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Abstract

North Africa counts several sheep breeds that can be categorized as fat- and
thin-tailed. The former are well adapted to dryland environments. In this study,
we used 50K genome-wide single nucleotide polymorphism profiles from 462
animals representing nine fat-tailed and 13 thin-tailed sheep breeds across
North Africa to localize genomic regions putatively under differential selective
pressures between the two types of breeds. We observed genetic clines from
east to west and from north to south. The east-west cline separates the fat-
and thin-tailed breeds, with the exception of the fat-tailed Algerian Barbarine,
which is closely related to a genetically homogeneous cluster of Moroccan and
Algerian thin-tailed breeds. Using a combination of three extended haplotype
homozygosity tests, we detected seven candidate regions under divergent
selection between fat- and thin-tailed sheep. The strongest selection signals
reside on chromosomes 1 and 13, with the latter spanning the BMP2 gene,
known to be associated with the fat-tail phenotype. Overall, the candidate
regions under selection in fat-tailed sheep overlap with genes associated with
adaptation to desert-like environments including adipogenesis, as well as heat
and drought tolerance. Our results confirm previously reported candidate
genes known to be a target of fat-tail selection in sheep but also reveal novel
candidate genes specifically under selection in North African populations.

KEYWORDS
candidate gene, extended haplotype homozygosity, fat tail, North African sheep, selection
signature, single nucleotide polymorphism

INTRODUCTION

Algeria and Morocco) and play a critical role as a pri-

mary source of income in rural farming systems (Dutilly-

Sheep are important assets to local agrarian economies
across North African countries (Egypt, Libya, Tunisia,

Diane, 2007; Gaouar, 2009). The more than 70 million
North African sheep (Food and Agriculture Organization
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of the United Nations, 2019) are either thin- or fat-tailed
and several breeds are transboundary. For instance, the fat-
tailed Barbarine, the major breed in Tunisia, is also found
in Libya and Algeria and the thin-tailed Ouled-Djellal,
D'man and Hamra (Algerian name)/Beni-Guil (Moroccan
name) breeds occur in Morocco and Algeria (Belabdi
et al., 2019). Thin-tailed were the earliest domestic sheep
to be introduced to Africa from their domestication cen-
ter in the Near east via the Sinai Peninsula, between 7500
and 7000 BP. They spread westwards following continental
and maritime trading routes and reached West Africa by
3700 BP (Muigai & Hanotte, 2013). Several Algerian and
Moroccan thin-tailed breeds are now genetically homoge-
neous (Belabdi et al., 2019; Gaouar et al., 2015), while the
morphological differences between the breeds are main-
tained. In a second migration wave, fat-tailed sheep entered
the African continent from the Arabian Peninsula, by which
local thin-tailed sheep were introgressed and/or replaced
(Muigai & Hanotte, 2013). Today, thin-tailed sheep are
prevalent in northwestern Africa (Morocco and Algeria),
whereas fat-tailed sheep are mostly found in northeast-
ern (Egypt and Libya) as well as in Eastern and Southern
Africa. Analysis of mitochondrial DNA revealed a close
relationship of Iberian and Moroccan sheep (Kandoussi
et al., 2020) suggesting close maternal ancestry. Genome-
wide 50K SNP profiles suggest a major South-European
influence and a minor southwestern Asian influence on
North African sheep (Ben-Jemaa et al., 2019). East African
fat-tailed sheep belong to a different gene pool without
European influence (Mwacharo et al., 2017).

The fat-tail phenotype is an important adaptive trait
and provides an energy reserve in harsh climates (Rocha
et al., 2021). Nowadays, the high production of mutton
by the modern sheep industry has considerably decreased
the importance of the fat-tail phenotype with consum-
ers showing an increasing preference for low-fat meat.
Accordingly, farmers in several North African countries
have attempted to lower the fat content of their sheep
through repeated and unsupervised cross-breeding with
thin-tailed breeds. For instance, the Algerian Barbarine has
been extensively crossed with Ouled—Djellal (Abdelkader
et al., 2017). Identification of putative genomic regions
differentially selected between fat- and thin-tailed sheep
would help breeders to select for reduced tail size in local
sheep breeds without resorting to cross-breeding.

Using high-density genotyping and whole-genome se-
quencing, several reports have identified genomic regions
involved in fat-tailed and thin-tailed traits in Asian and
African sheep (Ahbara et al., 2019; Dong et al., 2020;
Mastrangelo et al., 2019; Moradi et al., 2012; Mwacharo
et al., 2017). Although the overlap between these stud-
ies is limited, PDGFD (Dong et al., 2020; Li et al., 2020;
Yuanetal.,2017; Zhao et al., 2020) and BM P2 (Baazaoui
et al., 2021; Bedhiaf-Romdhani et al., 2023; Mastrangelo
et al., 2019; Moioli et al., 2015; Pan et al., 2019; Xu

et al., 2023; Yuan et al., 2017; Zhao et al., 2020; Zhu
et al., 2021) are often found to be associated with the
tail type.

In this study, we focus on the sheep breeds in North
African countries (Egypt, Libya, Tunisia, Algeria and
Morocco). Combining Illumina Ovine SNP50K array
genotypes for three Tunisian populations and one Libyan
sheep breed with publicly available genomic data, we (i)
provide a detailed picture of the genomic landscape of
North African sheep, and (ii) identify putative genomic
regions associated with differential selection between
fat- and thin-tailed sheep phenotypes.

MATERIALS AND METHODS
Data merging and SNP filtering

For the purpose of this study, we used Illumina Ovine
SNP50K BeadChip genotypes of 462 individuals be-
longing to 22 sheep breeds raised in five North African
countries (Table 1). Genotypes from the three Tunisian
sheep breeds, Tunisian Barbarine (BART), Noire de
Thibar (BT) and Sicilio-Sarde (SS) and the Libyan
Barbarine (BARL) breed have been reported previously
(Ben-Jemaa et al., 2019). We retrieved publicly available
data from 18 North African breeds (Belabdi et al., 2019;
Gaouar et al., 2017; Mastrangelo et al., 2019; Mwacharo
et al., 2017; nextGen project: http://projects.ensembl.org/
nextgen/). These 18 breeds include: i) six Algerian pop-
ulations — Barbarine (BRBA, N=6), D'men (DMNA,
N=8), Hamra (HAMA, N=16), Ouled-Djellal (OLDA,
N=06), Sidaoun (SDNA, N=36) and Tazegzawth (TZGA,
N=06); ii) six Moroccan populations — Beni—Guil (BIGM,
N=6), D'men (DMNM, N=30), Local Population
(MOR, N=72), Ouled-Djellal (OLDM, N=8), Sardi
(SRDM, N=27) and Timahdite (TMHM, N=16); and iii)
six Egyptian sheep populations — Aburamad-Halaieb—
Shalateen (AHS, N=26), Barki (BARK, N=35), Farafra
(FRF, N=32), Ossimi (OSSI, N=38), Saidi (SAID, N=46)
and Souhagi (SOUH, N=20). Half of these 18 breeds
(BRBA, AHS, BARK, FRF, OSSI, SAID, SOUH, BARL
and BART) are fat-tailed while the remainder are thin-
tailed. During quality control of the public dataset we
used pLINK V.1.09 software (Purcell et al., 2007) and re-
moved (i) SNPs with call rates <90% or minor allele fre-
quencies <0.01 (six SNPs removed); (ii) individuals with
marker call rates <90% (one individual removed); and (iii)
SNPs in linkage disequilibrium (LD) as revealed by pLINK
default parameters (SNP window size 50, step 5 SNPs, 1
0.5) (1890 SNPs removed). Finally, 32613 SNPs overlap-
ping between the datasets remained for subsequent anal-
yses. The median distance between consecutive SNPs is
54kb while, on average, 64% of the consecutive markers
are separated by less than 70kb (Table S1).
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TABLE 1 Sheep breeds analyzed in this study.
Origin Breed Code N*  Tail
Algeria Barbarine Algeria BRBA 6 Fat
Algeria Algerian D'men DMNA 8 Thin
Algeria Hamra HAMA 16 Thin
Algeria Ouled-Djellal from Algeria OLDA 6 Thin
Algeria Sidaoun SDNA 36 Thin
Algeria Tazegzawth TZGA 6 Thin
Egypt Aburamad-Halaieb- AHS 26 Fat
Shalateen
Egypt Egyptian Barki BARK 35 Fat
Egypt Farafra FRF 32 Fat
Egypt Ossimi OSSI 8 Fat
Egypt Saidi SAID 46 Fat
Egypt Souhagi SOUH 20 Fat
Lybia Lybian Barbarine BARL 14 Fat
Morocco  Beni—Guil Morocco BIGM 6 Thin
Morocco  Moroccan D'men DMNM 30 Thin
Morocco  Local population MOR 72 Thin
Morocco  Ouled-Djellal from OLDM 8 Thin
Morocco

Morocco  Sardi SRDM 27 Thin

Morocco  Timahdite TMHM 16 Thin
Tunisia Tunisian Barbarine BART 16 Fat

Tunisia Noire de Thibar BT 17 Thin
Tunisia Sicilio-Sarde SS 11 Thin

Homogeneous
Ho ADMIXTURE cluster References
0.339 Belabdi et al. (2019)
0.381 Gaouar et al. (2017)
0.391 Belabdi et al. (2019)
0.390 Belabdi et al. (2019)
0.348 Y Belabdi et al. (2019)
0.321 Y Belabdi et al. (2019)
0.351 Y Mwacharo et al. (2017)
0.374 Mwacharo et al. (2017)
0.335 Mwacharo et al. (2017)
0.361 Mastrangelo et al. (2019)
0.338 Mwacharo et al. (2017)
0.355 Y Mwacharo et al. (2017)
0.375 Mastrangelo et al. (2019) and
Ben-Jemaa et al. (2019)
0.393 Belabdi et al. (2019)
0.352 Belabdi et al. (2019)
0.379 nextGen project
0.385 Belabdi et al. (2019)
0.382 Belabdi et al. (2019)
0.390 Belabdi et al. (2019)
0.388 Ben-Jemaa et al. (2019)
0.373 Y Ben-Jemaa et al. (2019)
0.390 Ben-Jemaa et al. (2019)

Abbreviations: AHS, Aburamad-Halaieb—Shalateen; BARK, Egyptian Barki; BARL, Lybian Barbarine; BART, Tunisian Barbarine; BIGM, Beni-Guil Morocco;
BRBA, Barbarine Algeria; BT, Noire de Thibar; DMNA, Algerian D'men; DMNM, Moroccan D'men; FRF, Farafra; HAMA, Hamra; Ho, average observed
heterozygosity; MOR, Local Population; OLDA, Ouled-Djellal from Algeria; OLDM, Ouled-Djellal from Morocco; OSSI, Ossimi; SAID, Saidi; SDNA, Sidaoun;
SOUH, Souhagi; SRDM, Sardi; SS, Sicilio-Sarde; TMHM, Timahdite; TZGA, Tazegzawth.

“Number of individuals typed.

Population structure and genetic relationship
analyses

Principal component analysis (PCA) was performed
using the dudi.pca function from the ade4 package
(Dray & Dufour, 2007). Prior to this step, allele fre-
quencies were scaled using the scaleGen function imple-
mented in the adegenet R package (Jombart, 2008). We
ran ADMIXTURE 1.23 (Alexander et al., 2009) to estimate
the number of underlying populations through cross-
validation for values of K from 3 to 22 (the number of
populations). Default input parameters were considered
(i.e. quasi-Newton convergence acceleration method and
termination criterion of <10™* for the log-likelihood in-
crease between successive iterations). DISTRUCT software
(Rosenberg, 2004) was used to produce plots of ancestry
proportions for K ancestral populations. The pairwise
fixation index (Fg;) between populations was estimated
using GENEPOP 4.6 (Rousset, 2008).

Identification of selection signatures

Three extended haplotype homozygosity (EHH)-
based tests, Rsb (Tang et al., 2007), XP-EHH (Sabeti
et al., 2007) and the integrated haplotype score (iHS;
Voight et al., 2006), were implemented to detect sig-
natures of selection using the rehh package (Gautier &
Vitalis, 2012). In the first two tests, EHH patterns of the
same haplotype were contrasted between fat- and thin-
tailed sheep populations. For the Rsbh and XP-EHH com-
putation, haplotypes were reconstructed using FASTPHASE
1.4 software (Scheet & Stephens, 2006) with 15 haplotype
clusters (K) for 5% of the masked data as being the opti-
mal value inferred by the imputeqc r package (Khvorykh
& Khrunin, 2020). Considering a normal distribution of
Rsb and XP-EHH values, a Z-test was applied to iden-
tify significant SNPs under selection. Two-sided p-values
were derived as pRsb=-log, [l — 2|®(Rsb) — 0.5]] and
pXP-EHH=-log, [1 — 2|®(XP-EHH) — 0.5]], where ®
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(x) is the Gaussian distribution function. For iHS com-
putations, the most common allele in a panel of 170
sheep breeds was considered as the ancestral allele state.
The iHS scores for each SNP were transformed into two-
sided p-values: piHS=—log [l — 2|®(iHS) — 0.5]], where
®(iHS) represents the Gaussian distribution function for
the iHS statistic. For each of the three tests, we used 1.5
MbD sliding windows, in which adjacent windows overlap
by 50kb. Because selective sweeps tend to produce clus-
ters of extreme scores across the sweep region (Voight
et al., 2006), windows with six or more SNPs exceeding
the threshold of —log,, (p-value)=2.5 were considered as
selection signatures. In order to check if the window size
can impact the results of detection, we performed a new
analysis setting the window size to 1 Mb.

Gene identification and functional enrichment
analysis

The genomic regions putatively under selection (those
containing at least six markers exceeding the significance
threshold of —log,, (p-value)=2.5) identified by each
EHH-based test were interrogated for genes annotated
to the Oar_v4.0 reference genome (International Sheep
Genomics Consortium et al., 2010).

Functional enrichment analysis was performed for
the genes overlapping the candidate regions that were
jointly identified by Rsh and XP-EHH tests using DAVID
(Database for Annotation, Visualization and Integrated
Discovery, https://david.ncifcrf.gov/), version 6.8. DAVID
uses thousands of annotation terms in several annotation
categories, such as molecular function, biological process,
cellular component and gene functional summaries. An
adjusted Benjamini-corrected p-value of 0.05 was used as
the criterion for statistical significance of over-enrichment
of genes in each category.

Sy S Algeria

A

RESULTS
Breeds analyzed in this study

Figure 1 shows the locations of the fat- and thin-tailed
breeds used in this study with Tunisia and eastern Algeria
separating the thin- and fat-tailed sheep. The two thin-
tailed Tunisian breeds (Merino-crossbred BT and SS)
show European ancestry. The observed heterozygosities
(Ho) of all thin-tailed breeds with the exception of the
1solated TZGA, DMNM and the southernmost SDNA,
are as high as those observed in several Iberian and
Balkan breeds (Ciani et al., 2020; Kijas et al., 2012) and
range from 3.7 to 3.9. In contrast, the Ho was lower for
the easternmost cluster composed of Egyptian fat-tailed
breeds (Ho ranging from 3.3 to 3.7; Table 1).

Population structure analysis

In the PCA (Figure 2a), the percentage of the variance
explained by the first two principle components (PCI
and PC2) is lower than that generally seen for livestock
breeds, presumably because the genetic cline is weak
relative to the genetic development within several breeds
as is apparent from the long branch lengths of several
breeds (Figure 2b). Nevertheless, PCl and PC2 show a
striking correlation of genetic differentiation and geo-
graphical distance. PCI captures an east—west cline from
the Egyptian (SOUH, FRF, SAID, OSSI and BARK),
Libyan (BARL) and Tunisian (BART) fat-tailed breeds
to the thin-tailed Algerian and Moroccan breeds and
then to the two Tunisian composite breeds, BT and SS
with a large proportion of Southern European ancestry
(Ben-Jemaa et al., 2019). Because the fat- and thin-tailed
breeds occur in northeast and northwest Africa, respec-
tively, PC1 also separates the breeds according to their

A ™VHM A sbNA © FrF
OLDM A ss AHS
SRDM A BT

A BiGm @ BRBA
MOR BART

A pMNM © BARL

A HAMA @ ARk

A T12GA @ ossi
OLDA @ sApD
DMNA @ soux

FIGURE 1 Map showing the sampling locations for this study. Locations of thin-tailed sheep are represented by colored triangles. Those of
fat-tailed sheep are represented by colored circles. AHS, Aburamad-Halaieb—Shalateen; BARK, Egyptian Barki; BARL, Lybian Barbarine; BART,
Tunisian Barbarine; BIGM, Beni-Guil Morocco; BRBA, Barbarine Algeria; BT, Noire de Thibar; DMNA, Algerian D'men; DMNM, Moroccan
D'men; FRF, Farafra; HAMA, Hamra; MOR, Local Population; OLDA, Ouled-Djellal from Algeria; OLDM, Ouled-Djellal from Morocco; OSSI,
Ossimi; SAID, Saidi; SDNA, Sidaoun; SOUH, Souhagi; SRDM, Sardi; SS, Sicilio-Sarde; TMHM, Timahdite; TZGA, Tazegzawth.
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(b)

All 22 breeds

Without SDNA

FIGURE 2 Principal component analysis (PCA) and phylogenetic results showing the relationship between North African sheep
populations. (a) The PCA results of allele frequencies obtained from 32613 SNPs genotyped in 462 individuals. (b) The phylogenetic tree
obtained from pairwwise Fg values using the same number of SNPs as PCA. From top to bottom, three configurations are shown: (i) the
phylogenetic tree constructed from all the 22 populations; (ii) the phylogenetic tree constructed when excluding AHS population; and (iii)

phylogenetic tree constructed when excluding the Sidaoun population.

tail type (see below). PC2 runs from the south to the
southernost breeds SDNA and AHS via DMNA to the
thin- and fat-tailed breeds near the Mediterranean coast
and then to the breeds with recent European ancestry.

This phylogeographical pattern is confirmed by vi-
sualizing Fg genetic distances in a NeighborNet phylo-
genetic network (Figure 2b), reproducing the east—west
cline, which separates thin- and fat-tailed breeds. It also
shows the intermediate position of DMNA between
SDNA and the breeds near the coast.

As reported previously (Belabdi et al., 2019), there
is no genetic differentiation between the six Moroccan
breeds, BIGM, DMNM, MOR, OLDM, TMHM and
SRDM (mean Fgy = 0), hardly any differentiation of
these breeds and the two Algerian thin-tailed breeds
(HAMA and OLDA, F<0.005), and a genetic distance
of these breeds from the fat-tailed Tunisian Barbarine
of only ~0.008. The very low Fgy value (0.007) that
separates the Lybian BARL and the Egyptian BARK
confirms the Libyan origin of Barki sheep (Mahrous
et al., 2016) (Table S2). Remarkably, the NeighborNet
graph (Figure 2b) shows a reticulation that depends on
the presence of both SDNA and AHS, suggesting gene
flow between these two populations.

The ApmIxTURE results for ancestral populations
K=3-7 and K=10 are shown in Figure 3. The cross-
validation error suggests that four source populations

can model the genetic diversity adequately (Figure S1).
The most homogeneous inferred clusters correspond to
the isolated TZGA, to the southernmost breeds (SDNA
and AHS) and to BT. However, this does not imply that
these breeds are ancestral (Lenstra et al., 2012). At K=3,
the cross-bred Egyptian-SDNA origin of AHS is con-
firmed. Likewise, in agreement with the PCA and the
NeighborNet graph, the K=3 pattern also shows the
east-west genetic structure and an intermediate posi-
tion of DMNA between SDNA and the other Algerian
breeds. However, the ADMIXTURE analysis shows a grad-
ual genetic cline, whereas the tail phenotype shows a
clear subdivision.

Signatures of selection

To identify genomic regions putatively under selection in
North African fat-tailed sheep, we used the iHS, which
measures how the EHH decays around the derived al-
lele in relation to the ancestral allele in all the fat-tailed
study breeds. Two candidate regions located on OARO1
(at position 18050000-20600000bp) and OARI3 (at
position 47450000-49650000bp) were revealed by the
iHS test (Figure 4a and Table S3). We also used the Rsb
and XP-EHH tests, to contrast the EHH profiles be-
tween 406 fat-tailed and 518 thin-tailed haplotypes. In
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FIGURE 3

HAMA
DMNM
oLDM

BIGM

L T

JCPOP
SRDM
TMHM
DMNA
SDNA

SS
BT
TZGA

ADMIXTURE results of the 462 individuals from the 22 North African sheep populations. Results for K (number of clusters)=3,

to K=7 and 10 are shown. Individuals are grouped by population. Each individual is represented by a vertical bar. The proportion of the bar in
each of k colors corresponds to the average posterior likelihood that the individual is assigned to the cluster indicated by that color. Populations

are separated by black lines.

total, with the 1.5Mb window size (median number of
SNPs=20), 13 and seven outlier windows were detected
by the Rsb and XP-EHH tests, respectively (Figure 4b,c).
All but one candidate region (the one located on OAROI;
88150000-90100000bp) were also detected with
the 1Mb window size (median number of SNPs=14;
Table S4). All seven candidate regions detected by XP-
EHH using the 1.5Mb window size were also revealed
by Rsb. Six among these seven windows contain at least
one marker among the top 1% SNPs with the highest Fg
values between fat- and thin-tailed breeds (Figure S2).
A further result is that Rsb values were positive for the
five candidate regions located on OAROI (two regions),
4, 7 and 13, suggesting that selection in these regions
occurred in fat-tailed breeds. The seven candidate re-
gions spanned 326 genes (Table S3), of which 220 are
characterized (i.e. with an Ensembl ID). Among these,
190 could be mapped using DAVID Bioinformatics re-
sources. Glutathione S-transferase, Mu class, belonging
to InterPro protein functional group IPR003081 was the
only significantly enriched functional class (Benjamin-
corrected p-value<0.05), which was identified for the an-
notation cluster 1 (Table S5).

The strongest signals jointly detected by Rsbh and
XP-EHH reside within 248 and 287 kb regions located
on OAROl and OARI3, respectively (Figure 4b,c).
Interestingly, these two regions overlap with the two
outlier windows revealed by iHS (Table S3) and dis-
play the highest number of SNPs belonging to the top
1% of markers with the highest Fg values between fat-
and thin-tailed breeds (Figure S2). The 248 kb signal on

OARO1 (19014 192-19262 028 bp) includes six highly sig-
nificant SNPs [10<log (p-value)<21 in Rsb test] and in-
cludes 10 identified genes: BEST4, BTBD19, C1Hlorf228,
KIF2C, PLK3, PTCH2, RNF220, RPSS8, TCTEX1D4
and TMEM53. The second strong signal on OARI3
(48193040-48480264bp) contains five highly signif-
icant SNPs (l11<log (p-value)<25 in Rsb test) and in-
cludes only the BM P2 gene. Other selection signal peaks
(and associated candidate genes) jointly detected by Rsb
and XP-EHH include the following regions: OAROI,
86313617-86352115bp (AHCYLI); OAR04, 68649197—
69367542bp (EVXI, HOXAI3, HOXAll, HOXAIO,
HOXA9, HOXA3, HOXAS5, HOXA4, HOXA2, HOXAI,
SKAP2); OARO07, 55640042-55863181bp (SCG3 and
DMXL2); OARI12, 5340299454123 627 bp (RABGAPIL
and GPR52); and OAR24, 27407352-27524277bp
(ITGAX, ITGAD, ARMCS, TGFBIIl, SLC542 and
C24HlI6orf58).

DISCUSSION

The past decades have witnessed the development of
numerous statistical methods to detect genome-wide
selective sweeps. These methods capture various modes
of selection acting at different time scales, thus allowing
the exploration of different intervals of a population's
history. Several studies on the genomic architecture
of sheep tail phenotypes have been conducted, mostly
including breeds from Eurasia (e.g. Dong et al., 2020;
Mastrangelo et al., 2019; Moioli et al.,, 2015; Pan
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FIGURE 4 Manhattan plots showing the results of extended haplotype homozygisty-based tests. (a) The integrated haplotype score (iHS)
test computed within fat-tailed breeds. (b) The Rsb test fat- vs. thin-tailed breeds (c) The XP-EHH test fat- vs. thin-tailed breeds. Horizontal
dashed lines mark the significance threshold applied to detect the outlier SNPs (=log,, (p-value)=2.5).

et al.,, 2019) and Eastern Africa (e.g. Ahbara et al., 2019;
Mwacharo et al., 2017). Only a few large-scale genomic
studies have been performed to identify genes associated
with tail phenotype in North African sheep (Fonseca
et al., 2024). Baazaoui et al. (2024) relied on differences
in allele frequencies to identify SNPs putatively under
differential selection between the Tunisian Barbarine
and six other thin-tailed sheep breeds. Recently, we
used a subset of the present data to identify selection
signatures in two Algerian (Hamra and Ouled Djellal)
and two Tunisian breeds (Barbarine and Noire de
Thibar) (Yahyaoui et al., 2024). In the present study,
we used a larger panel of populations across a broad
geographic region in North Africa and employed
LD-based methods to identify genomic regions under

divergent selection between fat- and thin-tailed breeds.
Our choice of LD methods is motivated by the fact
that they have optimal detection rates in a range from
low beneficial allele frequency up to close to fixation
(Weigand & Leese, 2018). Precisely, we implemented
two complementary approaches, Rsh and XP-EHH,
which are more sensitive to selective sweeps in which
the corresponding allele has approached or achieved
fixation (Sabeti et al., 2007; Tang et al., 2007), and the
iHS test, which has more power to detect incomplete
sweeps (Voight et al., 2006). We identified seven
relevant genomic regions putatively under divergent
selection between nine fat-tailed and 13 thin-tailed
North African sheep breeds with different geographical
origins using these three EHH-based tests. The
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geographical diversity of the sampled breeds of both
types makes it unlikely that the identified selection
footprints result from random demographic changes.
Rather, we expect that most of our candidate regions
are true targets of divergent selection between North
African fat- and thin-tailed sheep populations. Our
analysis of population structure showed that despite
the fact that most of the study breeds could be split
into two main groupings, where the first one includes
the Moroccan—Algerian thin-tailed cluster and the
second grouping is composed of Egyptian fat-tailed
populations, several other breeds have different sets of
ancestral populations (such as SDNA, TZGA from the
thin-tailed group and AHS from the fat-tailed group),
thus reflecting different population history. A further
result is that although the Moroccan—Algerian thin-
tailed cluster and the fat-tailed Algerian and Tunisian
Barbarine show clear morphological differences and
are expected to have different ancestral components,
these two groups display similar patterns of ancestry
and low genetic differentiation. This result is consistent
with previous studies that reported a large-scale genetic
homogenization of sheep breeds within and between
neighboring North African countries regardless of their
tail type (Belabdi et al., 2019; Ben-Jemaa et al., 2019;
Gaouar et al., 2017). Genetic similarity between fat-
tailed and thin-tailed breeds from the same geographic
area has been also reported in Iran and Italy (Ciani
et al., 2020; Mastrangelo et al., 2019). Based on this
observation, it has been suggested that it is likely that
only a limited number of genes is involved in fat-tail
deposition in sheep (Moradi et al., 2022). Consistently,
examining genes located near selection signal peaks
of the candidate regions jointly detected by Rsb and
XP-EHH revealed few genes that are involved in
adipogenesis. Among the candidate regions, the 248
and 287 kb windows located on OAROl and OARI13,
respectively, may be the most biologically relevant ones,
owing to their overlap with results from the iHS test
and extreme peaks (in all three EHH-based tests and
in locus-specific Fgp). The region on OARI13 spanned
BMP2 gene, previously identified by several other
studies (Ahbara et al., 2019; Lu et al., 2020; Mastrangelo
et al., 2019; Zhao et al., 2020). By performing a genome
scan using whole genome sequence data from a few
dozen Chinese sheep, Pan et al. (2019) demonstrated
that fixation of fat tails in domestic sheep is associated
with a selective sweep near a retro-transposable hotspot
on OARI13, which specifically affects the expression of
BMP2.

PTCH? is the second interesting candidate associated
with fat deposition, possibly under divergent selection be-
tween fat- and thin-tailed North African sheep. PTCH?2
was identified by examining the nearest gene to the strong
signal peak on OAROl (19014192-19262028bp). This
gene is the receptor for Hedgehog signaling which ex-
hibits high activity in the Drosophila fat body. Moreover,

fasting conditions increased the level of Hedgehog pro-
tein in the fat body (Zhanget al., 2020) which may suggest
that PTCH?2 has play an essential role in adipogenesis
regulation in North African fat-tailed sheep during ex-
tended periods of food scarcity (through Hedgehog sig-
nal transduction). At the same time, PTCH?2 is found
at high levels in the skin and spermatocytes (Carpenter
et al,, 1998) and controls the growth and morphogen-
esis of hair follicle epithelium in mice (Nieuwenhuis
et al., 2006). The dual role played by PTCH?2 in both ad-
ipogenesis regulation and hair characteristics (linked to
thermal adaptability) suggests that selection occurred on
genes involved in adaptability to multiple environmental
stressors in North African sheep.

Our results also indicate that another gene, SCGS3,
on OARO07, may be involved in fat storage in fat-tailed
North African sheep. SCG3 is located only 35kb down-
stream the selection signal peak (SNP rs403325628 at po-
sition 55676 739 bp, —log,, (p-value)=6.71). Mutations in
this gene are associated with obesity in humans (Tanabe
et al., 2007) while Derks et al. (2021) found a missense
mutation in SCG3 that is likely to affect backfat and
growth rate in pig.

Notably, genes located in our candidate regions were
particularly enriched for a gene family, the glutathione
S-transferases (GSTs) found in peroxisomes of most
organisms from fungi to animals (Ferreira et al., 2023)
and mostly known to catalyze fatty acid conjugation
(Listowsky et al., 1988). In addition to the conjugation
reactions, GSTs have a role in several other catalytic func-
tions such as the catalysis of the reduction of phospho-
lipids, fatty acids and DNA hydroperoxides produced by
lipid peroxidation and oxidative damage to DNA (Hayes
et al., 2005). Also, it has been shown that GSTA4 (a class
of GSTs) is downregulated in adipose tissue of obese mice
and in insulin-resistant humans (Curtis et al., 2010). Genes
with potential functions in fatty acid oxidation have been
found to be differentially expressed between fat- and thin-
tailed sheep from Iran (Bakhtiarizadeh et al., 2019) and
China (Chao et al., 2017).

A further result is the identification of two statistically
significant SNPs on OARO04 near the HOXA gene clus-
ter (HOXAI3, HOXAll, HOXA10, HOXAY9, HOXA3,
HOXAS5, HOXA4, HOXA2 and HOXAI). The Hox gene
family has 39 members and can be divided into 13 paralo-
gous groups (Mallo et al., 2010). These genes are key play-
ers in regulating morphologies along the anteroposterior
axis of mammalian embryos (Kostic & Capecchi, 1994).
Importantly, the HOXAII paralogous group regulates
the development of the sacrum (Mallo et al., 2010) and
is required for proper patterning of the first few caudal
vertebrae (Wellik & Capecchi, 2003). The HoxA gene clus-
ter was shown to be under strong selection in Mongolian
(Wang et al., 2019) and South West Asian sheep (Fariello
et al., 2014) and goats (Bertolini et al., 2018).

Because the fat-tail phenotype has been proposed to
have arisen several millennia ago in arid regions of Asia
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(Dong et al., 2020), it is tempting to speculate that some
of the genes found to be under divergent selection between
fat- and thin-tailed sheep are associated with adaptive pro-
cesses relating to multiple stressors prevailing in desert-like
environments. Accordingly, in addition to the previously
mentioned PTCH?2 gene, the selection signal on OAROI
includes two other genes, PLK3 and RNF220, directly re-
lated to thermal stress tolerance. PLK3 is a key microRNA
target in regulating skin hair follicle progenitors’ growth
competency (Liu et al., 2021) while RNF220 has been as-
sociated with heart rate recovery in humans (Van de Vegte
et al., 2019; Verweij et al., 2018). It has previously been
shown that maximum heart rate and its rate-limiting tem-
perature during acute warming are significantly higher in
fish that have evolved in a desert climate compared with a
montane climate (Chen et al., 2018). The presence of se-
lective pressure where these two genes are located could be
indicative of a region involved in heat stress response in
North African fat-tailed sheep.

The relatively short history and the common origin of
fat-tailed sheep (Dong et al., 2020) is expected to lead to
several common candidate regions between studies aim-
ing to detect selective sweeps between fat- and thin-tailed
breeds. Accordingly, many of our candidate regions were
also identified by other studies. This is particularly true
for the two candidate regions showing the strongest se-
lection pressure on OAROI (18400000-20750000bp)
and OARI13 (47450000-49650000bp). The genomic re-
gion on OAROI overlaps with a candidate region found
to be highly differentiated between Ethiopian fat-rump
and Sudanese thin-tail sheep (Ahbara et al., 2019) and
contains one SNP (OARI1_100921673.1) among seven
others, that were shown to be highly diverged between
18 fat- and 14 thin-tailed breeds from around the world
(Dong et al., 2020). Likewise, it has been strongly high-
lighted that our candidate region on OARI13 (including
the BMP2 gene) is under divergent selection between
fat-tailed and thin-tailed sheep worldwide (Ahbara
etal., 2019; Dong et al., 2020; Li et al., 2020; Mastrangelo
et al., 2019; Moioli et al., 2015; Zhao et al., 2017, 2020).
Our results further support previously reported selection
signatures on OARO04 (Dong et al., 2020; Li et al., 2020;
Yuan et al., 2017; Zhao et al., 2017, 2020) and OARO07 (Li
et al., 2020; Lv et al., 2014).

It is worth mentioning that the number of SNPed in
the present study resulted in moderate marker coverage,
which may have led to reduced information for some rel-
evant genomic regions harboring selection signatures.
Clearly, the use of SNP chips with higher marker density
or whole genome sequencing would help in detecting ad-
ditional selection signatures at higher resolution. Because
selective sweeps produce clusters of candidate SNPs in the
vicinity of selection targets (Voight et al., 2006), a com-
mon approach to limit the number of false-positives is to
consider only windows harboring a minimum number of

ANIMAL GENETICS RYVIRRvaiis

SNPs exceeding a predefined threshold as selection signa-
tures. In the present study, we set this minimum number
to six, which is higher than in other studies using a sim-
ilar SNP density (e.g. Ben-Jemaa et al., 2020; Gautier &
Naves, 2011; Lukic et al., 2023; Mastrangelo et al., 2023;
Persichilli et al., 2023). By using such a conservative crite-
rion in the definition of selection signatures it is likely that
some selection signals will be missed. This is particularly
true in high recombining regions where hitchhiking effects
of selection are limited.

In conclusion, we identified seven relevant genomic re-
gions under differential selection between nine fat-tailed
and 13 thin-tailed sheep populations originating from
diverse geographical regions in North Africa. We found
that selection mainly occurred in fat-tailed breeds and
our results support a direct link between BM P2 and the
fat-tail phenotype in sheep. Our results give also novel
insights into other promising candidate genes associated
with fat deposition as well as other features related to heat
stress adaptation.
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