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Simple Summary: This paper reported genetic parameters of four Senegalese sheep breeds, in
relation to inbreeding, diversity and genetic proximity. The results provide informations on genetic
conservation and adaptability of the breeds in the Senegalese context.

Abstract: In Senegal, sheep breeds have adapted to their environment and play a key socio-economic
role. This study aimed to explore the genetic diversity and structure of four Senegalese sheep
breeds (Peul-peul, Djallonke, Touabire, and Ladoum) and their relationships with global sheep
breeds. To that end, forty-seven sheep were genotyped using the OvineSNP50 BeadChip, and
these genotypic data were analysed with those of 73 sheep breeds representative of worldwide
ovine diversity (2729 animals). The average observed heterozygosity (Ho) ranged from 0.293 in
Djallonke sheep to 0.339 in Touabire sheep. The estimated Fis values were low, ranging from 0.019
for Ladoum to 0.034 for Peul-peul sheep. The estimated Fst values were low (0.003-0.044) among
the trypanosusceptible breeds (Peul-peul, Touabire, and Ladoum) but high between the previous
breeds and the trypanotolerant Djallonke breed (0.075-0.116), indicating better genetic conservation
of the Djallonke sheep. A principal component analysis revealed clustering of the Senegalese sheep
breeds according to their geographic distribution. However, owing to genetic improvement practices,
the introgression of Touabire sheep blood seems to have reshaped the genetic landscape of the
trypanosusceptible sheep breeds in Senegal. The Senegalese sheep breeds showed lower genetic
diversity than their presumed ancestral sheep breeds of the Middle East. They also presented some
relatedness with Caribbean sheep breeds, which reveals their contribution to the global genetic
diversity and to the development of Caribbean sheep breeds.

Keywords: SNP; sheep; Senegal

1. Introduction

Sheep, the most commonly farmed species after poultry, play a crucial socio-economic
role in Senegal. In addition to their economic value, sheep are the preferred meat among
Senegalese consumers [1] and the primary animal species offered as sacrifice during various
social (weddings) and religious (baptisms and mainly Tabaski, also referred to as Aid el
Kabir) events. Hence, the demand for sheep in Senegal continues to increase (810,000 heads
sacrificed in 2020, according to official estimations) and is largely covered by imports of
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live sheep from neighbouring countries (Mauritania and Mali) [2]. The demand for sheep
is not just quantitative; in large cities such as Dakar, it is also qualitative, especially on the
occasion of Tabaski, during which sheep have a representative function and are a status
symbol for their owner [3].

The sheep breeds traditionally raised in Senegal include Peul-peul and Djallonke,
which are thin-tailed and domesticated in the central Fertile Crescent. They are thought
to descend from the Asiatic mouflon (Ovis orientalis) [4]. According to archaeozoological
data, they were introduced to Africa via the Isthmus of Suez and/or the Southern Sinai
Peninsula between 7500 and 7000 BP and reached West Africa by 3700 BP [5]. Peul-peul is
a long-legged sheep breed (65-75 cm tall) and is related to the Sahelian sheep found in the
arid and semi-arid zones of the Sahel belt in West Africa. They are considered the most
ancient sheep on the continent, and their convex nose, pendulous ears, and exceptionally
long legs closely resemble those of sheep found in ancient Egypt [6,7]. Djallonke sheep
are related to tropical dwarf trypanotolerant sheep found in sub-humid and humid zones
of West and Central Africa and are smaller (40-60 cm) than Peul-peul sheep. Both breeds
are reared under extensive low-input production systems where animals graze natural
pastures all year round and certain supplements (agricultural by-products) are sometimes
fed [8]. These native Senegalese sheep breeds are well known for their hardiness, i.e.,
they can live on poor-quality feed and under high temperatures and disease pressure.
However, their productivity is low—-their mature body weights are 30-45 kg for Peul-
peul and 20-30 kg for Djallonke sheep. The search for good-quality sheep has led to
the increased introduction of different sheep breeds to Senegal for genetic improvement
purposes [9]. Since the introduction of European and Moroccan breeds is considered a
failure, the Mauritanian short-haired Touabire sheep, known as one of the largest breeds
in the sub-region, has been widely used in Senegal [8], and its cross with Peul-peul sheep
is named Waralé [9]. To deal with the high demand for these aesthetic-judged sheep,
urban and peri-urban breeders simultaneously initiated a breeding program that yielded
a new breed called Ladoum. According to Ousseini [10], the Ladoum breed could have
been developed in Thiés from the nucleus of Touabire sheep imported from Mauritania
in the 1970s or from a local breed through selection. From Thies, it extended to other big
Senegalese cities, mainly Dakar, which is its main basin. These sheep are extremely popular
among the Senegalese for their large size and social-based aesthetic criteria and are used for
crossbreeding purposes. Such genetic improvement practices threaten native Senegalese
sheep breeds, the hardiness of which is the cornerstone of sheep farming systems in Senegal.
This could deteriorate the already precarious conditions of animal genetic resources in West
Africa, where under the combined effects of climate change, drought, and increase in the
amplitude of transhumance, there is an increasing erosion of genetic diversity. The erosion
of locally adapted genetic resources will significantly limit the options and capacity to cope
with changes in production environments and breeding goals [11].

The genetic characterisation of these local breeds is an essential step toward providing
guidelines for future conservation and improving the management of sheep genetic diver-
sity. Early studies on Senegalese sheep breeds used morphometric traits [9,12] or blood
markers [13]. However, in recent years, analyses using single-nucleotide polymorphisms
(SNPs) have become the standard approach for genetic diversity analysis and genome-wide
studies [11]. The recently developed genome-wide medium-density ovine SNP array is an
excellent tool for investigating genetic diversity at high resolutions, for inferring popula-
tion history, and for mapping genomic regions subject to selection and adaptation [14-16].
Therefore, it offers the opportunity to trace historical patterns of Senegalese sheep breed
structures on a broader geographic scale.

Here, we aim to explore the genetic diversity, population structure, and relationships
among the main Senegalese sheep breeds—the two local breeds Djallonke and Peul-peul,
the newly developed breed Ladoum, and Touabire sheep imported from Mauritania—using
a newly developed genotyping dataset. We analysed 47 unrelated Senegalese sheep by
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genotyping using OvineSNP50 BeadChip from Illumina and combined these genotypes
with those of 73 other sheep populations representative of the sheep genetic diversity.

2. Material and Methods
2.1. Breeds, Sampling Strategy, and DNA Extraction

Four sheep breeds were sampled in this study: Djallonke (DJA), Peul-peul (PEU),
Touabire (TOU), and Ladoum (LAD). In Senegal, Djallonke sheep are primarily found in
Casamance. The Kolda Region, where the Animal Production Research Centre of Kolda
hosts technical facilities for blood sampling (n = 12), was the focus of our study. Peul-peul
sheep are found in tsetse fly-free zones of rural areas. For this breed, blood sampling (n = 12)
was conducted in Dahra in the Djolof, known as the breed birthplace. This blood sampling
was organised by the Animal Production Research Centre of Dahra (CRZ-D). One blood
sample was collected per village, with a minimum distance of 12 km between two villages,
except for the Ladoum breed, due to its in-city geographical dispersion. Ladoum blood
samples (n = 12) were collected in the Dakar Region from farms whose owners were
members of the ADAM, a farmer association specialised in the breeding of Ladoum sheep.
For these three breeds, the farms and the animals in each farm were randomly chosen.
Although Touabire sheep are found in the Northern region of Senegal [17], for breed
purity reasons, samples (n = 12) were collected among sheep imported from Mauritania
(birthplace of the Touabire breed) available for sale at a livestock market in Dakar. DNA
was extracted from 5 mL of frozen blood, as described by Jeanpierre [18], at the Molecular
Biology Laboratory of the Inter-State School of Veterinary Science and Medicine of Dakar.

2.2. DNA Genotyping

The DNA samples were genotyped using OvineSNP50 BeadChip from Illumina
(www.illumina.com, accessed on 30 March 2022) at the GIGA research center (Univer-
sity of Liege, Belgium). The genotypes were then integrated into the WIDDE database
(www.widde.toulouse.inrae.fr, accessed on 30 March 2022) [19]. The quality filtering was
performed using WIDDE utilities. In particular, SNPs genotyped for <75% of individuals
in at least one breed (minimal individual genotyping call rate was set to 90% through-
out) and animals genotyped for <95% of the SNPs were discarded. SNPs with a minor
allele frequency of <1% and those deflecting from the Hardy—Weinberg equilibrium (ex-
act test p-value <0.001) were also filtered out. Two genotyping datasets were extracted
from WIDDE for further analyses, i.e., the SEN-Set and the WORLD-Set (Table 1). Finally,
the SEN-Set included 47 animals from the four Senegalese breeds (a Djallonke sample
was excluded) genotyped for 44,321 SNPs after discarding 2498 SNPs. The WORLD-Set
consisted of 2776 animals belonging to 77 sheep breeds, including the four Senegalese
breeds and 73 breeds representative of the worldwide ovine diversity [20,21] genotyped
for 40,916 SNPs (5903 SNPs excluded).

Table 1. List of the sheep breeds of the WORLD-Set considered in the current study.

Breed ID Breed Name Location Area of Origin Nb Reference
ADP African Dorper South Africa Souh Africa 21 [20]
AFS Afshari Iran Middle East 37 [20]
AIM Australian Industry Merino Australia Europe 88 [20]
ALT Altamurana South Italia Europe 24 [20]
APA Arapawa New Zealand Europe 37 [20,22]
APD Australian Poll Dorset Australia Europe 108 [20]
APM Australian Poll Merino Australia Europe 98 [20]
ASU Australian Suffolk Australia Europe 109 [20]
AUM Australian Merino Australia Europe 50 [20]
AWD African White Dorper South Africa South Africa 6 [20]
BBB Barbados Black Belly Barbados Caribbean 24 [20]
BCS Brazilian Creole Brazil America 23 [20]
BGA Bangladeshi Garole Bangladesh Asia 24 [20]

BGE Bangladeshi East BGE Bangladesh Asia 24 [20]
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Table 1. Cont.

Breed ID Breed Name Location Area of Origin Nb Reference
BHM Black Headed Mountain UK Europe 24 [20]
BMN Morada Nova Brazil America 22 [20]
BOS Bundner Oberlander Sheep Germany Europe 24 [20]
BRL Border Leicester UK Europe 48 [20]

BSI Santa Ines Brazil America 47 [20]
CAS Castellana Spain Europe 23 [20]
CFT Cyprus Fat Tail Cyprus Middle East 30 [20]
CHA Changthangi Indian Asia 29 [20]
CHI Chios Greece Europe 23 [20]
CHU Churra Spain Europe 120 [20]
CME Chinese Merino China Europe 23 [20]
COM Comisana Italia Europe 24 [20]
CPW Australian Coopworth Australia Europe 19 [20]
DJA Djallonke Senegal West Africa 11 this study
DSH Dorset Horn UK Europe 21 [20]
EFB East Friesian Brown Germany Europe 39 [20]
EFW East Friesian White Germany Europe 9 [20]
EMZ Ethiopian Menz Ethiopia East Africa 34 [20]
ERS Engadine Red Sheep Swiss Europe 24 [20]
FIN Finnsheep Finland Europe 99 [20]
GAL Galway UK Europe 49 [20]
GAR Indian Garole India Asia 26 [20]
GCN Gulf Coast Native Us America 94 [20]
GTX German Texel Germany Europe 46 [20]
GUR Garut Indonesia Asia 22 [20]
IDC Deccani India Asia 24 [20]

ISF Irish Suffolk UK Europe 55 [20]
KRS Karakas Turkey Middle East 18 [20]
LAD Ladoum Senegal West Africa 12 this study
LEC Leccese Italia Europe 24 [20]
LME Lacaune (meat) France Europe 78 [20]
LMI Lacaune (milk) France Europe 103 [20]
MCM Macarthur Merino Australia Europe 10 [20]
MLA Merinolandschaf Germany Europe 24 [20]
MOG Moghani Iran Middle East 34 [20]
NDZ Norduz Turkey Middle East 20 [20]
NQA Namaqua Afrikaner South Africa South Africa 12 [20]
NTX New Zealand Texel New Zealand Europe 24 [20]
OJA Ojalada Spain Europe 24 [20]
ONS Old Norwegian Spaelsau Norway Europe 15 [20]
PEU Peul Senegal West Africa 12 this study
QEZ Qezel Iran Middle East 35 [20]
RAA Rasa Aragonesa Spain Europe 22 [20]
RDA Ronderib Afrikaner South Africa South Africa 17 [20]
RMA Red Maasai Kenya East Africa 45 [20]
RMB Merinos de Rambouillet France Europe 102 [20]
ROM New Zealand Romney New Zealand Europe 24 [20]
SAB Sardinian Ancestral Black Ttalia Europe 20 [20]
SBF Scottish Blackface UK Europe 56 [20]

SBS Swiss Black Swiss Europe 24 [20]
SKZ Sakiz Turkey Middle East 22 [20]
SMS Swiss Mirror Swiss Europe 24 [20]
SPC Spael Norway Europe 3 [20]
SPW Spael Norway Europe 32 [20]
STE St Elizabeth Jamaica Caribbean 10 [20]
STX ScottishTexel UK Europe 80 [20]
SUM Sumatra Indonesia Asia 24 [20]
SWA Swiss White Alpine Switzerland Europe 24 [20]

TIB Tibetan China Asia 37 [20]
TOU Touabire Senegal West Africa 12 this study
VBS Valais Blacknose Canada Europe 24 [20]
VRS Valais Red Switzerland Europe 24 [20]
WIL Wiltshire UK Europe 23 [20]

Nb: Number of animals after filtering.
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2.3. Analyses of Sheep Breed Genetic Diversity and Structure

A principal component analysis was performed using smartpca software [23] and
visualised with R package ade4 [24]. Unsupervised genotype-based hierarchical clus-
tering of the individual samples was performed using the maximum-likelihood method
implemented in Admixture 1.06 [25].

Observed heterozygosities, expected heterozygosities [26], and F-statistics (within a
population Fis and between populations Fst) [27] were estimated using custom R functions.

For Senegalese sheep breeds, the gene flow parameter Nm was calculated using the
following formula [28]:

Nm =1 — Fst/4 Fst. D

ASDs (allele sharing distances) were computed for each pair of individuals using all
available SNP information. For a given pair of individuals i and j,

ASD =1 — xij, ()

where xij represents the proportion of alleles alike in state, averaged over all genotyped
SNPs. A neighbour-joining (NJ) tree was computed based on the ASD matrix using R
package ape software [29].

3. Results and Discussion
3.1. Within-Breed Genetic Diversity

The genetic diversity of the Senegalese sheep breeds explored using the SEN-Set is
presented in Table 2. The observed heterozygosity (Ho) varied from 0.302 in the Djallonke
sheep to 0.323 in the Ladoum sheep and from 0.344 in the Peul-peul sheep to 0.349 in the
Touabire sheep. The expected heterozygosity (He) was the lowest in the Djallonke sheep
and highest in the Touabire sheep. These estimates of within-breed genetic diversity were
in the range of previously published data based on SNPs [20,30-33] but were low compared
to those reported for similar breeds in West Africa, for which Ho ranged from 0.583 to
0.703 [34-36]. However, the latter studies were based on a low number of microsatellite
polymorphisms (n = 12-27). The lowest genetic diversity observed in the Djallonke sheep
could have resulted from the cordon sanitaire around this breed, created by tsetse flies (i.e.,
vectors of the Animal African Trypanosomosis) present within its habitat, which limited
the introduction of trypanosusceptible Senegalese sheep breeds for crossbreeding purposes.
The estimated Fis values were low (ranging from 0.019 for Ladoum to 0.034 for Peul-peul
Table 2) and in the range of the Fis of other sheep breeds for which weak-to-moderate
inbreeding coefficients were reported [20,30,31].

Table 2. Genetic diversity estimates in the four studied Senegalese sheep breeds.

Breed Nb Ho He Fis
Dijallonke 11 0.302 0.286 0.024
Peul-peul 12 0.344 0.322 0.034
Touabire 12 0.349 0.330 0.024

Ladoum 12 0.323 0.307 0.019

Nb: Number of animals after filtering.

3.2. Population Relationships and Structure

Population relationships among the Senegalese breeds were determined by calculating
a pairwise Fst and gene flow parameter Nm (assessed based on the number of migrants
per generation) matrix (Table 3).

The estimated Fst values among the trypanosusceptible breeds Peul-peul, Touabire, and
Ladoum were low (0.0033-0.0438) and in the range of previously reported results [11,37]. The
largest computed values were found between the Djallonke and Ladoum sheep breeds
(0.1156), between the Djallonke and Peul-peul sheep breeds (0.0772), and between the
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Djallonke and Touabire sheep breeds (0.0749) and could reflect the effectiveness of sanitary
barriers against the introgression of other breeds imposed by trypanosomosis, as stated pre-
viously. Moreover, in the absence of artificial insemination technology in sheep in Senegal,
the small size of the Djallonke sheep could not support crossbreeding with large breeds
such as Ladoum and Touabire. We did not observe in Senegalese sheep the trends reported
in cattle of increased introgression of the trypanosusceptible breed into trypanotolerant
cattle [38—40]. The largest Nms were found between the Peul-peul and Touabire sheep (73.3)
and between the Touabire and Ladoum sheep (8.7). Apart from the husbandry system,
this could have resulted from the common use of Touabire sheep by Senegalese farmers
to upgrade the size of the Peul-peul sheep for a better sale price during Tabaski. These
crossbreeding practices were also enforced by policy makers in CRZ-D who implemented
the nucleus of Touabire sheep [8]. Moreover, the Dahra region, from where the Peul-peul
sheep samples were collected, houses the biggest livestock market of Senegal [41]. It is
connected to various markets via many roads, including those from Mauritania, and these
could serve as crossbreeding paths between the Peul-peul sheep and other sheep breeds.
The second highest Nm (8.7) was observed between the Touabire and Ladoum sheep,
supporting the hypothesis related to the Touabire origin of the Ladoum sheep.

Table 3. Pairwise genetic differentiation (Fst, lower triangular matrix) and gene flow (Nm, upper
triangular matrix) among the Senegalese sheep breeds based on the polymorphisms of 44,321 SNPs.

Djallonke Ladoum Peul-Peul Touabire
Djallonke - 1.913 2.980 3.079
Ladoum 0.116 - 5.432 8.679
Peul-peul 0.077 0.044 - 73.279
Touabire 0.075 0.028 0.003 -

The relationships within individuals and among Senegalese sheep breeds, as illus-
trated by the principal component analysis, are shown in Figure 1. The variations accounted
for by the first and the second principal components were lower (6.23% and 4.23%, respec-
tively) than the variations reported by Edea et al. [11] in Ethiopian sheep breeds and by
Sandenberg et al. [42] in South African sheep breeds; however, our findings corroborated
those of Kijas et al. [20] and Deniskova et al. [37]. According to Kijas et al. [20], the 20 largest
principal components accounted for only 16% of the total variation. The principal compo-
nent analysis clustered the breeds into two main groups, i.e., the trypanotolerant Djallonke
sheep and the trypanosusceptible Peul-peul, Touabire, and Ladoum sheep. Currently, West
African small ruminants are clustered in the Sahelian type (with trypanosusceptible breeds)
and in the forest or savannah type (with the trypanotolerant Djallonke sheep) [43,44]. Thus,
we confirmed the findings of many previous studies indicating sheep breed clustering
according to their geographic distribution [11,20].

The Admixture analysis (Figure 2) provided additional evidence of the distinctness of
the Djallonke sheep that clustered in a separate group at k = 2. Atk = 3, the clear contribu-
tion of the Touabire breed to the other trypanosusceptible breeds (i.e., Ladoum and Peul-
peul) was illustrated and was consistent with the results of the principal component analysis.

The NJ tree constructed using ASD genetic distance (Figure 3) confirmed the clustering
of the Senegalese sheep breeds into three clads: a clad with the Djallonke sheep; another
one with the Ladoum sheep and some Touabire sheep; and finally, one with a mixture
of the Peul-peul and Touabire sheep. Consistent with the findings of Ciani et al. [21], we
observed genetic sub-structuring in the Senegalese Sahelian-type breeds, which reflects
recent herd management and trade practices wherein the Ladoum sheep emerge at the
expense of the Peul-peul and Touabire sheep.
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Figure 1. PCA results obtained with the 47 individuals of the four Senegalese breeds genotyped
for 44,321 SNPs (SEN-Set). Individuals are plotted according to their coordinates on the first two
principal components. Ellipses characterise the dispersion of each breed around its centre of gravity.

Ancesty

Bncesiry

Fcesty

Figure 2. Unsupervised hierarchical clustering of the 47 individuals of the four Senegalese breeds
genotyped for 44,321 SNPs (SEN-Set). Results for an inferred number of clusters k varying from 2 to

4 are shown.
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Figure 3. Neighbour-joining tree relating the 47 individuals of the four Senegalese breeds. The
tree was constructed using allele sharing distances averaged over 44,321 SNPs. Labels are coloured
according to the individual breed of origin.

3.3. Senegalese Sheep Breeds in the Global Context

To compare genetic diversity and trace historical patterns of Senegalese sheep breeds
structure on a broader geographic scale, the genotypic data of the WORLD-Set were
analysed. The Ho and He were in the range of genetic diversity computed for other African
breeds (African Red Dorper, Ronderib Africkaner, Red Masai, and Ethiopian), but were
slightly lower than those computed for their presumed ancestral breeds from South-East
Asia (Afshari, Karakas, Moghani, Norduz, and Quel) (Table 4) and aligned with the known
decline in genetic diversity with the distance separating location from the domestication
centre [45,46]. The pairwise Fst values (Figure 4) were low between Senegalese sheep
breeds (mainly Peul-peul and Touabire) and some Middle Eastern sheep breeds (i.e., Qezel
and Moghani) and Spanish sheep breeds (i.e., Rasa Aragonesa and Castellana). They were
the highest with MacArthur merino and some breeds from the UK (i.e., Wiltshire, Border
Leicester, and Dorset Horn).

Table 4. Within-breed genetic diversity indices in 77 breeds estimated from different SNP datasets.

Breed ID Breed Name Nb Ho He Fis
ADP African Dorper 21 0.342 0.337 —0.012
AFS Afshari 37 0.355 0.348 —0.020
AIM Australian Industry Merino 88 0.367 0.374 0.019
ALT Altamurana 24 0.360 0.369 0.026
APA Arapawa 37 0.326 0.349 0.067
APD Australian Poll Dorset 108 0.345 0.344 —0.003
APM Australian Poll Merino 98 0.372 0.375 0.008
ASU Australian Suffolk 109 0.372 0.372 —0.001
AUM Australian Merino 50 0.363 0.374 0.031
AWD African White Dorper 6 0.327 0.301 —0.086
BBB Barbados Black Belly 24 0.317 0.341 0.070
BCS Brazilian Creole 23 0.329 0.371 0.114
BGA Bangladeshi Garole 24 0.286 0.307 0.069
BGE Bangladeshi East BGE 24 0.270 0.313 0.140
BHM Black Headed Mountain 24 0.330 0.340 0.029
BMN Morada Nova 22 0.310 0.319 0.028
BOS Bundner Oberlander Sheep 24 0.359 0.347 —0.034
BRL Border Leicester 48 0.290 0.291 0.001

BSI Santalnes 47 0.345 0.353 0.023

CAS Castellana 23 0.378 0.375 —0.008
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Table 4. Cont.
Breed ID Breed Name Nb Ho He Fis
CFT Cyprus Fat Tail 30 0.326 0.315 —0.036
CHA Changthangi 29 0.332 0.353 0.060
CHI Chios 23 0.324 0.330 0.019
CHU Churra 120 0.359 0.362 0.008
CME Chinese Merino 23 0.365 0.359 —0.017
COM Comisana 24 0.372 0.368 —0.009
CPW Australian Coopworth 19 0.378 0.366 —0.033
DJA Djallonke 11 0.293 0.300 0.024
DSH Dorset Horn 21 0.315 0.296 —0.065
EFB East Friesian Brown 39 0.295 0.300 0.018
EFW East Friesian White 9 0.316 0.310 —0.018
EMZ Ethiopian Menz 34 0.321 0.325 0.013
ERS Engadine Red Sheep 24 0.369 0.366 —0.009
FIN Finnsheep 99 0.345 0.356 0.031
GAL Galway 49 0.335 0.334 —0.003
GAR Indian Garole 26 0.288 0.295 0.024
GCN Gulf Coast Native 94 0.364 0.377 0.034
GTX German Texel 46 0.349 0.354 0.016
GUR Garut 22 0.333 0.332 —0.003
IDC Deccani 24 0.335 0.337 0.005
ISF Irish Suffolk 55 0.315 0.330 0.046
KRS Karakas 18 0.355 0.347 —0.022
LAD Ladoum 12 0.313 0.319 0.019
LEC Leccese 24 0.346 0.372 0.070
LME Lacaune (meat) 78 0.365 0.371 0.016
LMI Lacaune (milk) 103 0.361 0.365 0.009
MCM Macarthur Merino 10 0.231 0.229 —0.011
MLA Merinolandschaf 24 0.362 0.359 —0.007
MOG Moghani 34 0.363 0.363 —0.001
NDZ Norduz 20 0.352 0.337 —0.046
NQA Namaqua Afrikaner 12 0.287 0.252 —0.140
NTX NewZealand Texel 24 0.344 0.347 0.008
OJA Ojalada 24 0.376 0.377 0.001
ONS Old Norwegianspaelsau 15 0.339 0.358 0.054
PEU Peul 12 0.333 0.345 0.035
QEZ Qezel 35 0.361 0.366 0.015
RAA Rasaaragonesa 22 0.384 0.383 —0.002
RDA Ronderib Afrikaner 17 0.315 0.300 —0.048
RMA Red Maasai 45 0.324 0.323 —0.004
RMB Merinos de Rambouillet 102 0.345 0.357 0.032
ROM New Zealand Romney 24 0.347 0.355 0.023
SAB SardDSHinian Ancestral Black 20 0.355 0.339 —0.049
SBF Scottish Blackface 56 0.361 0.360 —0.002
SBS Swiss Black 24 0.354 0.352 —0.006
SKZ Sakiz 22 0.333 0.313 —0.065
SMS Swiss Mirror 24 0.356 0.350 —0.015
SPC Spael 3 0.334 0.335 0.001
SPW Spael 32 0.330 0.334 0.012
STE St Elizabeth 10 0.373 0.371 —0.005
STX ScottishTexel 80 0.349 0.331 —0.053
SUM Sumatra 24 0.303 0.315 0.037
SWA Swiss White Alpine 24 0.354 0.351 —0.008
TIB Tibetan 37 0.323 0.341 0.052
0.347
VBS Valais Blacknose 24 0.303 0.318 0.049
VRS Valais Red 24 0.323 0.314 —0.031
WIL Wiltshire 23 0.269 0.267 —0.008

Nb: Number of animals after filtering, Ho: observed heterozygosity, He: expected heterozygosity, Fis: F-statistics

within a population. Color fonts refer to breeds of the current study.
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Figure 4. Pairwise Fst among 77 breeds estimated from different SNP datasets. Acronyms of
Senegalese sheep breeds are coloured in red.

The principal component analysis performed using the 77 breeds is presented in
Figure 5, with PC1 and PC2 accounting for only 2.73% and 1.57%, respectively, of the total
variation. Senegalese sheep breeds formed a uniform group that clustered separately from
the other breeds. However, they are close to East African breeds (Ethiopian Menz and Red
Masai) and to Southern African breeds (Namaqua Africaner and Ronderib Africaner). The
relatedness of the African breeds was in accordance with their introduction throughout the
Horn of Africa, from where they spread northwards (alongside the Mediterranean Sea) to
West Africa and southwards to Eastern and Southern Africa via Ethiopia and Kenya [47].
The Senegalese sheep breeds are also similar to the Middle Eastern sheep breeds from Iran
(Afshari, Mohghani, and Qezel), Cyprus (Cyprus Fat tail), and Turkey (Karakas, Norduz,
and Sakiz) as well as to the Greek breed Chios.

The proximity between Senegalese sheep breeds and some Brazilian breeds (i.e.,
Morado Nova and Santa Ines) and a Caribbean hair sheep breed (i.e., Barbados Black Belly)
also highlighted by the principal component analysis could be supported by colonisation
patterns. According to Spangler et al. [32], the birth places of Caribbean sheep breeds were
the regions of highest slave importation and, by correlation, of West African sheep breeds.
Thus, our results are consistent with a West African sheep heritage of Caribbean hair sheep,
as proposed by Spangler et al. [32], which may have contributed to their disease resistance
and economic viability.

The results of the admixture analysis for k = 2-10 (Figure 6) confirmed our previous
results and additionally suggested the relatedness of Senegalese sheep breeds primarily
with most of the presumed ancestral breeds of the Middle East.
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Figure 5. Results of the principal component analysis (PCA) obtained using genotyping data from
the WORLD-set (2776 individuals from 77 populations including the 4 Senegalese sheep breeds,
genotyped for 40,916 SNPs). The individuals are plotted on the first two principal components
according to their coordinates. Ellipses characterise the dispersion of each population around the
centre of gravity. Populations are coloured according to their geographic origin (i.e., in blue for
Europe, in purple for America, in pink for the Caribbean, in yellow for Asia, in cyan for the Middle
East, in light green for East Africa, and in dark green for South Africa).
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Figure 6. Unsupervised hierarchical clustering of the 2776 individuals of 77 breeds genotyped for
40,916 SNPs (WORLD-Set). Results for an inferred number of clusters k varying from 2 to 10 are
shown. Each breed ID is coloured according to the breed geographic origin (i.e., in blue for Europe,
in purple for America, in pink for the Caribbean, in yellow for Asia, in cyan for the Middle East, in
light green for East Africa, and in dark green for South Africa).

4. Conclusions

In summary, we observed a low genetic diversity among the trypanosusceptible
Senegalese sheep breeds, whereas the Djallonke sheep clearly deflected from the other
breeds. The increased use of the Touabire sheep to upgrade the native Senegalese breeds
seems to have led to the dilution of the Peul-peul breed and allowed for the emergence
of the Ladoum breed. Even if the Djallonke sheep seemed to have a better conservation
status in relation to the sanitary barriers imposed by trypanosomiasis to the introgression
of other breeds, this should be a matter of concern that appeals to the enforcement of a
regulatory framework for breed conservation and genetic improvement in Senegal. This
study additionally emphasizes the contribution of Senegalese sheep breeds to the global
genetic diversity and especially to the development of Caribbean hair sheep breeds.
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