.W.; Kim, J.; Yoo, D.; Kim, K.; Lee, H.K.; Lim, D.; Cho, S.; Hanotte, O.; et al. Cattle genome-wide analysis

reveals genetic signatures in trypanotolerant N’Dama. BMC Genom. 2017, 18, 371. [CrossRef]
11. Ayalew, W.; Wu, X.; Tarekegn, G.M.; Min, C.; Liang, C.; Tessema, T.S.; Ping, Y. Signatures of positive selection for local adaptation

of African Native Cattle populations: A review. J. Integer. Agri. 2023, 22, 1967–1984. [CrossRef]
12. Domestic Animal Diversity Information System (DADIS). Number of Breeds by Species and Country. Available online: http:

//dad.fao.org/ (accessed on 20 June 2021).
13. Alberro, M.; Haile-Mariam, S. The indigenous cattle of Ethiopia Part I. FAO World Anim. Rev. 1982, 41, 2–10.
14. Minuye, N.; Abebe, G.; Dessie, T. On-farm description and status of Nuer (Abigar) cattle breed in Gambella Regional State,

Ethiopia. Int. J. Biodiv. Cons. 2018, 10, 292–302.
15. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.

[CrossRef] [PubMed]
16. Rosen, B.D.; Bickhart, D.M.; Schnabel, R.D.; Koren, S.; Elsik, C.G.; Tseng, E.; Rowan, T.N.; Low, W.Y.; Zimin, A.; Couldrey, C.; et al.

De novo assembly of the cattle reference genome with single-molecule sequencing. Gigascience 2020, 9, giaa021. [CrossRef]

https://doi.org/10.1525/aa.1957.59.2.02a00080
https://doi.org/10.1371/journal.pone.0056879
https://www.ncbi.nlm.nih.gov/pubmed/23437260
https://doi.org/10.1017/S1014233900003448
https://doi.org/10.5713/ajas.15.0002R
https://www.ncbi.nlm.nih.gov/pubmed/26104394
https://doi.org/10.1186/s13059-017-1153-y
https://doi.org/10.1111/asj.12851
https://doi.org/10.3389/fgene.2018.00603
https://doi.org/10.1016/j.ygeno.2022.110423
https://doi.org/10.3390/d15040540
https://doi.org/10.1186/s12864-017-3742-2
https://doi.org/10.1016/j.jia.2023.01.004
http://dad.fao.org/
http://dad.fao.org/
https://doi.org/10.1093/bioinformatics/btu170
https://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1093/gigascience/giaa021


Animals 2023, 13, 3269 13 of 14

17. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows–Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef]

18. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; 1000 Genome Project Data
Processing Subgroup. The sequence alignment/map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]

19. Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E.; DePristo, M.A.; Handsaker, R.E.; Lunter, G.; Marth, G.T.; Sherry, S.T.;
et al. The variant call format and VCFtools. Bioinformatics 2011, 27, 2156–2158. [CrossRef]

20. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; DePristo, M.A. The Genome Analysis Toolkit: A
MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res. 2010, 20, 1297–1303. [CrossRef]

21. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.W.; Daly, M.J.;
et al. PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81,
559–575. [CrossRef]

22. Alexander, D.H.; Lange, K. Enhancements to the ADMIXTURE algorithm for individual ancestry estimation. BMC Bioinform.
2011, 12, 246. [CrossRef] [PubMed]

23. Francis, R.M. Pophelper: An R package and web app to analyse and visualize population structure. Mol. Ecol. Res. 2017, 17, 27–32.
[CrossRef]

24. Huson, D.H.; Bryant, D. Application of Phylogenetic Networks in Evolutionary Studies. Mol. Biol. Evol. 2006, 23, 254–267.
[CrossRef] [PubMed]

25. Zhang, C.; Dong, S.; Xu, J.-Y.; He, W.-M.; Yang, T.L. PopLDdecay: A Fast and Effective Tool for Linkage Disequilibrium Decay
Analysis Based on Variant Call Format Files. Bioinformatics 2019, 35, 1786–1788. [CrossRef] [PubMed]

26. Chen, J.; Wang, Y.; Qi, X.; Cheng, H.; Chen, N.; Ahmed, Z.; Chen, Q.; Lei, C.; Yang, X. Genome-wide analysis emancipates genomic
diversity and signature of selection in Altay white-headed cattle of Xinjiang, China. Front. Genet. 2023, 14, 1144249. [CrossRef]
[PubMed]

27. Weir, B.S.; Cockerham, C.C. Estimating F-statistics for the analysis of population structure. Evolution 1984, 38, 1358–1370.
28. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and Integrative Analysis of Large Gene Lists Using DAVID Bioinformatics

Resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]
29. Ben-Jemaa, S.; Adam, G.; Boussaha, M.; Bardou, P.; Klopp, C.; Mandonnet, N.; Naves, M. Whole genome sequencing reveals

signals of adaptive admixture in Creole cattle. Sci. Rep. 2023, 13, 12155. [CrossRef]
30. Fujimoto, M.; Oshima, K.; Shinkawa, T.; Wang, B.B.; Inouye, S.; Hayashida, N.; Takii, R.; Nakai, A. Analysis of HSF4 binding

regions reveals its necessity for gene regulation during development and heat shock response in mouse lenses. J. Biol. Chem. 2008,
31, 29961–29970. [CrossRef]

31. Li, Y.; Zou, S.; Ding, H.; Hao, N.; Huang, Y.; Tang, J.; Cheng, J.; Feng, S.; Li, J.; Wang, X.; et al. Low expression of sirtuin 1 in the
dairy cows with mild fatty liver alters hepatic lipid metabolism. Animals 2020, 10, 560. [CrossRef]

32. Yang, Y.; Liu, Y.; Wang, Y.; Chao, Y.; Zhang, J.; Jia, Y.; Tie, J.; Hu, D. Regulation of SIRT1 and its roles in inflammation. Front.
Immunol. 2022, 13, 831168. [CrossRef] [PubMed]

33. Randhawa, I.A.; Khatkar, M.S.; Thomson, P.C.; Raadsma, H.W. A meta-assembly of selection signatures in cattle. PLoS ONE 2016,
11, e0153013. [CrossRef] [PubMed]

34. Onzima, R.B.; Upadhyay, M.R.; Doekes, H.P.; Brito, L.F.; Bosse, M.; Kanis, E.; Groenen, M.A.M.; Crooijmans, R. Genome-Wide
Characterization of Selection Signatures and Runs of Homozygosity in Ugandan Goat Breeds. Front. Genet. 2018, 9, 318. [CrossRef]
[PubMed]

35. Bahbahani, H.; Tijjani, A.; Mukasa, C.; Wragg, D.; Almathen, F.; Nash, O.; Akpa, G.N.; Mbole-Kariuki, M.; Malla, S.; Woolhouse,
M.; et al. Signatures of selection for environmental adaptation and Zebu × Taurine hybrid fitness in East African Shorthorn zebu.
Front. Genet. 2017, 8, 68. [CrossRef] [PubMed]

36. Nanaei, H.A.; Qanatqestani, M.D.; Esmailizadeh, A. Whole genome resequencing reveals selection signatures associated with
milk production traits in African Kenana dairy zebu cattle. Genomics 2020, 112, 880–885. [CrossRef] [PubMed]

37. Gibson, J.; Morton, N.E.; Collins, A. Extended tracts of homozygosity in outbred human populations. Hum. Mol. Genet. 2006, 15,
789–795. [CrossRef]

38. Fanta, M. Physiological adaptation of Holstein Frisian dairy cattle in Ethiopia: Review article. J. Biol. Agric. Health 2017, 7, 67–78.
39. Leite, J.H.G.M.; Silva, R.G.; da Silva, W.S.T.; da Silva, W.E.; Paiva, R.D.M.; Sousa, J.E.R.; Façanha, D.A.E. Locally adapted Brazilian

ewes with different coat colors maintain homeothermy during the year in an equatorial semiarid environment. Int. J. Biometeorol.
2018, 62, 1635–1644. [CrossRef]

40. Finch, V.A.; Bennett, I.L.; Holmes, C.R. Coat colour in cattle: Effect on thermal balance, behaviour and growth, and relationship
with coat type. J. Agri. Sci. 1984, 102, 141–147. [CrossRef]

41. Gaughan, J.B.; Sejian, V.; Mader, T.L.; Dunshea, F.R. Adaptation strategies: Ruminants. Anim. Front. 2019, 9, 47–53. [CrossRef]
42. Barsh, G.; Gunn, T.; He, L.; Schlossman, S.; Duke-Cohan, J. Biochemical and genetic studies of pigment-type switching. Pigment

Cell Res. 2000, 13, 48–53. [CrossRef] [PubMed]
43. Henkel, J.; Saif, R.; Jagannathan, V.; Schmocker, C.; Zeindler, F.; Bangerter, E.; Herren, U.; Posantzis, D.; Bulut, Z.; Ammann, P.;

et al. Selection signatures in goats reveal copy number variants underlying breed-defining coat color phenotypes. PLoS Genet.
2019, 15, e1008536. [CrossRef]

https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1086/519795
https://doi.org/10.1186/1471-2105-12-246
https://www.ncbi.nlm.nih.gov/pubmed/21682921
https://doi.org/10.1111/1755-0998.12509
https://doi.org/10.1093/molbev/msj030
https://www.ncbi.nlm.nih.gov/pubmed/16221896
https://doi.org/10.1093/bioinformatics/bty875
https://www.ncbi.nlm.nih.gov/pubmed/30321304
https://doi.org/10.3389/fgene.2023.1144249
https://www.ncbi.nlm.nih.gov/pubmed/37065480
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/s41598-023-38774-7
https://doi.org/10.1074/jbc.M804629200
https://doi.org/10.3390/ani10040560
https://doi.org/10.3389/fimmu.2022.831168
https://www.ncbi.nlm.nih.gov/pubmed/35359990
https://doi.org/10.1371/journal.pone.0153013
https://www.ncbi.nlm.nih.gov/pubmed/27045296
https://doi.org/10.3389/fgene.2018.00318
https://www.ncbi.nlm.nih.gov/pubmed/30154830
https://doi.org/10.3389/fgene.2017.00068
https://www.ncbi.nlm.nih.gov/pubmed/28642786
https://doi.org/10.1016/j.ygeno.2019.06.002
https://www.ncbi.nlm.nih.gov/pubmed/31170439
https://doi.org/10.1093/hmg/ddi493
https://doi.org/10.1007/s00484-018-1563-x
https://doi.org/10.1017/S0021859600041575
https://doi.org/10.1093/af/vfy029
https://doi.org/10.1034/j.1600-0749.13.s8.10.x
https://www.ncbi.nlm.nih.gov/pubmed/11041357
https://doi.org/10.1371/journal.pgen.1008536


Animals 2023, 13, 3269 14 of 14

44. Norris, B.J.; Whan, V.A. A gene duplication affecting expression of the ovine ASIP gene is responsible for white and black sheep.
Genome Res. 2008, 18, 1282–1293. [CrossRef]

45. Trigo, B.B.; Utsunomiya, A.T.; Fortunato, A.A.; Milanesi, M.; Torrecilha, R.B.; Lamb, H.; Nguyen, L.; Ross, E.M.; Hayes, B.; Padula,
R.; et al. Variants at the ASIP locus contribute to coat color darkening in Nellore cattle. Genet. Selec. Evol. 2021, 53, 40. [CrossRef]
[PubMed]

46. Fontanesi, L.; Forestier, L.; Allain, D.; Scotti, E.; Beretti, F.; Deretz-Picoulet, S.; Pecchioli, E.; Vernesi, C.; Robinson, T.J.; Malaney, J.L.;
et al. Characterization of the rabbit agouti signaling protein (ASIP) gene: Transcripts and phylogenetic analyses and identification
of the causative mutation of the nonagouti black coat colour. Genomics 2010, 95, 166–175. [CrossRef] [PubMed]

47. Dai, Y.; Ivell, R.; Liu, X.; Janowski, D.; Anand-Ivell, R. Relaxin-family peptide receptors 1 and 2 are fully functional in the bovine.
Front. Physiol. 2017, 8, 359. [CrossRef]

48. Pan, Z.; Li, S.; Liu, Q.; Wang, Z.; Zhou, Z.; Di, R.; Miao, B.; Hu, W.; Wang, X.; Hu, X.; et al. Whole-genome sequences of 89 Chinese
sheep suggest role of RXFP2 in the development of unique horn phenotype as response to semi-feralization. GigaScience 2018,
7, giy019. [CrossRef]

49. Picard, K.; Thomas, D.W.; Festa-Bianchet, M.; Belleville, F.; Laneville, A. Differences in the thermal conductance of tropical and
temperate bovid horns. Ecoscience 1999, 6, 148–158. [CrossRef]

50. Langman, V.A.; Maloiy, G.M.O.; Schmidt-Nielsen, K.; Schroter, R.C. Nasal heat exchange in the giraffe and other large mammals.
Respir. Physiol. 1979, 37, 325–333. [CrossRef]

51. Fernandez-Guerrero, M.; Yakushiji-Kaminatsui, N.; Lopez-Delisle, L.; Zdral, S.; Darbellay, F.; Perez-Gomez, R.; Bolt, C.C.;
Sanchez-Martin, M.A.; Duboule, D.; Ros, M.A. Mammalian-specific ectodermal enhancers control the expression of Hoxc genes in
developing nails and hair follicles. Proc. Natl. Acad. Sci. USA 2020, 117, 30509–30519. [CrossRef]

52. Alfonzo, E.P.M.; Barbosa Da Silva, M.V.G.; Dos Santos Daltro, D.; Stumpf, M.T.; Dalcin, V.C.; Kolling, G.; Fischer, V.; McManus, M.
Relationship between physical attributes and heat stress in dairy cattle from different genetic groups. Int. J. Biometeorol. 2016, 60,
245–253. [CrossRef]

53. Bahbahani, H.; Salim, B.; Almathen, F.; Al Enezi, F.; Mwacharo, J.M.; Hanotte, O. Signatures of positive selection in African
Butana and Kenana dairy zebu cattle. PLoS ONE 2018, 13, e0190446. [CrossRef]

54. Paguem, A.; Abanda, B.; Achukwi, M.D.; Baskaran, P.; Czemmel, S.; Renz, A.; Eisenbarth, A. Whole genome characterization of
autochthonous Bos taurus brachyceros and introduced Bos indicus indicus cattle breeds in Cameroon regarding their adaptive
phenotypic traits and pathogen resistance. BMC Genet. 2020, 21, 64. [CrossRef] [PubMed]

55. Rosenbaum, M.; Andreani, V.; Kapoor, T.; Herp, S.; Flach, H.; Duchniewicz, M.; and Grosschedl, R. MZB1 is a GRP94 cochaperone
that enables proper immunoglobulin heavy chain biosynthesis upon ER stress. Genes Dev. 2014, 28, 1165–1178. [CrossRef]

56. Zhang, L.; Wang, Y.N.; Ju, J.M.; Shabanova, A.; Li, Y.; Fang, R.N.; Yang, B.F. Mzb1 protects against myocardial infarction injury in
mice via modulating mitochondrial function and alleviating inflammation. Acta Pharmacol. Sin. 2021, 42, 691–700. [CrossRef]
[PubMed]

57. Erichsen, H.C.; Engel, S.A.M.; Eck, P.K.; Welch, R.; Yeager, M.; Levine, M.; Siega-Riz, A.M.; Olshan, A.F.; Chanock, S.J. Genetic
variation in the sodium-dependent vitamin C transporters, SLC23A1, and SLC23A2 and risk for preterm delivery. Am. J. Epidemiol.
2006, 163, 245–254. [CrossRef] [PubMed]

58. Carr, A.C.; Maggini, S. Vitamin C and immune function. Nutrients 2017, 9, 1211. [CrossRef]
59. Ishikawa, H.; and Barber, G.N. STING is an endoplasmic reticulum adaptor that facilitates innate immune signaling. Nature 2008,

455, 674–678. [CrossRef]
60. Chinenov, Y.; Gupte, R.; Dobrovolna, J.; Flammer, J.R.; Liu, B.; Michelassi, F.E.; Rogatsky, I. Role of transcriptional coregulator

GRIP1 in the anti-inflammatory actions of glucocorticoids. Proc. Natl. Acad. Sci. USA 2012, 109, 11776–11781. [CrossRef]
61. Nguyen, T.H.; Turek, I.; Meehan-Andrews, T.; Zacharias, A.; Irving, H. Analysis of interleukin-1 receptor associated kinase-3

(IRAK3) function in modulating expression of inflammatory markers in cell culture models: A systematic review and meta-
analysis. PLoS ONE 2020, 15, e0244570. [CrossRef]

62. Tunalı, G.; Bedós, M.R.; Nagarajan, D.; Fridh, P.; Papakyriacou, I.; Mao, Y. IL-1 receptor–associated kinase-3 acts as an immune
checkpoint in myeloid cells to limit cancer immunotherapy. J. Clin. Investig. 2023, 133, e161084. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1101/gr.072090.107
https://doi.org/10.1186/s12711-021-00633-2
https://www.ncbi.nlm.nih.gov/pubmed/33910501
https://doi.org/10.1016/j.ygeno.2009.11.003
https://www.ncbi.nlm.nih.gov/pubmed/20004240
https://doi.org/10.3389/fphys.2017.00359
https://doi.org/10.1093/gigascience/giy019
https://doi.org/10.1080/11956860.1999.11682515
https://doi.org/10.1016/0034-5687(79)90079-3
https://doi.org/10.1073/pnas.2011078117
https://doi.org/10.1007/s00484-015-1021-y
https://doi.org/10.1371/journal.pone.0190446
https://doi.org/10.1186/s12863-020-00869-9
https://www.ncbi.nlm.nih.gov/pubmed/32571206
https://doi.org/10.1101/gad.240762.114
https://doi.org/10.1038/s41401-020-0489-0
https://www.ncbi.nlm.nih.gov/pubmed/32759964
https://doi.org/10.1093/aje/kwj035
https://www.ncbi.nlm.nih.gov/pubmed/16357110
https://doi.org/10.3390/nu9111211
https://doi.org/10.1038/nature07317
https://doi.org/10.1073/pnas.1206059109
https://doi.org/10.1371/journal.pone.0244570
https://doi.org/10.1172/JCI161084
https://www.ncbi.nlm.nih.gov/pubmed/36757800

	Introduction 
	Materials and Methods 
	Sequence Data 
	Quality Control, Read Mapping and Variant Calling 
	Genomic Diversity and Population Structure 
	Linkage Disequilibrium and Run of Homozygosity 
	Genome-Wide Selection Sweeps 

	Results 
	Sequence Reads and Variant Statistics 
	Population Genetic Structure 
	Patterns of Genomic Diversity 
	Genome-Wide Selective Sweeps 

	Discussion 
	Conclusions 
	References

