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A B S T R A C T   

African sheep manifest diverse but distinct physio-anatomical traits, which are the outcomes of natural- and 
human-driven selection. Here, we generated 34.8 million variants from 150 indigenous northeast African sheep 
genomes sequenced at an average depth of ~54× for 130 samples (Ethiopia, Libya) and ~20× for 20 samples 
(Sudan). These represented sheep from diverse environments, tail morphology and post-Neolithic introductions 
to Africa. Phylogenetic and model-based admixture analysis provided evidence of four genetic groups corre-
sponding to altitudinal geographic origins, tail morphotypes and possible historical introduction and dispersal of 
the species into and across the continent. Running admixture at higher levels of K (6 ≤ K ≤ 25), revealed cryptic 
levels of genome intermixing as well as distinct genetic backgrounds in some populations. Comparative genomic 
analysis identified targets of selection that spanned conserved haplotype structures overlapping clusters of genes 
and gene families. These were related to hypoxia responses, ear morphology, caudal vertebrae and tail skeleton 
length, and tail fat-depot structures. Our findings provide novel insights underpinning morphological variation 
and response to human-driven selection and environmental adaptation in African indigenous sheep.   

1. Introduction 

Following their arrival in Africa, natural and artificial selection 
shaped the genomes of domestic sheep, which enhanced their adaptive 

fitness to novel environments. Tail fat deposition likely facilitated such 
adaptations. Based on tail fat-depot structures, sheep exhibit five distinct 
phenotypes, fat-long tail, fat-short tail, fat-rumped tail, thin-long tail, 
and thin-short tail [1]. Three of these tail phenotypes are observed in 
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African indigenous sheep: fat-long/short tailed, thin-long tailed and fat- 
rumped tail. The fat-tailed occur in northeast (Tunisia, Libya, Egypt), 
eastern, and southern Africa, the thin-tailed are predominantly found in 
northwest (Morocco, Algeria, Tunisia) and western Africa, and Sudan, 
while the fat-rumped are restricted to the Horn of Africa [2]. Archaeo-
logical findings from northern Africa suggest the thin-tailed sheep are 
the most ancient on the continent and that domestic sheep entered Af-
rica in multiple waves from the Levant through the Isthmus of Suez and 
the Horn of Africa [3–5]. However, fat-tailed sheep predominate in 
northeast Africa today. Rock paintings from the Lake Turkana basin 
dated to 4500–3500 BP depict thin-tailed sheep [6,7], which today 
mainly occur in Ethiopia (Benishangul-Gumuz and North Gondar re-
gions), Sudan and West Africa. Rock paintings from eastern Ethiopian 
highlands show fat-tailed sheep alongside humpless cattle [8]. The latter 
arrived on the continent earlier than humped cattle which today pre-
dominate eastern Africa [9]. Depictions of fat-rumped sheep lack in 
archaeological findings, thus their origin and spatiotemporal diffusion 
into the continent remains speculative. 

Africa is home to ~418 million sheep (FAOSTAT 2020; accessed 
June 2022) comprising 140 phenotypically diverse populations (DAD-IS 
2020; accessed June 2022). The continent has marked differences in 
agro-eco-climates and biophysical challenges (https://iiasa.ac.at/web/h 
ome/research/researchPrograms/water/GAEZ_v4.html). It is also home 
to an exceptional human ethnic agro-pastoral diversity of ancient origin. 
Thus, natural selection for adaptation to diverse environments, and 
human preference for economic, socio-cultural and aesthetic traits could 
have shaped the genomes of African livestock, resulting in large varia-
tions within and between populations (e.g., [10,11]). The genetic control 
underpinning these adaptations and variations remain largely un- 
investigated. We generated and analysed whole-genome sequences 
alongside tail skeleton and morphology of indigenous northeast African 
sheep from Libya, Sudan and Ethiopia. The studied populations repre-
sented fat-tailed, thin-tailed and fat-rumped African sheep tail mor-
photypes. The animals were sampled from different agro-ecologies, 
which ranged from cold high-altitude to hot arid lowland, environ-
ments. Using the data, we investigated genome-wide genetic variation 
and structure and inferred demographic-adaptive dynamics of the spe-
cies in the continent. 

2. Materials and methods 

2.1. Sample collection 

Blood samples were collected in EDTA coated vacutainer tubes from 
150 individuals of 15 indigenous African fat-tailed, fat-rumped and thin- 
tailed sheep from Ethiopia, Libya and Sudan (Tables S1 and S2; Fig. S1). 
Genomic DNA was isolated with Qiagen’s DNeasy Blood and Tissue Kit 
and quality checked with the Nanodrop. Using the Covaris System, 3 μg 
of genomic DNA were randomly sheared to generate inserts of ~300 bp. 
The sheared DNA was end-repaired, A-tailed, adaptor ligated, and 
amplified with the TruSeq DNA Sample Preparation Kit (Illumina, San 
Diego, CA, USA). Paired-end sequencing was conducted with the Illu-
mina HiSeq2000. We performed sequence quality checks with fastQC 
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). The paired- 
end sequence reads were mapped against the Oar_v3.1.75 sheep refer-
ence genome using Burrows-Wheeler Aligner [12]. We used default 
parameters (except the “–no-mixed” option) to suppress unpaired 
alignments. Potential PCR duplicates were filtered using the “REMOV-
E_DUPLICATES = true” option in “MarkDuplicates” command-line of 
Picard (http://broadinstitute.github.io/picard). SAMtools [12] was 
used to create the index files for reference and bam files. The genome 
analysis toolkit (GATK) 3.1 (https://gatk.broadinstitute.org) was used 
to realign the reads to correct for any misalignments arising from the 
presence of indels (“RealignerTargetCreator” and “IndelRealigner” ar-
guments). “UnifiedGenotyper” and “SelectVariants” of GATK were used 
to call SNPs. To filter variants and to avoid possible false positives, SNPs 

with: (i) a phred-scaled quality score < 30, (ii) MQ0 (mapping quality 
zero) > 4 and quality depth (unfiltered depth of non-reference samples) 
< 5, and (iii) SNPs with FS (phred-scaled P value using Fisher’s exact 
test) > 200, were filtered out. Following these filtration steps, the 
retained SNPs were used for analysis. 

2.2. Preparation and measurement of caudal vertebrae 

We first subdivided the 15 populations into five groups based on 
their tail length and tail fat-depot sizes, viz, i) Ethiopian fat-rumped 
sheep (Kefis, Adane, Arabo, Segentu), ii) Ethiopian long fat-tailed 
sheep (Bonga, Kido, Gesses, Loya, ShubiGemo, Doyogena), iii) Ethio-
pian short fat-tailed sheep (Molale, Gafera), iv) Sudan long thin-tailed 
sheep (Hammari, Kabashi), and v) Libyan long fat-tailed sheep 
(Barberine). 

One mature animal (≥3 permanent-pairs of incisor teeth) of Kefis 
(fat-rumped), Loya (long fat-tailed), Menz (short fat-tailed), Kabashi 
(long thin-tailed) and Barberine (Libyan long fat-tailed) was slaugh-
tered, the tail eviscerated, and the full tail skeleton processed following 
[13]. The tail was deskinned, and the flesh and fat gently scraped off the 
caudal vertebrae (CV’s). The CV’s were then incubated in ethanol for 
five days and thereafter they were soaked in 0.5% NaOH for two days. 
Residual flesh and fat were removed by further soaking the CV’s in 
petrol for three days. The number of CV’s was counted and the length 
(cm) of each CV was determined with a Vernier calliper. The length of 
the complete tail skeleton was determined with a tape measure. The 
average length and standard deviation of the CV’s were calculated in 
Excel. 

2.3. Genetic diversity 

VCFtools v.0.1.15 [14] was used to estimate observed (HO) and ex-
pected (HE) heterozygosity, and nucleotide diversity (π) as indicators of 
intra-population diversity. The inbreeding coefficient (F) and runs of 
homozygosity (RoH) were estimated as indicators of autozygosity. The 
RoH was estimated with BCFtools [15]. We estimated the RoH-derived 
genomic inbreeding coefficient (FRoH) following [16] as: 

FROH =
LRoH

LAUTO  

where LROH is the total length of RoH of each individual in the genome 
and LAUTO is the length of the sheep autosomal genome (~2600 Mb). 

2.4. Phylogenetic inference and genetic structure analysis 

We visualized population structure using principal component 
analysis (PCA) performed with Plink 1.9 [17]. The first two principal 
components (PC) were plotted to summarise individual relationships. 
For this analysis, we used 17 million autosomal SNPs, which were 
retained after filtering SNPs with minor allele frequency (MAF) < 0.01. 

To provide a graphic representation of genetic distances between 
individuals, and populations, we used the 17 million autosomal SNPs 
used in PCA analysis and constructed a Neighbour-net phylogenetic 
network using SplitsTree6 [18] and a cladogram phylogeny employing 
the Neighbour-Joining (NJ) algorithm. We also constructed a maximum 
likelihood (ML) phylogenetic tree with Phyml version 3.0 [19]. The best 
fit model for constructing the ML phylogeny was determined with 
jModeltest version 2.1.7 [20]. The confidence level for each bifurcation 
was assessed with 1000 bootstrap replications of the dataset. 

We investigated the proportion of the genome arising from common 
ancestry using ADMIXTURE v.1.3 [21]. For this analysis, we used 2.4 
million autosomal SNPs that were retained after pruning those that were 
in linkage disequilibrium (LD) from the 17 million used in PCA analysis. 
We implemented the block relaxation algorithm with the Kinship (K) 
values set from 2 to 25 and performed five runs for each K. A five-fold 
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cross-validation (CV) procedure was used to determine the optimal 
number of ancestral genomes (K) and the proportion of admixture. The 
PCA and ADMIXTURE results were visualized with GENESIS [22]. We 
further tested for admixture while revealing deeper insights on popu-
lation and individual relationships by generating the f4 and D-statistics 
scores as described in [23,24]. 

2.5. Demographic history and dynamics 

We estimated the LD parameter (r2) with Plink v1.9 considering the 
genetic groups/structure inferred from the phylogenenetic and 
ADMIXTURE analyses. The r2 values were sorted and binned in 0.05 to 
10 Mb inter-SNP distances and the genome-wide LD decay plotted with 
R. 

The estimated values of r2 were used to model changes in effective 
population sizes (Ne) over generation time (up to 1000 generations ago) 
using SNeP [25]. This was done for each genetic group/structure 
inferred by phylogenetic and ADMIXTURE analyses. The Ne values were 
estimated following [26] as: 

Ne =
1
4c

(
1

E(r2)
− 1

)

where c is the genetic distance in centimorgans (considering 1 cM = 1 
Mb), and E(r2) represents the expected LD (r2) for a distance of c Mor-
gan’s. The time intervals denoting the number of generations in the past 
(t) were estimated using t = 1/2c [27]. 

2.6. Genome-wide signatures of selection 

We assessed genome-wide signatures of selection for i) adaptation to 
contrasting environments (e.g., high altitude humid and low altitude 
dry/arid environments), ii) differences in tail length (based on the 
length of CV’s), and iii) differences in tail fat-depot size. 

Based on altitude and agroecology of the geographic home ranges of 
the studied sheep populations (Table S2), they were classified into three 
groups: i) sheep populations from high altitude humid environment 
(Bonga, Kido, Gesses, Loya, ShubiGemo, Doyogena and Gafera from 
Ethiopia), ii) sheep populations from low altitude hot-dry desert envi-
ronment (Hammari and Kabashi from Sudan), and iii) sheep populations 
from coastal hot-humid arid environment (the Barberine from Libya). 
Contrasting these three groups allowed for the detection of genomic 
signatures for adaptation to contrasting environments. 

Based on the average length of the CV’s and the complete tail skel-
eton, we classified the studied populations into two groups: i) short- 
tailed sheep (short fat-tailed and fat-rumped sheep), and ii) long-tailed 
sheep (long fat-tailed and long thin-tailed sheep). These were used to 
investigate genomic regions associated with differences in sizes of CV’s 
and in the length of the tail skeletons. 

To identify candidate regions associated with differences in fat tail- 
depot size, we contrasted the long thin-tailed sheep with the long fat- 
tailed, fat-rumped and short fat-tailed sheep, respectively. 

Signatures of selection were investigated by analysing 34.8 million 
autosomal SNPs with three methods: i) within-group pooled heterozy-
gosity (Hp) [28], ii) genetic differentiation based on FST [29], and iii) the 
haplotype-based XP–EHH [30]. A sliding-window was used for the Hp 
and FST analysis done with VCFtools v.0.1.15. Based on the LD decay 
trend, a 100 kb non-overlapping window was chosen for the Hp and FST 
analysis. By exploring several distances (10, 20, 50, 75, and 100 kb) for 
the sliding-window, the 10 kb sliding-window distance gave the best 
resolved selection signals and was thus used for the analysis. 

We estimated the genome-wide Hp statistic using the formula: 

Hp =
2
∑

nMaj
∑

nMin
(
∑

nMaj
∑

nMin)2  

where 
∑

nMaj and 
∑

nMin are the sum of the number of the major allele 

and the number of the minor allele, respectively. We transformed the Hp 
values into Z-scores using the formula: 

ZHp =
(Hp − μHp)

σHp  

where μHp is the average of the overall heterozygosity and σHp is the 
standard deviation for all the windows in the test group. 

The FST [29] values were estimated for each SNP in each window 
between the test groups with the formulae: 

FST = 1 −
p1q1 + p2q2

2prqr  

where p1, p2 and q1, q2 are the frequencies of alleles “A” and “a” in the 
first and second test groups, respectively, and pr and qr are the fre-
quencies of alleles “A” and “a”, respectively, across the test groups. The 
FST values were standardized into Z-scores as follows: 

ZFST =
FST − μFST

σFST  

where μFST is the overall average value of FST and σFST is the standard 
deviation derived from all the windows tested between the test groups. 

The XP-EHH contrasts extended haplotype homozygosity (EHH) be-
tween populations in detecting selection signatures [30]. The approach 
estimates and contrasts the iES statistic (the pattern of integrated EHH of 
the same allele) between populations as follows: 

ln(XP − EHH) = ln
(

iESpop1

iESpop2

)

where XP − EHH is the cross-population differentiation, iESpop1 is the 
integrated EHHS for the targeted sheep group and iESpop2 is the inte-
grated EHHS for the reference sheep group. 

For the analysis, haplotype phasing was inferred on all bi-allelic SNPs 
with BEAGLE [31]. Assuming 100 Mb = 1 Morgan [32], phased hap-
lotypes were converted to IMPUTE format using VCFtools v.0.1.15. The 
generated haplotypes were then used to estimate XP-EHH scores in pair- 
wise comparisons between the test groups using HAPBIN [33]. To 
determine the empirical significance of the XP-EHH statistic, XP-EHH 
scores were normalized by subtracting the mean and dividing it with the 
standard deviation of all the scores. Negative XP-EHH scores indicate 
selection in the reference group, while positive scores indicate selection 
in the test group. 

The top negative 99% values for ZHp, and the top 0.1% of the 
empirical distributions of the ZFST and XP-EHH scores were used as the 
cut-off threshold to detect outliers and define candidate regions under 
selection. For a region to be considered under selection, it had to span at 
least three significant SNPs. Candidate regions that overlapped between 
at least two methods were identified and merged with Bedtools v.2.25.0 
[32]. 

2.7. Haplotype structure analysis 

We investigated the candidate region intervals and putative genes for 
evidence of conserved haplotype structures. We estimated haplotype 
frequencies and visualized the haplotype structures using the hapFLK 
software [34] using scripts from the hapFLK homepage (https:// 
forge-dga.jouy.inra.fr/projects/hapflk). To further explore the haplo-
type structures, we identified the region under selection and showing 
the highest genetic differentiation between populations. Haplotypes 
were examined at this region, by first filtering out the commonest and 
rarest SNPs in the populations analysed. The number of pairwise dif-
ferences between every pair of haplotypes were computed. Using this 
statistic, the haplotypes were ordered from the most common haplotype 
in each population separately. To visualise the ordering, we generated a 
Median-Joining (MJ) network showing the relationship between the 
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Fig. 1. a. Tail phenotypes of different sheep groups: (a) visual length and number of caudal vertebrae (CV). (b) Tail length (centimetres) and average length (cm) of individual CV. SFT = short fat-tailed, FR = Fat- 
rumped, LFT = Long fat-tailed and TT = Thin-tailed. Long = Long CVs and Short = Short CVs; b. Principal components analysis showing the clustering pattern of the 15 sheep populations studied. 
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haplotypes and their frequencies in each population using NETWORK 
5.0.0 [35] and PopArt [36]. This analysis was applied to the 169.9 Kb 
selection signature region that spanned the PLEKHA7 gene. This region 
occurred on OAR15 and was specific to Libyan Barberine and thus 
differentiated it from the other populations. There were 271 SNPs in the 
region that passed all quality filters. To limit the number of haplotypes 
to display, we identified and plotted the MJ network for the 55 com-
monest haplotypes. 

2.8. Functional annotation 

The candidate regions were annotated based on the Oar-v3.1.75 
genome assembly with the Ensembl BioMart tool (http://www. 
ensembl.org/biomart). Using annotated genes from all the candidate 
regions, DAVID v6.8 [37] was used for functional enrichment analysis 
with the O. aries annotation used as the background. To interpret the 
gene functions in a livestock context, we retrieved information available 
on their functional effects from literature. 

3. Results 

3.1. Variant discovery and annotation 

The overall alignment rate of the reads to the Oar-v3.1.75 assembly 
was 98.56% with an average sequencing depth of ~54× for Ethiopian 
and Libyan samples and ~20× for Sudanese samples. The summary 
statistics for the sequence parameters are shown in Tables S3 and S4. 
The comparison with the O. aries dbSNP, revealed ~6% novel SNPs and 
InDels (Tables S3 and S4). Around, 36.8%, 55.9% and 0.79% of the 
34,857,882 SNPs identified in this study were intronic, intergenic and 
exonic, respectively (Table S5; Fig. S2). 

3.2. Tail skeleton morphometry 

The characteristics of the tail and its skeleton for Menz, Kefis, Loya, 
Barberine and Kabashi are shown in Fig. 1a. The tail of Loya (long fat- 
tailed), extends to the hock joint while that of Menz (short fat-tailed) 
and Kefis (fat-rumped) ends above the hock joint. Kabashi (thin- 
tailed) and Barberine (long fat-tailed) have the longest tails, which ex-
tends beyond the hock joint; that of Kabashi almost touches the ground. 
The short fat-tailed and fat-rumped sheep have 8–10 CV’s, the Ethiopian 
long-tailed has 18, and LB and SD have 22 each. SD has the longest mean 
CV length (2.72 ± 0.364 cm), followed by Ethiopian long-tailed (2.42 ±
0.243 cm), fat-rumped (2.24 ± 0.113 cm) and LB (2.20 ± 0.183 cm). 
Although LB has 22 CV’s, their average lengths are the shortest resulting 
in a shorter overall tail skeleton length compared to SD. Taking the 
average lengths of individual CV’s and the complete tail skeleton, we 
classified the populations into two groups, i) populations with long CV’s 
(SD and Ethiopian long fat-tailed sheep) and, ii) populations with short 
CV’s (LB long fat-tailed and Ethiopian fat-rumped sheep). 

3.3. Genetic diversity 

The average estimates of HO, HE, π, F, RoH and FRoH, and their 
standard deviations are shown in Table 1. The least and most diverse 
populations followng HO and HE were Kido and Segentu, respectively. 
Barberine had the highest value of π while Bonga and Loya had the 
lowest values. Except Hammari, Kabashi and Menz, the other pop-
ulations had low values of F (< 1.0%). Hammari and Kabashi reported 
the largest mean sizes of RoH while the Libyan Barberine had the 
shortest (Table 1; Fig. S3). Barberine sheep also had the lowest FRoH, 
while Bonga and Loya had the highest (Table 1). 

Table 1 
Estimates of genetic diversity parameters for each of the 15 populations analysed in this study.  

Sheep 
Group 

Population Observed heterozygosity 
(Ho) 

Expected heterozygosity 
(He) 

Nucleotide (π) RoH Size (Mb) Inbreeding coefficient 
(F) 

FRoH (Mean) 

(Mean ± Sd) (Mean ± Sd) (Mean ± Sd) (Mean ± Sd) (Mean ± Sd) (Mean ±
Sd) 

ET-G1 Kefis 0.318 ± 0.0049 0.311 ± 0.0048 0.0030 ±
0.0014 

0.0210 ±
0.0218 

0.020 ± 0.0158 0.2056 

Segentu 0.377 ± 0.0206 0.368 ± 0.0201 0.0029 ±
0.0015 

0.0221 ±
0.0242 

− 0.023 ± 0.0578 0.2231 

Adane 0.357 ± 0.0354 0.351 ± 0.0361 0.0030 ±
0.0014 

0.0239 ±
0.0311 

− 0.017 ± 0.1090 0.2318 

Arabo 0.337 ± 0.0116 0.335 ± 0.0116 0.0030 ±
0.0015 

0.0218 ±
0.0248 

− 0.005 ± 0.0356 0.2096 

Molale 0.323 ± 0.0148 0.326 ± 0.0150 0.0029 ±
0.0014 

0.0246 ±
0.0301 

0.011 ± 0.0456 0.2377 

ET-G2 Gafera 0.335 ± 0.0064 0.329 ± 0.0063 0.0029 ±
0.0014 

0.0239 ±
0.0270 

− 0.019 ± 0.0197 0.2335 

Bonga 0.337 ± 0.0029 0.333 ± 0.0028 0.0027 ±
0.0014 

0.0262 ±
0.0280 

− 0.011 ± 0.0087 0.2797 

Gesses 0.348 ± 0.0052 0.402 ± 0.0050 0.0028 ±
0.0014 

0.0238 ±
0.0265 

− 0.035 ± 0.0155 0.2360 

Kido 0.273 ± 0.0159 0.263 ± 0.0155 0.0028 ±
0.0014 

0.0251 ±
0.0301 

− 0.025 ± 0.0474 0.2495 

Doyogena 0.326 ± 0.0109 0.396 ± 0.0110 0.0028 ±
0.0014 

0.0254 ±
0.0289 

0.009 ± 0.0331 0.2517 

ShubiGemo 0.332 ± 0.0126 0.327 ± 0.0122 0.0028 ±
0.0014 

0.0239 ±
0.0270 

− 0.015 ± 0.0385 0.2396 

Loya 0.335 ± 0.0176 0.334 ± 0.0175 0.0027 ±
0.0014 

0.0258 ±
0.0296 

− 0.004 ± 0.0528 0.2745 

SD Hammari 0.295 ± 0.0072 0.321 ± 0.0078 0.0029 ±
0.0014 

0.0342 ±
0.0440 

0.083 ± 0.0225 0.2094 

Kabashi 0.297 ± 0.0055 0.321 ± 0.0059 0.0029 ±
0.0014 

0.0325 ±
0.0385 

0.073 ± 0.0172 0.2042 

LB Barberine 0.303 ± 0.0151 0.301 ± 0.0151 0.0032 ±
0.0015 

0.0182 ±
0.0224 

− 0.006 ± 0.0503 0.1771  
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Fig. 2. a. Patterns of linkage disequilibrium (r2) from 0 to 1 Mb for the four sheep groups revealed by PCA and ADMIXTURE analysis and b. Average estimated effective population size (Ne) of the four sheep groups 
revealed by PCA and ADMIXTURE analysis over the past 1000 generations. 

A
.M

. A
hbara et al.                                                                                                                                                                                                                             



Genomics 114 (2022) 110448

7

3.4. Population structure 

The PCA analysis (Fig. 1b) separates the Ethiopian sheep into two 
groups as observed by [38] from the analysis of 50 K SNP data. To ensure 
consistency, we adopted [38] nomenclature viz: “ET-G1”: fat-rumped 
sheep (Kefis, Adane, Arabo, Segentu) and the short fat-tailed (Molale/ 
Menz) sheep, and “ET-G2”: long fat-tailed sheep (Bonga, Kido, Gesses, 
Loya, ShubiGemo, Doyogena) and the short fat-tailed Gafera sheep. The 
thin-tailed sheep (Hammari and Kabashi) from Sudan (SD) and the long 
fat-tailed Barberine (LB) sheep from Libya clustered close but separate 
from each other and from Ethiopian sheep. The Barberine sheep are 
more genetically diverse than the other populations. The individual and 
population level clustering patterns revealed by Neighbour-net phylo-
genetic network (Fig. S4a), the NJ cladogram (Fig. S4b) and the ML tree 
(Fig. S4c) were consistent with those revealed by PCA. 

To determine the optimal clustering pattern generated by ADMIX-
TURE, we calculated and plotted the CV error for each K. The lowest CV 
error is at K = 3 (Fig. S5a). The distribution among the 15 populations of 
the three genetic backgrounds, named here A, B and C, is shown in 
Fig. S5b. The “A” and “B” backgrounds predominated in ET-G1 and ET- 
G2, respectively. The “C” background occurred in SD and LB both of 
which showed the “A” and “B” backgrounds. The “C” background was 
observed at very low frequencies in a few individuals of ET-G1 and ET- 
G2. There was a clear divergence of Molale sheep and roughly 50% of 
the individuals of Gafera and Adane, whose genomes are defined by the 
"D" background at 4 ≤ K ≤ 5. Furthermore, at K = 5, a fifth background 
(E) that characterizes western Ethiopian populations from the other 
populations in ET-G2 group is observed (Fig. S5b). To further investigate 
fine-scale differentiation, we extended the admixture inference to K =
25 (Fig. S5b). We found a strong genetic differentiation of Bonga, 
Doyogena and Molale with clear and distinct genetic backgrounds, from 
all the other populations, that persisted to K = 25. Gafera was pre-
dominated by one background, while the other eight Ethiopian pop-
ulations show admixed genome profiles. Hammari and Kabashi are 
defined by one common genetically distinct background. The Barberine 
shows a mixed genetic background. 

The f4-statistics highlighted possibilities of gene flow among various 
populations. The greatest negative and positive Z scores (− 93.33 and 
94.42) support possible admixture between Gesses and Kido and/or 
between Hammari and Kabashi (Table S6). Within the Ethiopian sheep 
the second topmost f4 statistic suggest gene flow between either Kefis 
and Arabo or Gesses and Kido. The D-statistic revealed significantly 
positive values. The 15 most extreme D-statistic scores are shown in 
Table S7. The highest Z score (19.43) indicates possibilities of gene flow 
between Bonga and Gafera or Kido and Loya sheep. 

The average values of r2 reflecting genome-wide LD were lowest in 
ET-G2 and highest in LB (Fig. 2a; Table S8). Irrespective of the genetic 
group, the trend in r2 showed a rapid decline at the 10 kb to 100 kb 
distance interval. The trends in Ne for each genetic group are shown in 
Fig. 2b and Table S9. SD and LB showed the highest and lowest Ne, 
respectively 1000 generations ago. Up to 300 generations ago, ET-G1 
showed a higher Ne than ET-G2, after which the opposite is observed. 
Except LB whose Ne declined gradually up to 50 generations ago, that of 
ET-G1, ET-G2 and SD increased gradually up to 300 generations ago, 
and then declined rapidly up to 50 generations ago. 

3.5. Genome-wide scans for signatures of selection 

The PCA revealed four genetic groups (ET-G1, ET-G2, SD and LB). 
Because the north African LB and the northeast African SD shared a 
prominent genetic background (C), these four groups were reduced to 
three by ADMIXTURE tool which revealed the optimal CV error to be K 
= 3 (Fig. S5b). The ET-G2 comprise populations from a high-altitude 
humid environment, while LB and SD are sheep from a coastal hot- 
humid arid environment in Libya and a low altitude hot-dry desert 
environment in Sudan, respectively (Table S1 and S2). The ET-G1 
included populations from diverse environments. 

3.5.1. Selection signatures for populations from high-altitude humid 
environments 

We used the ET-G2 group to investigate selection signatures for 
adaptation to high-altitude African environments (Fig. S6). When ET-G2 

Table 2 
Candidate regions and genes associated with adaptation to diverse environments. Genes highlighted in bold are those identified in the highest-scoring widows based on 
the reported methodology.  

Region (base pairs) Chr. Comparison Method Genes Function and evidence in other species 

253,550,001–253,730,000 1 ET-G2 vs. LB 
and SD 

FST TF, RAB6B, SRPRB Associated with haemoglobin levels in Tibetans [55] 

232,750,001–232,850,000 2 LB and SD vs. 
ET-G2 

FST, XP- 
EHH 

DIS3L2 Associated with height variation [72] and thermoregulation 
[74]. 

77,920,001–78,110,000 3 ET-G2 vs. LB 
and SD 

XP-EHH EPAS1, PRKCE Regulating cellular responses to hypoxia [58] 

154,130,001–154,350,000 3 ET-G2 vs. LB 
and SD 

Hp, FST MSRB3, LEMD3 High altitude adaptation in dogs [65] and Tibetan sheep [62]. 

55,940,001–56,140,000 7 LB and SD vs. 
ET-G2 

Hp, XP- 
EHH 

GLDN, CYP19 Regulation of male and female reproduction in sheep [108]. 

28,560,001–29,540,000 10 LB vs. ET-G2 FST, XP- 
EHH 

RXFP2, PDS5B, N4BP2L2 implicate its dual role in the development of horns for 
thermoregulation and enhancing reproductive [104,106]. 

18,250,001–18,490,000 11 LB and SD vs. 
ET-G2 

FST, XP- 
EHH 

NF1, EVI2A, EVI2B, OMG Adaptive response to physical exhaustion [44] 

27,040,001–27,180,000 11 LB and SD vs. 
ET-G2 

Hp, FST KCNAB3, CNTROB, DNAH2, NAA38, 
KDM6B, TMEM88, CYB5D1, CHD3, 
RNF227, TRAPPC1 

Correlated with cognitive performance under chronic stress 
[69] and is down-regulated in response to acute and chronic 
stress in mice [70]. 

42,670,001–42,800,000 13 ET-G2 vs. LB 
and SD 

XP-EHH CHRNA4, SRMS, PTK6, EEF1A2, KCNQ2, 
ARFGAP1 

Response to hypoxia [56,57] 

69,380,001–69,520,000 13 ET-G2 Hp PLCG1, ZHX3 Response to hypoxia [56,57] 
34,380,001–34,590,000 14 LB vs. ET-G2 

and SD 
FST HSD11B2, ATP6V0D1, AGRP, RIPOR1, 

CTCF, CARMIL2, ACD, PARD6A, ENKD1, 
C16orf86, GFOD2 

Associated with salt sensitivity [86] 

35,110,001–35,280,000 15 LB vs. ET-G2 
and SD 

FST PLEKHA7, C11orf58 Associated with salt sensitivity [83,84] 

17,230,001–17,480,000 20 ET-G2 vs. LB 
and SD 

FST VEGFA, MAD2L1BP, RSPH9, MRPS18A Cerebrovascular adaptation to chronic hypoxia in sheep [63] 

4,050,001–4,170,000 25 ET-G2 vs. LB Hp, FST, 
XP-EHH 

EGLN1, GNPAT, EXOC8, SPRTN Regulating cellular responses to hypoxia [58]  
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Fig. 3. a. Haplotype structure at the candidate region spanning EGLN1 on OAR25. The position of the most significant variant is shown by the black arrow, allele frequencies in the different groups are shown below. b. 
Haplotype structure around the candidate region spanning the TF gene on OAR1 (Black and Blue arrows indicate the most distinguished haplotype within the candidate gene region). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. a. Haplotype structure around the candidate region on OAR2 spanning DIS3L2 gene likely associated with limb length, b. Haplotype structure around the candidate region on OAR3 spanning MSRB3 gene likely 
associated with ear size and shape, c. Haplotype structure around the candidate region on OAR15 spanning PLEKHA7 gene likely involved in salt-sensitivity and kidney function, d. Haplotype structure on OAR10 around 
PDS5B and RXFP2 genes that are likely associated with heat stress and horn characters. (Black and Blue arrows indicate the most distinguished haplotype within the candidate gene region). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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was contrasted with LB and SD, the three analytical approaches (Hp, FST, 
XP-EHH), either independently or in combination, identified 91 candi-
date regions spanning 250 genes (Table S10). These genes were used for 
functional enrichment analysis from which we considered the genes 
comprising the three most significant (P-value ≤0.01) KEGG Pathways 
and GO terms as the primary candidates that are driving high altitude 

adaptation (Table S11). The genes that have been associated with high 
altitude environmental adaptation and which were detected in our 
candidate selection regions are presented in Table 2. The top-two most 
significant GO biological process terms were “response to hypoxia 
(GO:0001666)” and “positive regulation of angiogenesis 
(GO:0045766,)”. Genes associated with “response to hypoxia” were 

Fig. 5. Signatures of selection revealed by XP-EHH on OAR11 spanning HOXB13, previously associated with tail skeletal length as well as new candidate regions 
spanning genes related to fat metabolism (e.g., ALOX12, NF1, EVI2A, EVI2B and OMG) (Long = Long CVs, Short = Short CVs). 
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EPAS1, EGLN1, CHRNA4, VEGFA, NF1 and ADSL; and the ones associ-
ated with “positive regulation of angiogenesis” were VEGFA and FGF2. 
The top-two most significant KEGG pathways were “tuberculosis 
(oas05152)” and “HIF-1 signalling (oas04066)”. Genes associated with 
the former were IL18, PLK3, TLR1, CATHL3, CALML4, BAC5, TLR6 and 
SC5, and the ones associated with the latter were TF, EGLN1, VEGFA and 
PLCG1 (Fig. S7). 

We explored haplotype structures around EGLN1 and TF (Fig. 3a and 
b), which have been reported in previous studies to be significant for 
high altitude adaptation. The analysis revealed the presence of a 
haplotype that was fixed in ET-G2 (frequency = 1.00) and approaching 
fixation in SD (frequency = 0.95) but is still segregating in LB (fre-
quency = 0.625). 

3.5.2. Selection signatures for low altitude hot-dry desert (Sudan), and 
coastal hot-humid/arid (Libya) environments 

We contrasted both SD and LB with ET-G2 to identify selection sig-
natures for adaptation to low-altitude hot-dry desert and coastal hot- 
humid arid African environments (Fig. S8). The three tests revealed 
123 candidate regions spanning 182 genes (Table S12). Two regions 
were identified by Hp and FST, six by Hp and XP-EHH, three by XP-EHH 
and FST, two by all the three methods and one by XP-EHH. The regions 
identified by the three methods occurred on OAR6 and OAR11. The 
region on OAR6 spanned no genes, while the one on OAR11 spanned 
four genes, NF1, EVI2A, EVI2B and OMG (Fig. S8). Another candidate 
region supported by Hp and FST occurred on OAR2 and spanned DIS3L2 
(Fig. S8). The haplotype structure around this gene showed a haplotype 
that was approaching fixation in LB and SD (Fig. 4a). Another candidate 
region was found on OAR3 overlapping MSRB3 (Fig. S8 and 4b). The ET- 
G2 represented by Doyogena, which has vestigial ears, showed a large 
conserved haplotype around MSRB3 that is absent in LB and SD sheep 
with long drooping ears (Fig. 4b). Several LB-specific candidate regions 
were also revealed. One on OAR7 spanned GLDN and CYP19. Another on 
OAR15 overlapped PLEKHA7 and C11orf58 with a distinct haplotype 
(Fig. 4c). There were two other regions spanning distinct haplotypes 
around PDS5B and RXFP2 genes found 570 kb apart on OAR10 (Fig. 4d). 
In total, 182 genes in 123 regions (Table S12) were identified and used 
for functional enrichment analysis. They yielded 14 highly significant 
GO terms and KEGG pathways (Table S13). The top-most highly sig-
nificant KEGG pathways included “Aldosterone synthesis and secretion 
(oas04925)” and “Vasopressin-regulated water reabsorption 
(oas04962)”. The candidate genes associated with low altitude hot-dry 
desert (Sudan), and coastal hot-humid arid (Libya) environment adap-
tation are presented at Table 2. 

3.5.3. Signatures of selection for differences in tail skeleton length and fat- 
depot sizes 

To identify candidate regions associated with tail skeleton length, we 
took SD and ET-G2 to represent long-tailed sheep and LB and ET-G1 to 
represent short-tailed sheep, based on the lengths of individual CV’s and 
the complete tail skeleton. We analysed selection signatures with Hp 

(Fig. S9), FST (Fig. S10) and XP-EHH (Fig. S11 and Fig. 5) and identified 
68 candidate regions across 21 autosomes (Table S14). Two candidate 
regions were identified by the three tests and 15 regions by at least two 
tests. The remaining 51 regions were identified by only one test; they 
included 29 (FST) and 22 (XP-EHH). Annotation of these candidate re-
gions identified 225 genes (Table S14). The top-most skeletal tail- 
formation related candidate genes are shown in Table 3. The first re-
gion identified by all the three tests occurred on OAR3 and spanned six 
genes (GAPVD1, HSPA5, RABEPK, PPP6C, SCAI, 
ENSOARG00000025028). The second occurred on OAR6 spanning no 
genes. One strong candidate region overlapping eight genes (CAL-
COCO2, TTLL6, HOXB13, RF02133, RF02132, MIR196A1, HOXB9, 
HOXB7) was identified on OAR11 by FST and XP-EHH (Table 3; 
Figs. S9–S11). Of the eight genes, HOXB13 was reported to be a candi-
date for controlling skeletal tail length in mice [39]. An analysis of 
variation around this gene (Fig. 6) revealed a conserved haplotype with 
a frequency of 0.84 and 0.75 in ET-G1 and LB, respectively. A second 
strong candidate region overlapping seven genes (GOLGA1, ARPC5L, 
WDR38, OLFML2A, NR5A1, NR6A1, ADGRD2) occurred on OAR3 
(Table 3; Figs. S9–S11). Two of the genes (NR5A1 and NR6A1) have 
been associated with vertebrae number [40]. 

To identify selection signatures for tail fat-depot sizes, we contrasted 
SD (thin-tailed) with ET-G1 (fat-rumped), and LB and ET-G2 (both fat- 
tailed). The three tests (Hp, FST, XP-EHH) identified 34 candidate re-
gions overlapping 122 genes. Twelve regions were identified by at least 
one test and 25 by a combination of at least two tests (Table S15; 
Fig. S12). Table 3 shows the candidate genes associated with fat depo-
sition and which were present within the candidate regions identified by 
our analysis. 

We used all the 271 SNPs present in the 169.9 Kb selection sweep 
region that is specific to the LB sheep and spanning the PLEKHA7 gene 
on OAR15 to build a haplotype network using the 55 most common 
haplotypes (Fig. S13). It reveals SD and LB, which are living in arid 
environments (hot humid and hot dry), cluster in two groups that are 
separated by one haplotype (H_4) (Fig. S13) within the same lineage 
which is separated from the Ethiopian sheep. It suggests that this region 
might have been selected for the adaptation to the arid environments. 

4. Discussion 

4.1. Population structure and demographic history 

Human and natural selection have shaped the genomes of domestic 
livestock over millennia. Here we investigated the genome architecture 
of indigenous African sheep, by analysing whole-genome sequences of 
150 indigenous sheep from three northeast African countries. We 
compared the sequence reads to the OAR_v3.1.75 reference genome 
assembly and obtained 34.85 million high quality variants. An average 
of 93.62% of the SNPs were validated in the sheep dbSNP database of 
which 0.79% were exonic and 55.9% were intergenic. This is consistent 
with observations in Eurasian wild aurochs [41] and Chinese native 

Table 3 
Candidate regions and genes associated with phenotypic traits (tail length and tail fat-depots). Genes highlighted in bold are those identified in the highest-scoring 
widows based on the reported methodology.  

Region (base pairs) Chr. Comparison Method Genes Function and evidence in other species 

52,290,001–52,540,000 2 SD vs. ET-G, ET-G2 
and LB 

FST, XP- 
EHH 

HINT2, SPAG8, NPR2, TMEM8B, FAM221B, 
MSMP, RGP1, GBA2, CREB3, TLN1, TPM2 

Associated with birth and carcass weights, and fat depth, 
respectively, in cattle [109,110] and sheep [50,94]. 

10,920,001–11,320,000 3 ET-G2 and SD vs. ET- 
G1 and LB 

FST, XP- 
EHH 

NR5A1, NR6A1, GOLGA1, ARPC5L, WDR38, 
OLFML2A, oar-mir-26a, ADGRD2 

Influence tail vertebrae number in pigs [96,97] and 
thoracic vertebrae number in sheep [98] 

18,250,001–18,490,000 11 LB and SD vs. ET-G2 FST, XP- 
EHH 

NF1, EVI2A, EVI2B, OMG Associated with tail morphology and fat deposition 
[38,49,93–95] 

26,350,001–26,540,000 11 SD vs. ET-G1, ET-G2 
and LB 

FST ALOX12, RNASEK, U6, BCL6B, SLC16A13, 
SLC16A11, CLEC10A, ASGR2, ASGR1 

Associated with fat deposition [38,49,93,94]. 

37,200,001–37,430,000 11 SD and ET-G2 vs. ET- 
G1 and LB 

FST, XP- 
EHH 

HOXB13, CALCOCO2, TTLL6, RF02133, 
HOXB9, HOXB7, HOXB6, HOXB5 

A strong candidate gene controlling tail length in mice 
[39].  
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sheep [42], indicating high quality and reliability of our sequences and 
the called SNPs. 

The history of indigenous African sheep has been inferred from 
archaeological findings, but the picture still remains incomplete. Our 
phylogenetic inference identified four distinct genetic groups underly-
ing the genetic structure of our studied populations. These genetic 
groups are offering interesting insights into the historical diffusion and 

dispersal of sheep into and across the African continent. The North Af-
rican Libyan Barberine (LB) and the northeast African Sudanese Ham-
mari and Kabashi (SD) sheep clustered in close proximity but separate 
from each other and from the East African sheep represented by pop-
ulations from Ethiopia. The latter separated into two genetic groups (ET- 
G1 and ET-G2). Previous findings based on the analysis of autosomal 
microsatellite markers showed a closer relationship between the 

Fig. 6. The haplotype structure around the candidate region on OAR11 spanning HOXB13 likely associated with vertebrae length (Long = Long CVs, Short = Short 
CVs) (Black and Blue arrows indicate the most distinguished haplotype within the candidate gene region). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Egyptian fat-tailed Ossimi sheep and the West African thin-tailed sheep 
than with any East and southern Africa fat-tailed sheep [43]. The 
analysis of 50 K SNP genotype data also revealed a clear separation of 
Egyptian fat-tailed sheep from East African sheep [44]. Our result 
therefore supports, using whole genome sequence data, two distinct 
entry points of sheep into the continent, the Isthmus of Suez (LB and SD) 
and the Horn of Africa (ET-G1 and ET-G2). The sub-grouping of Ethio-
pian sheep into ET-G1 (fat-rumped) and ET-G2 (long fat-tailed) is 
indicative of separate expansion events in the Horn of Africa. Based on 
the current dataset, it is however difficult to infer whether the ancestral 
populations of ET-G1 and ET-G2 arrived concurrently. The geographic 
distribution of the Ethiopian populations in each group offers indirect 
insights. ET-G1 populations are found in areas close to the Red Sea and 
the Indian Ocean coastline, while the ET-G2 populations occur in the 
hinterland. The ancestral populations of these two groups may thus have 
arrived independently; the arrival of the long fat-tailed preceding the 
fat-rumped sheep. 

Three ancestral backgrounds were supported by ADMIXTURE. All 
three are present in Sudanese sheep which also show the highest Ne 
(~2720) 1000 generations ago. The wild ancestor of domestic sheep was 
thin-tailed, but its tail length was shorter than that of its domestic 
variant [45,46]. Accordingly, as supported by archaeological thin-tailed 
iconography on the African continent, the thin-tailed sheep are likely to 
be the most ancient of the African sheep lineages [47]. The Sudanese and 
Libyan sheep shared a large proportion of their genome ancestry and 
show close genetic proximity on the PCA. They likely represent the 
modern-day legacy of the ancient arrival of thin-tailed sheep on the 
African continent followed by their dispersion along the Mediterranean 
Sea coast (Libya) and southwards along the Nile River Basin (Sudan) and 
into West Africa. Although the ET-G2 and LB sheep are both fat-tailed, 
they have divergent ancestral backgrounds. It supports two entry 
points for African fat-tailed sheep on the continent i.e., the Isthmus of 
Suez and the Horn of Africa. 

The ADMIXTURE analysis showed Doyogena, ShubiGemo and 
Gafera, of ET-G2 group, share ~15–20% of their genome ancestry with 
ET-G1. Likewise, we detect the main ancestry of ET-G2 in three pop-
ulations of ET-G1 (Menz, Adane, Arabo). This pattern of intermixing can 
be due to flock movements/exchanges due to human socio-cultural and 
economic interactions [48]. This is supported by f4 and D-statistic tests 
which provided evidence of gene flow from fat-rumped sheep from 
eastern Ethiopia into long fat-tailed sheep in central and southern 
Ethiopia. A similar pattern of admixture was observed between six 
Ethiopian populations (Menz, Gafera, Gesses, Kido, Adane, Arabo) and 
Sudanese (SD) sheep. This admixture pattern is consistent with previous 
findings [38]. Half of the individuals of LB shared ~30% of their genome 
ancestry with those of SD and ET-G1. We suggest this shared ancestry is 
the result of inter-crossing fat-tailed with thin-tailed sheep to reduce the 
volume of tail fat in the former due to the decline in the monetary value 
of fat depots [49,50]. Such inter-crossings have been reported in Algeria 
[51] and Tunisia [52]. It is worth noting that large fat tails can account 
for up to 14.5% of the cold dressed carcass weight in sheep [53]. The 
shared ancestries between the northeast African SD and North African 
LB sheep in line with the equal number of tail vertebrae (Fig. 1a) and 
different tail sizes may support such a pattern of intermixing. On the 
other hand, various ancestries and varying numbers of tail vertebrae 
paired with diverse tail sizes might imply a different history within 
Ethiopian sheep (Fig. S5b). At higher values of K, Bonga, Doyogena and 
Molale showed genetically homogeneous but divergent backgrounds. 
This result is rather difficult to explain but we speculate that a combi-
nation of natural and human selection could be driving their divergence. 

4.2. Genome targets for adaptation to environments 

The African landscape has pronounced changes in elevation ranging 
from sea level to high altitudes in the East African highlands. The 
variation in altitude is accompanied by large variations in agro-climatic 

conditions ranging from dry and arid to wet and humid. Such variations 
in topography and environmental conditions allow studying adaptive 
processes in response to environmental selection pressure, e.g., hypo-
baric hypoxia in high altitudes, and heat, water and feed stress in the 
drylands. It provides opportunities to investigate how natural selection 
shapes the genetic architecture of adaptive divergence. Here, we 
sampled and analysed genome variation in 15 populations of indigenous 
sheep from a range of ecological and altitudinal geographic regions in 
Northeast and North Africa. We observed a separation of the populations 
into four genetic groups that align well with geography. Our compara-
tive genomic analyses involving the four genetic groups revealed several 
important observations that shed new insights on their biology of 
adaptation. 

For example, hypobaric hypoxia imposes major stresses on the 
physiology of organisms at high altitudes and a powerful homeostasis 
system has evolved to offset ambient hypoxia and attain physiological 
homeostasis [54]. The classic response is an increase in haemoglobin 
concentration to compensate for the unavoidable lowered percentage of 
oxygen saturation. Our selective sweep mapping involving ET-G2 
identified candidate regions spanning nine genes, TF (OAR1), EPAS1 
and ADSL (OAR3), NF1 (OAR11), PLCG1 and CHRNA4 (OAR13), FGF2 
(OAR17), VEGFA (OAR20), and EGLN1 (OAR25). These genes 
comprised the two most significant GO terms, “response to hypoxia” and 
“positive regulation of angiogenesis”, and KEGG pathways, “HIF-1 sig-
nalling pathway” and “pathways in cancer”, suggesting they may un-
derlie adaptive changes to high-altitude environments. Indeed, EGLN1 
and EPAS1 encode the synthesis of prolyl hydroxylase domain 2 (PHD2) 
that plays a critical role in adapting to changes in oxygen concentrations 
and its variation has consistently been associated with haemoglobin 
levels amongst high altitude dwelling Tibetans [55]. It is also a target of 
natural selection for hypoxia adaptation in vertebrates [56,57]. The HIF- 
1 pathway plays a central role in regulating cellular responses to hypoxia 
[58] at high altitudes (see review by [59]). The NF1 gene, which pro-
motes and regulates angiogenesis in response to hypoxia on its own [60] 
or as a component of the Ras/ERK and VEGF signalling pathways [61], 
occurred in a candidate region under selection in sheep living at high 
altitudes [42,62]. VEGFA has been associated with cerebrovascular 
adaptation to chronic hypoxia in sheep [63] and protects pregnant ewes 
from hypoxic effects by increasing blood flow in uterine arteries [64]. 
Under hypoxic conditions, elevated expression of TF and VEGFA in-
creases oxygen delivery by stimulating iron metabolism and angiogen-
esis, following positive feedback from EGLN1. 

Unexpectedly, our analytical strategy to identify genomic regions 
associated with differences in tail length and tail fat-depot sizes also 
identified selection targets related to high altitude adaptation. For 
instance, the gene MSRB3 occurred on a candidate region on OAR3 that 
was supported by both FST and XP-EHH. This gene has been associated 
with high altitude adaptation in dogs [65] and Tibetan sheep [62]. Our 
results appear to suggest that natural selection, driven by a hypoxic 
environment in the Ethiopian highlands, has been acting on a group of 
genes associated with the HIF-pathway and angiogenesis in driving 
adaptive processes in the ET-G2 group. Although we do find compelling 
evidence implicating a genetic predisposition to high altitude adaptation 
in ET-G2, previous studies in cattle [66] and sheep [67,68] in Ethiopia 
did not find similar associations. These contrasting findings are rather 
surprising, but we speculate that they could be the result of differences 
in sampling strategies, analytical approaches and markers used. For 
instance, the studies by [66,67,68] classified their populations based on 
geographic sampling. [68] also used an ecological approach to analyse 
their data. In contrast, our analysis was informed by the genetic groups 
revealed by phylogenetic inference. 

Haplotype analysis around the candidate regions associated with 
high altitude adaptation revealed some unexpected results. The haplo-
type structures around the TF locus shows a homogeneous haplotype 
that is approaching fixation in ET-G2, but several segregating haplo-
types in SD and LB sheep (Fig. 3b), suggesting selection around the locus 
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in ET-G2. Haplotype structure analysis around EGLN1 showed that SD 
shared identical haplotypes with ET-G2, that were approaching fixation, 
against an admixed haplotypes background in LB. But LB and ET-G2 
shared a similar selection signature around NF1 gene (Table 2; Fig. S6 
and S8). In Egyptian sheep that are adapted to a dryland environment, 
[44] found candidate regions spanning genes that were highly enriched 
for the GO term “response to hypoxia” and “HIF-1 signaling pathway”. 
They suggested this could be an adaptive response to physical exhaus-
tion due to long-term long-distance trekking in search of pasture and 
water. Such an activity results in hypoxia-like conditions and oxygen 
debt in skeletal muscles. This may suggest that parallel evolution driven 
by distinct natural selection pressures could be acting on the same set of 
genes driving adaptation to different environments in the same species. 
This calls for further investigations. 

High ambient temperatures resulting in thermal stress, represent a 
physiological challenge in hot arid environments. Thermal stress im-
pacts production and reproduction and desert dwelling animals have 
developed physiological responses to mitigate thermal stress and its 
negative effects. The analysis involving SD and LB sheep groups iden-
tified 123 candidate regions spanning 182 genes (Table S12) of which 19 
were reported in candidate regions in desert/arid lands dwelling Chi-
nese sheep [42]. Among the genes identified in a candidate region on 
OAR11 is KCNAB3. This gene encodes a potassium voltage-gated 
channel subunit linked to cognitive performance under chronic stress 
[69] and it was found to be down-regulated in response to acute and 
chronic stress in mice [70]. This is of relevance given that LB and SD 
sheep are exposed to extended periods of thermal and physical stress in 
Libya and Sudan, respectively. Apart from thermal stress, high temper-
atures constrain pasture and water availability. One of the candidate 
regions, where SD and LB shared the same haplotype, was on OAR2 
which spanned DIS3L2 (Fig. 4a). This gene has been associated with 
height variation and was found to be a candidate under selection in 
cattle [71] and Brazilian sheep [72]. Given that large animals have 
higher maintenance requirements [73], the occurrence of DIS3L2 in a 
candidate region in LB and SD may act to regulate their physical size 
while providing the advantage of better thermoregulation [74]. 

Thermal stress affects male reproductive performance (see review by 
[75]). We found CNTROB (centrobin, for centrosome BRCA2 interacting 
protein) in a candidate region on OAR11 in both SD and LB. CNTROB has 
been shown to be critical in maintaining male fertility [76]. One region 
on OAR10 differentiating LB from ET-G2 and SD and with a distinct 
haplotype approaching fixation in LB (Fig. 4d) spanned PDS5B (PDS5 
cohesin associated factor B). This gene modulates cohensin functions in 
spermatocytes and spermatogonia by contributing to meiotic chromo-
some function and structure [77]. By occurring in a selective sweep 
region in dryland dwelling sheep, CNTROB and PDS5B may be critical in 
maintaining male fertility under extended periods of heat stress. 

Soil salinisation contributes to soil degradation and compromises 
water and pasture quality [78]. Droughts, which exacerbate soil salinity, 
have increased over the years due to global warming [79,80] and 
worsened in arid and semi-arid environments [78]. Adaptive responses 
to increased salinity and droughts in drylands may explain the selection 
signatures spanning PLEKHA7 (Pleckstrin homology domain containing 
A7) in a region on OAR15 that differentiates LB (Fig. 4c). The MJ 
network analysis around this gene also identified only one haplotype 
that anchored SD and LB within one lineage (Fig. S13). PLEKHA7 is 
highly expressed in kidney and heart [81] and it was reported to 
attenuate salt-sensitive hypertension and renal diseases in rats [82]. In 
humans, PLEKHA7 has been associated with blood pressure, kidney 
function and hypertension [83,84]. Two of the most significant KEGG 
pathways were “Aldosterone synthesis and secretion (GO:0030325)” 
and “Vasopressin-regulated water reabsorption (oas04962)”. Aldoste-
rone and vasopressin regulate blood pressure and maintain electrolyte 
and water balance thus facilitating homeostatic adaptations [85]. The 
overexpression of NF1, which we found in one of the candidate regions 
under selection, results in reduced transcription of HSD11B2 possibly 

associated with salt sensitivity [86] and hypertension [87] in humans. 
NR5A1 plays a critical role in the expression of CYP11B2 [88] which 
plays a key role in salt-sensitive hypertension development [89] and in 
aldosterone biosynthesis in the adrenal cortex [90]. 

4.3. Selection targets for phenotypic traits 

We observed a candidate region on OAR11 that was specific to SD 
and ET-G2 groups. This region included several genes among which 
four, TTLL6, HOXB13, HOXB9 and HOXB7 have been associated with 
growth and development of the spinal cord and tail vertebrae in several 
animal species [38,39,91,92]. It occurred upstream of two candidate 
regions spanning five genes (NF1, EVI2A, EVI2B, OMG and ALOX12) 
(Fig. 5 and S10) that are associated with fat deposition [38,49,93–95]. 
So at least two regions that are adjacent to each other on OAR11 span 
genes associated with two tail traits (fat-depot size and CV length). One 
region on OAR3 spanned NR5A1 and NR6A1, which influence the 
number of vertebrae in pigs [96,97] and thoracic vertebrae in sheep 
[98], repectively. A candidate region spanning PDGFRA (platelet 
derived growth factor receptor alpha) was also identified by the three 
methods on OAR6 in LB; a distinct haplotype was found around this 
gene. PDGFRA is involved in preadipocyte differentiation and was also 
found in a candidate region associated with the fat-tailed phenotype in 
sheep [95,99]. Other than PDGFRA, a number of genes including PDGFD 
and BMP2, have been implicated in fat tail phenotype and TBXT has 
been linked to caudal vertebrae number and tail length [1]. These results 
suggest a possible scenario of co-evolution between tail skeleton 
morphology and tail fat depots in sheep. 

Our analytical strategy that aimed to identify candidate regions 
associated with differences in tail length and tail fat-depot sizes, iden-
tified selection targets relating to other traits. For instance, the gene 
encoding methionine sulfoxide reductase B3 (MSRB3) occurred on a 
candidate region on OAR3 supported by FST and XP-EHH. An association 
between MSRB3 with ear types has been reported in sheep [94], dogs 
[100,101] and pigs [102]. An examination of haplotype structures 
around MSRB3 showed a pattern that was consistent with the ear phe-
notypes of the three sheep groups analysed here. Compared to in-
dividuals of LB and SD sheep, the majority of which have long drooping 
ears, the ET-G2 represented by Doyogena sheep with short/vestigial 
ears, revealed a large, conserved haplotype around MSRB3. This result is 
consistent with the observation that polytypic species usually exhibit 
shorter extremities such as limbs and ears in cold environments while 
the ones inhabiting hot environments show longer extremities [103], 
suggesting such differences are indicative of environmental adaptation. 

LB sheep differentiated from ET-G2 at two candidate regions on 
OAR10. One of these spans RXFP2 (relaxin family peptide receptor 2), 
which determines horn size and development in ungulates [104] and 
primary sex characters in humans and mice [105]. Heat-exchange ca-
pacity shows an evolution trend of variation in horn core size in response 
to ambient temperatures [106]. Although the selective sweep spanning 
RXFP2 could implicate its dual role in the development of horns for 
thermoregulation and enhancing male reproduction under thermal 
stress, in recent times sheep farmers in Libya are preferring breeding 
rams with larger horns and tail sizes because such rams are perceived to 
sire strong and healthier progenies (Fig. S14). The selection signature 
around RXFP2 may be driven by human selection for horn size and 
natural selection for thermoregulation function, although the semi-feral 
nature of management of LB sheep could also be implicated as suggested 
for Chinese sheep [107]. 

5. Conclusion 

Our results reveal four autosomal genomic backgrounds in indige-
nous northeast African sheep. The genotypes of most of the individuals 
analysed comprised of at least two genetic backgrounds which could be 
due to some level of current and/or historical intermixing. Our findings 
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corroborate archaeological pieces of evidence that have revealed do-
mestic sheep migration events and entry points into Africa. Besides, our 
results support possible interaction between environmental factors and 
tail morphology in shaping the genomes of indigenous sheep inhabiting 
diverse environments. From the perspective of environmental adapta-
tion, our studied populations illustrated the reshaping of the genome 
when facing diverse environmental challenges (coastal hot-humid arid, 
hot-dry desert and high-altitude humid). Our whole-genome sequence 
analysis also suggest interaction between several genomic regions for 
tail phenotypes in sheep. For instance, many candidate genes possibly 
under selection were identified, among which, the salt-sensitivity 
related gene (PLEKHA7) in Libyan sheep, thermoregulation genes 
(CREB3L2, CREB3, GNAQ, DCTN4) in Libyan and Sudanese sheep, 
hypoxia associated genes (EGLN1, EPAS1) in Ethiopian sheep, and 
skeletal tail associated genes (HOXB13, NR5A1, NR6A1, KDM6B, 
NR3C1) most likely are playing major roles in the unique adaptations of 
African sheep. To the best of our knowledge, we are the first to report 
these candidate genes in African indigenous sheep. However, future 
studies including thin-tailed sheep from Ethiopia and both thin- and/or 
fat-tailed sheep from West, northern and southern Africa could provide a 
comprehensive overview on the genome architecture of African indig-
enous sheep. 
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