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Abstract

North Africa has a wide range of great diversity of indigenous sheep breeds whose origin is linked to its
environmental characteristics but also to certain historical events that took place in the region. Knowledge of
population structure and identification of genomic regions that have been targets of selection are key steps for
genetic resource conservation and breeding strategies designing. This work explores the population structure of
two Tunisian and four Algerian sheep breeds and identifies genomic regions under selection in four of them.
Leveraging high-throughput genomic data from Illumina Ovine SNP50K array from 59 animals belonging to the
six breeds, we conducted a comprehensive analysis to unravel their population structure. Our results indicate a
clear genomic admixture between the fat-tailed Tunisian and Algerian Barbarine with thin-tailed breeds raised in
each of the two countries. Additionally, through the detection of genomic regions under selection and candidate
gene identification, we provide insights into some putative genetic mechanisms that would have contributed to the
adaptation and evolution of these breeds in response to local environmental pressures. We also highlight several
genes related to economical traits. This study provides valuable information for the conservation and sustainable
management of the studied Tunisian and Algerian sheep breeds and offers opportunities for future breeding and
genomic improvement programs.

Keywords: North African sheep, Single Nucleotide Polymorphism, Selection signature, Extended haplotype

homozygosity, genetic structure, Ovine SNP50K.
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Introduction

Sheep farming is a national capital resource with great economic value in the Maghreb region. This part
of North Africa is endowed with many diverse indigenous sheep breeds. In the Maghreb countries sheep
population is composed of one or two major breeds and several other minor populations. Many of these
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breeds are common to at least two countries. For instance, the Barbarine, the main sheep breed in Tunisia
is also raised in Libya and Algeria. Also, the D’men, a highly prolific breed, is common to both Algeria
and Morocco and, more recently, introduced in Tunisia. Several of these breeds thrive well in
challenging local agro-climatic conditions characterized by excessive heat load, poor nutrition and
disease-infested areas (Ben Salem et al., 2011; Djaout et al., 2017). This resulted in a wide variety of
genetic adaptations to both environmental conditions and production systems. The genetic basis of
adaptation is detectable by genome-wide scanning technology using SNP arrays using specific statistics
based on contrasting haplotype homozygosity (EHH) either within a population between a pool of
ancestral and derived haplotypes (Voight et al., 2006) or between populations (Sabeti et al., 2007).
Various studies have been performed within or across sheep breeds in order to determine regions
harboring adaptive genes under potential selection for resilience traits (e.g. Cao et al., 2021; Lv et al.,
2014; Mastrangelo et al., 2019; Rochus et al., 2018). Most of sheep in Algeria and Tunisia are raised in
extensive production systems where cross-breeding is the dominant mode of genetic improvement.
Despite the fact that such a practice may ensure a faster impact on performance than long selection
schemes, repeated cross-breeding will lead to the disappearance of local genetic diversity through
genetic erosion of minority breeds. Yet, small breeds are the custodians of rare allelic variants of genes
responsible for adaptation to specific environmental conditions such as higher feed conversion ratio of
local feed resources of low nutrient density and parasite resistance. Therefore, minority breeds can be
regarded as an important genetic reservoir of variants conferring adaptation to multiple environmental
stressors triggered by climate change. Previous genetic studies highlighted the effects of the widespread
of cross-breeding on the population structure of sheep breeds from Algeria (Gaouar et al., 2017, 2015)
and Tunisia (Jemaa et al., 2019; Kdidi et al., 2015). All these studies highlighted a significant change in
the genomic structure of minority breeds.

Belabdi et al., (2019), highlighted a strong homogenization of the Maghreb sheep stock affecting the
major part of Morocco and most of Northern Algeria. Paradoxically, this might offer a unique
opportunity to map loci underlying some morphologic traits between breeds with a similar genomic
structure but differing in one or more morphologic features. Furthermore, the relatively recent
crossbreeding of Maghreb sheep can provide an excellent proxy to investigate footprints of ongoing
selection left by recent events of hybridization. Recent advancements in genomic technology, allow us
to uncover candidate genetic regions through genome scans using appropriate statistical approaches.
The aim of our study is to detect potential signatures of ongoing selection in Algerian and Tunisian local
sheep populations. We also leveraged the genomic similarity between the Tunisian Barbarine fat-tailed
breed and the thin-tailed Algerian Hamra and Ouled-Djellal populations to identify genomic regions
under differential selection pressure between the two breeds.

Materials and methods
Breeds and genotyping data

Our work focused on two Tunisian sheep breeds (the Tunisian Barbarine (BART) and Black Thibar,
(BT)) and four Algerian breeds (The Algerian Barbarine (BRBA), Ouled-Djellal (OLDA), Hamra
(HAMA) and D’men (DMNA)). We used already available genotypes for 59 individuals from the six
aforementioned breeds (Belabdi et al., 2019; Gaouar et al., 2017; Jemaa et al., 2019). Table 1 provides
more details on the six populations. We used PLINK v.1.09 software (Purcell et al. 2007) to perform a
quality control of the dataset i) SNPs with call rates <90% or minor allele frequency (MAF) <0.01 and
SNPs in linkage disequilibrium as revealed by PLINK default parameters (SNP window size:50, step 5
SNPs, 12: 0.5) were removed,; ii) individuals with call rates <90% of markers were also discarded from
further analysis. After merging genotypes from various datasets and applying the aforementioned quality
filters, a total of 39954 SNPs mapping to the 26 sheep autosomes on the Oar v4.0 ovine (Ovis aries)
genome sequence assembly were used in this study.

Population structure and genetic relationship analyses

Various methods were used to provide a fine scale assessment of the genetic structure of the studied
populations. First, a Principal Component Analysis (PCA) implemented in the adegenet R package
(Jombart, 2008) was performed to visualize the major axes of genetic variation. Then, we performed a
Discriminant Analysis of Principal Components (DAPC) of the same package to identify an optimal
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number of genetic clusters that best describe the data by using the “find.clusters” function implemented
in adegenet. Following this analysis each individual was assigned to a genetic cluster without providing
any a priori population assignment.

Table 1. The six sheep breeds analysed in this study.

Breed Code Origin N Tail Reference

Tunisian Barbarine BART Tunisia 15 Fat Ben Jemaa et al., 2019
Black Thibar BT Tunisia 16 Thin Ben Jemaa et al., 2019
Algerian Barbarine BRBA Algeria 5 Fat Belabdi et al., 2019
D’men DMNA Algeria 5 Thin Gaouar et al., 2017
Hamra HAMA Algeria 12 Thin Belabdi et al., 2019
Ouled-Djellal OLDA Algeria 6 Thin Belabdi et al., 2019

N. number of individuals

Unsupervised model-based clustering was undertaken using ADMIXTURE 1.23 software (Alexander et
al., 2009) with K values as the number of populations varying from 3 to 6, results were then graphically
displayed using DISTRUCT (Rosenberg, 2003). Genetic differentiation between populations was
estimated with Genepop 4.0 software (Rousset, 2008) using all available SNPs. Finally, we computed
the genetic distance for each pair of individuals using the ape R package (Paradis et al., 2004). The
distance between two individuals was defined as the number of loci for which they differ. A neighbor-
joining tree was then computed based on the resulting distance matrix using the phyclust R package
(Chen and Dorman, 2013).

Identification of selection signatures

To identify selection signatures, we investigated haplotype extended patterns within populations using
the iHS test (Voight et al., 2006). For this test, information on the ancestral and derived allele state is
needed for each SNP because it is based on the ratio of the extended haplotype homozygosity (EHH)
associated with each allele. In our analysis, the ancestral allele was inferred as the most common allele
within a panel of 34 worldwide sheep breeds. We also contrasted haplotype patterns between the
Tunisian Barbarine (fat-tailed) and the two Algerian Hamra and Ouled-Djellal using the Rsb test (Tang
et al., 2007). Haplotypes were reconstructed using fastPHASE 1.4 software (Scheet & Stephens, 2006).
For each SNP, EHH tests are constructed to have an approximately standard Gaussian distribution (Tang
etal.,2007; Voight et al., 2006). Both tests were computed within nonoverlapping 1-Mb sliding windows
using the rehh package v. 3.2.2 in R (Gautier and Vitalis, 2012). The scores, calculated for each SNP,
were transformed into p-values. A window is classified as putatively under selection when it contains at
least 3 markers exceeding the significance threshold of —log10 (p-value) = 3.

Gene identification and functional enrichment analysis

Genes in candidate genomic regions were identified using the Oar v4.0 assembly annotation. Functional
enrichment analysis was performed for the genes overlapping the candidate regions using the online tool
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 Gene
Ontology (GO), Biological Process, GO Molecular Function and InterPro Domains. An adjusted
Benjamini-corrected p-value of 0.05 was used as the criterion for statistical significance of over-
enrichment of genes in one of the categories.

Results
Population structure and phylogenetic analyses

In PCA analysis, the first two principal components (PC) 1 and 2 accounted for 2.73 % and 2.24 % of
the total variation, respectively and showed a genetic proximity between the Algerian Ouled-Djellal
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(OLDA), Hamra (HAMA) and the Tunisian Barbarine individuals (BART) (Figure 1a). The latter
showed a low dispersion around their centre of gravity unlike the Algerian Barbarine (BRBA) whose
individuals are more scattered reflecting a high genetic heterogeneity. Overall, the genetic diversity of
the studied breeds is represented by a triangle with the Tunisian Black Thibar (BT) and the Algerian
Barbarine (BRBA) and D’men (DMNA) forming the apexes. In order to have an unbiased interpretation
of population structure, we performed a DAPC in which each individual was assigned to a cluster
without providing any a priori breed assignment (Figure 1b). The analysis showed that the individuals
of Black Thibar population were assigned mostly to one cluster (14 of 16, cluster 3). Similarly, all
Tunisian Barbarine belong to a unique cluster (cluster 4) and are positioned closely to genetic cluster 2
composed of all OLDA and HAMA animals in addition to 2 BT, 1 BRBA and 1 DMNA individuals.
Four of the 5 DMNA individuals were assigned to cluster 6. It's worth to note that clusters 3 (BT), 6
(DMNA), 1 and 5 (BRBA) are positioned far from clusters 2 and 4 mostly including BART, HAMA
and OLDA. Pairwise Fst values (Table 2) revealed the absence of genetic differentiation between
HAMA and both OLDA and the Tunisian Barbarine (Fst almost null). By contrast, BT, DMNA an
BRBA showed higher pairwise Fst values which agrees with PCA and DAPC results.

Model based hierarchical clustering with varying K of predefined genetic clusters implemented in the
ADMIXTURE software (Figure 1c), essentially confirmed the pattern of the structuring of genetic
diversity revealed by PCA and DAPC where BT, DMNA and BRBA breeds separated as a distinct
cluster. The genetic heterogeneity of BRBA revealed by both PCA and DAPC was also confirmed by
ADMIXTURE analysis. By contrast, HAMA, OLDA and BART breeds showed a similar genetic
structure through all K values.

Table 2. Pairwise Fst values between the studied sheep populations.

BART BRBA BT DMNA HAMA OLDA
BART
BRBA 0.032
BT 0.026 0.047
DMNA 0.042 0.055 0.053
HAMA 0.008 0.028 0.021 0.032
OLDA 0.014 0.024 0.024 0.035 0.006

The neighbor-joining tree constructed based on a distance matrix between pairs of individuals (Figure
2) showed BART and BT as distinct breeds. In contrast, no clear separation is observed between HAMA
and OLDA which agrees with previous population structure analyses (PCA, DAPC and Fst). DMNA
branched in an intermediate position between individuals from these two last breeds.

Selective sweeps detection

Because it has been shown that it is better to have populations with at least 15 diploid individuals to get
reasonable power to detect signatures of ongoing selection (Ma et al., 2015), intra-population iHS test
was performed only on populations composed of at least 15 animals. This led to the exclusion of DMNA
and BRBA. It is worth noting that HAMA and OLDA were considered as a single population because
of their similar genomic structure highlighted in all the previous analyses.
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Figure 1. Population structure analyses. (a) PCA results. (b) DAPC results obtained when 5 genetic
clusters are defined (optimal number of clusters). Genetic cluster 1 corresponds to 2 BRBA
individuals. Cluster 2 includes Hamra (HAMA) and Ouled-Djellal (OLDA) in addition to 1 DMNA, 1
BRBA and 2 BT individuals. Cluster 3 consists of the remaining 14 BT individuals. Cluster 4 includes
all BART animals. Clusters 5 and 6 consist of 2 BRBA and 4 DMNA individuals, respectively. (c)
ADMIXTURE results (K=3 to 6).

PCat

DMNA HAMA

BT
BRBA

Figure 2. Neighbor-Joining tree relating the 36 Algerian and the 33 Tunisian sheep individuals

The iHS test revealed 3, 18 and 5 regions putatively under selection in BART, BT and the mixture
(HAMA, OLDA), respectively (Table 3). The 2 Mb region on OAR13 detected within the Tunisian
Barbarine showed the strongest selection signal with 11 SNPs (52% of the total SNPs in the window)
exceeding the significance threshold (Figure 3a). For Black Thibar, a 9 Mb interval on OAR12 extending
from 37 to 49 Megabases (Mb), is the strongest selection signal (52 SNPs exceeding the significance
threshold; Figure 3b). For iHS test within HAMA and OLDA, the region on OAR10 (at position: 42-43
Mb) could be considered as the candidate region with the most consistent selection signal with 4 SNPs
(33% of the total SNPs in the region) exceeding the significance threshold (Figure 3c). Contrasting
BART and HAMA_OLDA haplotypes revealed 13 regions under differential selection between the two
breeds (Figure 3d) most of them (10) were shown to be under selection in the HAMA_OLDA genome
(Table 4). The highest scores were found in OAR04 where 4 SNPs passed the threshold of —log10(p-
value) equal to five within a region of 268 Kb long
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Figure3. Manhattan plots showing results of Extended Haplotype Homozygosity-based tests (a) iHS
test computed on Tunisian Barbarine. (b) iHS test computed on Tunisian Black Thibar. (c) iHS test
computed on Hamra and Ouled-Djellal population. (d) Rsb test contrasting haplotypes of fat-tailed

Tunisian Barbarine vs Algerian thin-tailed Hamra and Ouled-Djellal.

Table 3. Genomic regions putatively under selection identified using the iHS statistic and gene content
of these regions. Genes in bold are located near the selection signals. Underlined genes are strong
candidates related to important traits.

Breed OAR Start (Mb) End (Mb) Maximum Genes
Peak (Mb)
BART 3 104 105 104.567 GPAT2, FAHD2A, KCNIP3, PROM2, LOC106990992, ZNF2,
ZNF514, LOC105611091, MRPS5, LOC101117493,
LOC101115527, MALL, LOC105614684, NPHP1,
LOC101117149, LOC101117749, BUB1, ACOXL
13 46 48 47527 ZMYNDI11, PRNP, LOC105609932, PRND, PRNT, RASSF2,
SLC23A2, LOC105609938, TMEM230, PCNA, CDS?2,
LOC101109379, PROKR2, GPCPD1, LOC101109635,
C13H200rf196, TRNAF-GAA, CHGB, TRMT6, MCM8,
LOC105609936, CRLS1, LRRN4, FERMT1, LOC106991507,
LOCI101117437
15 50 51 50.361 CLPB, PDE2A, ARAP1, STARDI10, LOC105602286, ATG16L2,
FCHSD2, LOC105602287, LOC106991638, P2RY2, P2RY6,
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ARHGEF17, RELT, FAM168A

BT

2

245

246

245.044

MULI1, CAMK2N1, VWASB1, UBXN10, PLA2G2C, PLA2G2F,
PLA2G2D, PLA2GS, LOC105611501, LOC101107171,
LOC101107420, LOC101107675, PLA2G2E, OTUD3,
LOC105611511, LOC105613466, RNF186, LOC105611518,
TMCO4, HTR6, NBL1, MINOS1

68

70

69.813

EFEMPI1, LOC105613776, PNPT1, PPP4R3B, CFAP36,
CCDC88A, LOC101122262, MTIF2, LOC106991051, RPS27A,
CLHCI, TRNAE-UUC, LOC106990985, RTN4, EMLS6,
SPTBN1, C3H2o0rf73, LOC106991052, ACYP2, TSPYLS6,
LOC105613853, PSME4, GPR75

110

111

110.523

LOC101120997, ATXN7L3B, KCNC2, LOC101123110, CAPS2

34

35

34.821

CCSER1, MMRN1, SNCA

47

48

47.882

LOC101107099, LOC105612659

49

50

49.096

PCDH?7

11

41

42

41.03

LOC100526782, KRT34, V15, K38, KRT32, KRT35, KRT36,
LOC101117431, KRT15, LOC101117946, KRT9,
LOC101118459, LOC101108147, KRT17, LOC101118712, EIF1,
GAST, HAP1, JUP, P3H4, FKBP10, LOC105611406, NT5C3B,
KLHL10, KLHL11, ACLY, TTC25, CNP, DNAJC7, NKIRAS2,
ZNF385C, LOC106991400, DHX58, KAT2A, HSPBY, RAB5C,
LOC106991401, LOC101110253, HCRT, GHDC, STAT5B,
STATS5A, STAT3, PTRF, ATP6V0A1

11

43

44

43.880

SOST, DUSP3, C11H170rf105, MPP3, CD300LG, MPP2, PPY,
PYY, LOC101114885, NAGS, TMEM101, LSM12, G6PC3,
HDACS, LOC105616384, C11H170rf53, LOC105616385,
ASB16, TMUB2, ATXN7L3, UBTF, LOC105612015, SLC4A1,
RUNDC3A, SLC25A39, GRN, FAM171A2, ITGA2B,
GPATCHS, LOC105612017, FZD2, LOC105612018,
LOC101116922, MEIOC, CCDC43, LOC106991432, DBF4B,
ADAMI11, GJC1, HIGDI1B, EFTUD2, CCDC103,
LOC101118203, GFAP, KIF18B

12

13

14

13.27

LOC106990525, BRINP3, LOC105613926

12

37

41

40.223

LOC105606472, PRRC2C, TRNAS-AGA, MYOC,
LOC105616523, VAMP4, METTL13, DNM3, MIR199A,
C12H1orf105, PIGC, LOC106991483, SUCO, FASLG,
TNFSF18, LOC105606465, TNFSF4, LOC106991453,
LOC101110527, AADACL4, LOC106991466, DHRS3, VPS13D,
LOC105606462, TNFRSF1B, TRNAS-GGA, TNFRSF8, MIIP,
MFN2, LOC105606461, PLOD1, KIAA2013, NPPB, NPPA,
CLCN6, MTHFR, C12H10rf167, AGTRAP, LOC105606456,
LOC105606457, DRAXIN, LOC105606457, MAD2L2, FBXOG6,
LOC101112585, FBXO2, PTCHD2, LOC105606453, UBIADI,
MTOR, ANGPTL7, EXOSC10, SRM, MASP2, LOC106991484,
TARDBP, LOC105616526, CASZ1

12

42

46

44.196

SLC25A33, LOC101113870, LOC105606443, LOC105606444,
LOC106991486, SPSB1, LOC105616528, H6PD,
LOC105606441, LOC105606442, GPR157, SLC2AS, CA6,
ENOI1, RERE, TRNAE-CUC, LOC101118715, SLC45A1,
LOC101118971, LOC101119233, LOC105609137, ERRFII,
PARK?7, TNFRSF9, UTS2, PER3, VAMP3, CAMTA1, TRNAG-
UCC, DNAJC11, THAP3, LOC106991487, KLHL21, ZBTB48,
LOC101116416, NOL9, PLEKHGS, TNFRSF25, ESPN, HES2,
ACOT7, TRNAE-UUC, GPR153, HES3, LOC101117436, ICMT,
RNF207, RPL22, CHDS5, KCNAB2, NPHP4, TRNAS-GCU

12

47

49

48.003

C12Hlorf174, DFFB, CEP104, LRRC47, LOC105609712,
SMIM1, CCDC27, TP73, WRAP73, TPRGIL, MEGF6,
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ARHGEF16, PRDM16, LOC105616533, ACTRT2, TRNAC-
GCA, LOC101103167, TTC34, MMEL1, FAM213B,
LOC105609715, HESS5, PANK4, PLCH2, PEX10, RERI1,
MORNI1, LOC105609719, SKI, LOC105616534, FAAP20,
PRKCZ, GABRD, LOC106991455, LOC106991467, CFAP74,
LOC101123057, TMEMS2, CALML6, GNB1, NADK,
LOC106991489, LOC101104843, MMP23B, MIB2

12 50 52 50.784  CASP9, LOC101111210, CTRC, EFHD2, FHADI, TMEMS51,
LOC105616540, KAZN, LOC105610224, LOC105616544,
LOC106991445, PRDM2, LOC106991490, PDPN

12 54 57 56.148 RABGAPIL, LOC106991446, MRPS14, CACYBP, TNN,
KIAA0040, TNR, RFWD2, LOC105612974, LOC101117093,
LOC101117349, TRNAW-CCA, PAPPA2, ASTN1,
LOC101117862, BRINP2, LOC101118972

14 11 13 11.814  GSE1, GINS2, C14H160rf74, EMCS8, LOC101105179,
LOC106991584, IRF8, LOC105616838, FOXF1, MTHFSD,
FOXC2, FOXL1, LOC105616839, C14H160rf95,
LOC106990561, FBXO31, MAP1LC3B, ZCCHC14, JPH3,
KLHDC4, LOC105612266, LOC106991585, SLC7AS, CASA,
BANP, LOC105616840, ZNF469

16 30 31 30.581 MRPS30, FGF10

16 44 45 44.099 LOC101116348, LOC101116603, LOC101116863,
LOC101120194, LOC101120441

21 40 41 40.432 LOC101110371, ASRGL1, SCGB1A1, AHNAK, EEF1G, TUT]I,

MTA2, EML3, ROM1, B3GAT3, GANAB, INTSS5, C21H110rf98,
METTL12, LBHDI1, LOC101112013, UBXN1, BSCL2,
LOC101114066, HNRNPUL2, TTC9C, LOC101114319, ZBTB3,
POLR2G, TAF6L, TMEM179B, TMEM223, NXF1, STXS,
WDR74, SLC3A2, CHRM1, LOC101112776, TRNAE-UUC,
LOC101117286, SLC22A8, LOC101117802, LOC101118064,
LOC101113025, LOC101118318, LOC101118571,
LOC101118829, LOC105604101, LOC101113546,
LOC101119087, TRNAC-GCA, LOC101119346

HAMA5 28 29 28.261 PRDM6, LOC105611875, PPIC, SNX24, SNX2, SNCAIP
SLLDA 6 77 78 77.814  ADGRL3, LOC101114018, LOC101119476

10 41 42 41.404 LOC101121273

13 35 36 35.9645 BAMBI, WAC, LOC105609169, LOC105609165,

LOC101119745, MPP7, ARMC4, LOC101118374,
LOC105609170, MKX

18 59 60 59.121 LOC105603234, LOC105603235, GLRXS, TCL1B,
LOC105603238, TCL1A, C18H140rf132, LOC105603241,
BDKRB2, BDKRBI1, ATG2B, GSKIP, AK7, LOC101121806,
LOC105603242, PAPOLA

Genes overlapping these regions were retrieved. A total of 125 genes for BART, 416 genes for BT and
107 genes for HAMA and OLDA were identified, of which 82, 250 and 55 genes were mapped for
BART, BT and HAMA_OLDA, respectively using the DAVID database. Only the genes retrieved from
iHS BT have significantly enriched functional classes (Benjamini-corrected p-value <0,05) (Additional
File 1). The first cluster presented Keratin type | associated genes according to Interpro domain, these
genes are involved in Staphylococcus aureus infection and Estrogen signaling pathway according to
KEGG pathway annotation, the second cluster represented Phospholipase A2 domain related genes,
involved in a variety of functions related to lipid metabolism by controlling fatty acids digestion and
absorption
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Table 4. Genomic regions putatively under selection identified using the Rsb BART Vs HAMA_OLDA
statistic. Genes in bold are located near the selection signals. Underlined genes are strong candidates
related to important traits.

CHR Start (Mb) End

Max peak Selected Genes

(Mb) breed
4 68 70 68.381 BART JAZF1, TAX1BPI1, LOC106991102, LOC101104741,
HIBADH, LOC101104988, EVX1, HOXA13,
LOC105606592, HOXA11, HOXA10, HOXA9,
LOC105606599, HOXA3, HOXAS, HOXA4, HOXA2,
LOC105606593, HOXA1, SKAP2, TRNAW-CCA, TRNAS-
GGA, LOC106991133, SNX10, CBX3, HNRNPA2BI1,
NFE2L3, MIR148A, LOC101107436
7 82 83 82.587 BART ELMSANI, PTGR2, ZNF410, FAM161B, COQ6, ENTPDS5,
BBOF1, ALDH6A1, LIN52, VSX2, ABCD4, VRTN,
SYNDIGI1L, NPC2, ISCA2, LTBP2, AREL1,
LOC105606507, LOC106991293, FCF1, YLPM1, PROX2,
DLST
13 56 57 56.037 BART PHACTR3, EDN3, LOC105616728, ZNF831, PRELID3B,
LOC105606223, TUBBI1, CTSZ, NELFCD, LOC101115640,
LOC105616729, LOC101102411, LOC105606221, NPEPL1,
STX16, APCDDIL
2 14 16 15.261 HAMA & EPB41L4B, FRRS1L, TMEM245, CTNNAL1, FAM206A,
OLDA IKBKAP, ACTL7A, ACTL7B, LOC105606795,
LOC105606800, LOC105606808, TRNAE-CUC,
LOC105606814, KLLF4, TRNAW-CCA, RAD23B
2 105 107 105.883 HAMA & GLRA3, LOC106990533, HPGD, LOC101113210, CEP44,
OLDA FBXO0S8, LOC106990444, LOC105608584, HAND2,
LOC105608588, SAP30, LOC105608589, HMGB2,
GALNT?7, LOC105608592, GALNTL6, TRNAW-CCA
3 89 90 89.530 HAMA & LOC105614903, LOC105614904
OLDA
3 122 123 122.792 HAMA & MGAT4C, TRNAG-CCC, TRNAC-GCA
OLDA
3 124 125 124,942 HAMA & C3H12o0rf50, C3H120rf29, CEP290, TMTC3, KITLG,
OLDA TRNAG-CCC
5 104 105 104.333 HAMA & FBXL17, FER
OLDA
6 80 81 80.531 HAMA & LOC106991226, LOC101119727, EPHAS
OLDA
6 114 115 114.475 HAMA & LOC105608268, TRMT44, CPZ, HMX1, ADRA2C,
OLDA LOC105615584, LOC106991218, LRPAP1, LOC106991219,
LOC106991220, HGFAC, DOK7, RGS12, MSANTDI1, HTT
13 35 36 35.917 HAMA & BAMBI, WAC, LOC105609169, LOC105609165,
OLDA LOC101119745, MPP7, ARMC4, LOC101118374,
LOC105609170, MKX
16 44 45 44,188 HAMA & LOC101116348, LOC101116603, LOC101116863,
OLDA LOC101120194, LOC101120441
Discussion

In the present study, we investigated the population structure of two Tunisian (BART and BT) and four
Algerian sheep breeds (BRBA, DMNA, HAMA and OLDA). All the analyses done (Fst, ADMIXTURE,
DAPC and PCA) point to a genomic similarity between the fat-tailed Tunisian Barbarine and the thin-
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tailed Algerian breeds HAMA and OLDA. This can be mainly explained by the widespread of cross-
breeding of BART with the Tunisian Queue fine de I’ouest, a thin-tailed breed closely related to the
before-mentioned Algerian populations. The extensive use of such cross-breeding is dictated by a
change in consumers preference who became more inclined towards low-fat meat (Kdidi et al., 2015).
The Algerian Barbarine is found to be more heterogeneous than its Tunisian counterpart. This is clearly
demonstrated in ADMIXTURE and DAPC analyses with the latter showing the five BRBA individuals
assigned to three different genetic clusters: 1, 2 and 5 (Figure 1b). The BRBA individual assigned to
cluster 2 consisting mainly of HAMA and OLDA and having the same genetic structure as these two
breeds in ADMIXTURE is in line with previous studies indicating that the Algerian Barbarine is
threatened by dilution with the Ouled-Djellal population (Gaouar et al., 2017). However, conclusions
regarding this breed should be drawn with caution because of the low number of BRBA individuals in
this study. Further studies must be conducted including additional individuals sampled across the whole
country to quantify more precisely the dilution phenomenon. On the other hand, our results corroborate
the study of (Belabdi et al., 2019) who reported a significant intensification of crossing practices
between OLDA and HAMA over the past 30 years leading to a dilution of the latter breed. All the
population structure analyses revealed a clear separation of Black Thibar which reflects the fact that this
breed benefits from intra-breed selection program. This latter is favored by the distinctive black coat
color and a restricted geographical location. Indeed, the majority (99%) of Black Thibar flocks is located
in North Tunisia (GIVLAIT, 2007).

We identified several regions putatively under ongoing selection for the three populations. The Black
Thibar breed showed the highest number and the most obvious signals of selection. Indeed, five
candidate genomic regions located on OAR12 containing more than 10 SNPs exceeding the significance
threshold were identified for this breed. This often represents more than 30% of the total number of
markers located within each genomic region. The high number of candidate regions detected within BT
could be explained by the young age of this breed created during the early 20th century by the White
Fathers with a reciprocal cross between the Queue fine de 1’ouest and the imported Arles Merino, the
latter originating from local ewes crossed with Spanish Merino rams (Mason, 1969).

The iHS test is known to be highly efficient in detecting ongoing selective sweeps (Voight et al., 2006).
The selection signature on chromosome 12 spanning the interval [39.778 Mb — 40.383 Mb] may be the
most biologically relevant due to the presence of 4 highly significant SNPs (7.02 <P-value<11.64).
Furthermore, iHS values within this interval are largely negative indicating that selection is occurring
on the derived allele (data not shown). The SNP with the highest P-value (position: 40,223,491 bp) is
located within the PTCHD2 gene (OAR12: 40,205,947 — 40,246,125 Mb). PTCHD?2 (called also DISP3)
encodes a protein involved in neuronal proliferation and differentiation (Zikova et al., 2014). PTCHD2
is also a tumor suppressor gene. Mutations in this gene predispose patients to Basal Cell Carcinoma
(BCC), a type of skin cancers that most often develops on areas of skin exposed to the sun (Fujii et al.,
2013; Smyth et al., 1999). Bearing in mind that Black Thibar was created and selected to fix the black
color in the skin in order to tackle the issue of photosensitization of light-skinned animals engendered
by the consumption of the St. John's wort (Hypericum perforatum) weed (Abdellatif, 1968), we can
hypothesize that the selection signal within PTCHD2 could be considered as another adaptive feature to
counter the adverse effects of photosensitization on skin in Black Thibar. Further functional studies are
needed to set whether or not there is a relationship between this gene and photosensitization. Another
relevant candidate region on OAR12 putatively under ongoing selection in BT is located between 42,297
Mb and 44,841 Mb. This interval includes 8 highly significative SNPs (6.08 <P-value< 7.34) and
overlaps with a previously reported genomic region potentially associated with nematode resistance in
autochthonous Tunisian sheep (Ahbara et al., 2021). Likewise, our candidate region overlaps with
selection signature identified in the Italian Laticauda and the Libyan Barbary (Mastrangelo et al., 2019).
Within this interval, we selected one candidate gene, SLC45A1 (Solute Carrier Family 45 Member 1)
which was shown to be associated with wool production traits (more precisely with staple length) in
Turkish sheep (Arzik et al., 2023). Our choice is motivated by two main reasons: i) SLC45A1 is only
210 kb downstream the selection signal peak. ii) SLC45A2, a paralog to SLC45A1, is associated with
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variation in coat color in several species such as sheep (Wang et al., 2016), horses (Sevane et al., 2019),
dog (Wijesena and Schmutz, 2015) and mice (Le et al., 2020). Black Thibar was primarily selected for
wool quality (Chalh et al., 2007). Therefore, we do not exclude an influence of SLC45A1 on coat color
in Black Thibar given that paralogous proteins have the same biochemical function even though they
may act on different targets. Our candidate regions harbour two other genes influencing wool quality,
Keratin 34 (KRT34, OAR11: 41-42 Mb) and WD Repeat Domain 74 (WDR74, OAR21:40-41 Mb).
KRT34 is among the keratin intermediate filaments (KIF) genes involved in wool formation in sheep
(Yu et al., 2010). WDR74 is associated with hair follicle development in goat (Jin et al., 2020). In
addition to wool, BT was selected since the 1960s for growth and reproduction traits. Under intensive
breeding conditions, this breed has growth and reproductive performances significantly higher than that
of the other Tunisian meat sheep breeds, namely the Barbarine and the Queue fine de I’ouest (Ben Salem
et al., 2009). Accordingly, we expect that some of the genes located within the candidate regions are
associated with both types of traits. On OAR12, we identified ACTRT2 (Actin Related Protein T2), a
cytoskeletal gene encoding a protein that belongs to the actin family which plays a crucial role in cell
and tissue growth (Garcia-Gonzélez and van Gelderen, 2021). The selection signal peak is only 17 kb
upstream ACTRT2. Importantly, this gene is also associated with male fertility and spermatogenesis
(Chen et al., 2023; Louvandini et al., 2020). Another gene with pleiotropic effects on growth and
reproduction traits is PSME4, a gene located 65 Kb upstream the selection signal peak on OARO3 (the
SNP with the highest P-value in this region is located at 69,813,088 bp). PSME4, also called PA200
(Proteasome Activator PA200), has its highest RNA expression in skeletal muscle and testes
(www.proteinatlas.org). PA200-/- mice has a faster decline in Gastrocnemius muscle fibre diameter than
that in the wild-type mice (Jiang et al., 2021). CircPSME4 (circular RNA transcribed from PSME4 gene)
was demonstrated to be a novel regulator of skeletal muscle development in pig (Zeng et al., 2023).
PA200 has also an important non-redundant function during spermatogenesis. Indeed, loss of this gene
led to a marked reduction in male fertility in mice owing to defects in spermatogenesis observed in
meiotic spermatocytes and during the maturation of postmeiotic haploid spermatids (Khor et al., 2006).

Regarding the Tunisian Barbarine, we identified a clear signal, revealed by iHS test, on chromosome 13
spanning 2 Mb [46 — 48 Mb]. The candidate region on this chromosome includes 11 significant SNP
(52% of the total number of SNP within this window). Examining the genes of this region, we identified
an interesting candidate, CDS2, which is involved in phospholipid biosynthetic process and has been
shown to be an important novel regulator of lipid storage in mammals (Qi et al., 2016). Therefore, this
gene could be involved in the fat-tail phenotype of BART. A closer look to the region allowed us to
identify a well-known gene: Bone morphogenetic protein 2 (BMP2, OAR13: 48,387,181 — 48,400,67)
located less than 1Mb of our peak signal. This gene, identified in several studies (Ahbara et al., 2019;
Lu et al., 2020; Mastrangelo et al., 2019; Zhao et al., 2020), as one of the major genes linked to fat-tail
phenotype in sheep.

By contrasting haplotypes of fat-tailed Tunisian Barbarine and thin-tailed Algerian Hamra and Ouled-
Djellal we retained another genomic region located [68 — 70 Mb] under selection in BART. This interval
included 12 SNPs (38% of the total number of SNPs within the window) passing the threshold of
—log10(p-value) equal to five. Nearby the peak signal, we found HIBADH (OARO04: 68,423,031 —
68,542,169), a gene that is shown to be involved in mitochondrial function of spermatozoa and the
maintain of sperm motility (Tasi et al., 2013). Several studies highlighted the effect of heat stress on
sheep fertility, as temperatures above 32 to 35°C decreases considerably sperm motility (Barragan Sierra
et al., 2021; Mieusset et al., 1992; van Wettere et al., 2021). We speculate that the mutation observed in
HIBADH allows BART to maintain good fertility rates under hot climate. We identified a second
relevant region on OAR7 [82 — 83 Mb] under selection in BART spanning 1 Mb [82 — 83 Mb] with a
peak signal at 82.587 Mb. The nearest gene to the peak is SYNDIG1L. This gene is known to be involved
in body development of numerous livestock species. It was reported to be a factor affecting the final
body weight and back-fat thickness in Landrace pigs (Lee et al., 2018). SYNDIGLL also affects the
formation of bovine body shape in cattle (An et al., 2020) and regulates thoracic vertebral numbers in
sheep (Zhong et al., 2021). From either side of this gene, we identified two other additional potentially
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candidate genes: VRTN (OARO07: 82,533,315 — 82,535,355) and NPC2 (OARO07: 82,634,501 —
82,644,085). VRTN is a major selection locus for the number of thoracic vertebrae in sheep (Li et al.,
2019) while NPC2 plays an important role in cholesterol hemostasis. Its recombinant protein increases
triglyceride level in body fat (Adachi et al., 2014). NPC2 was presented as a potential candidate gene
for lipid metabolism in Asian sheep (Zhao et al., 2017).

The strongest selection signal detected within the thin-tailed Algerian populations, Hamra and Ouled-
Djellal, was located on OAR13 [35-36 Mb]. This region is jointly identified by iHS and Rsb tests, with
a peak signal (35.9645 Mb) found within Mohawk homeobox (MKX, OAR13: 35,886,096 — 35,953,956),
a gene which regulates the number of vertebrae in pigs (Duijvesteijn et al., 2014). Furthermore, MKX
negatively regulates MyoD expression and myoblast differentiation (Chuang et al., 2014). Importantly,
reduced expression of MyoD gene in mice muscle might be associated with meat tenderness (Lian et
al., 2013). Hence, MKX gene would be one of the genes under selection explaining differences in meat
quality between the fat-tailed Barbarine and the thin-tailed Algerian breeds. Another, relevant region
identified with Rsb BART Vs HAMA_OLDA, was located on OAR06 (114 — 115 Mb). In total, 25% of
the SNPs in this window exceeded the significance threshold. Adrenergic a2C receptor (ADRA2C)
(OARO06: 114,453,422 — 114,455,456) coincides with the selection peak in this region. ADRA2C is an
inhibitory modulator of the sympathetic nervous system. Knockout mice for this gene show
physiological and behavioral alterations such as enhanced startle response, shortened attack latency, and
diminished acoustic prepulse inhibition (Sallinen et al., 1998). ADRA2C is located near to one of the
strongest selection signatures identified in the context of chicken domestication (Rubin et al., 2010).
Studies about differences in behavior between sheep populations from North Africa are almost
inexistant. Hence, for now we are not able to find an explanation for the reason of this gene being under
divergent selection between BART and thin-tailed Algerian breeds.

In the present study, the majority of the genes putatively under selection in fat-tailed sheep or under
divergent selection between fat- and thin-tailed breeds are associated either with lipid metabolism or
with vertebral development. This is in agreement with the review made by (Kalds et al., 2021) in which
they observed that differences between fat- and thin-tailed sheep was not only perceptible from fat
deposition level but also from caudal vertebrae number and tail length.

Conclusion

Our study highlighted several genes related to important traits playing a key role in the continuity and
the survive of Tunisian and Algerian sheep breeds granting their thrive in the North African environment
with a firm performance. We also shed light on the importance of preserving these genetically unique
resources. Additionally, recognizing the impact of hybridization on the genomic architecture of these
breeds would emphasize the need for suitable management strategies that balance the preservation of
genetic diversity with targeted breeding goals.
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