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Abstract

Sheep are one of the most important domestic farm animals for agriculture and food production in North Africa,
with a wide diversity of indigenous breeds threatened with extinction. According to FAO, approximately 17% of
sheep breeds worldwide are at risk of extinction, including at least five native North African breeds: Rembi,
Sidahou, D’men, Hamra, and Berber. To date, few large-scale genomic studies have been devoted to investigating
the structure of the sheep population in this region. The objective of this study was to provide a detailed assessment
of the current state of the genetic structure and admixture patterns of different sheep populations in the Maghreb,
based on recent work using microsatellite markers. Following the PRISMA guidelines, four databases were
searched, resulting in the inclusion of 17 eligible articles in this systematic review. Our findings indicate significant
gaps in research efforts, as several breeds in several regions have received limited scientific attention, with studies
per breed ranging from 1 to 12. Most of the studies investigated the four main breeds of the region. Regarding the
number of microsatellites used, most studies followed the FAO guidelines. However, the sample size remained
relatively small in most articles compared to the 40 animals recommended by FAO/ISAG. Greater within-
population variation than between-population variation was reported, with most having a mean number of alleles
greater than 10 and expected and observed-heterozygosity, and polymorphism-information-content greater than
0.5. This study provides useful information for the future development of conservation programs for the various
endangered breeds in the Maghreb.

Keywords: Genetic diversity, Indigenous breeds, Microsatellite markers, Systematic review.
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Introduction

Livestock play an important role in the world economy, with domesticated animals accounting for
30 to 40% of the global economic value of agriculture (FAO/WB, 2024). Livestock genetic
resources are rapidly eroding, with an estimated two low-diversity breeds disappearing each week;
accordingly, DAD-IS reports that nine breeds are at risk and twelve others have an unknown risk
status in the Maghreb region (FAO/DAD-IS, 2025). Therefore, it is necessary to establish a
conservation program to record the diversity of livestock genetic resources (Hanotte and Jianlin,
2006). To achieve this, a thorough knowledge of population structure, including sources of genetic
variability within and between populations, is essential, especially in developing countries (Sheriff,
Belay, and Haile 2013; Sheriff and Bireda, 2016; Mahmoudi et al., 2011).

Punctuation problem when using sources

Artificial and natural selection have contributed to the phenotypic and genetic diversity of livestock
(Groeneveld et al., 2010), which is the variety of alleles and genotypes present in a population
(Frankham et al., 2002). Genetic diversity reflects genetic differences between breeds, populations
within a breed, and individuals within the same population, and is necessary for the survival of
future generations of domesticated species (Groeneveld et al., 2010). Today, this diversity faces
numerous human and natural threats, such as climate change, disease, and admixture driven by
economically motivated population exchanges, as well as the lack of programs to preserve
indigenous breeds (Wanjala et al., 2023).

Punctuation problem when using sources

Sheep were among the earliest animals to be domesticated and used as a source of meat and wool
because they are easy to raise and tame (Ryder, 1983). Similar to other animal species, sheep
domestication has resulted in significantly lower phenotypic variability than that of wild species
(Simm, 1998; Clutton-Brock, 1999). They are the species with the largest number of documented
breeds worldwide. According to Rege and Gibson (2003), there are over 850 recognized breeds
globally, representing 25% of all mammalian breeds adapted to a variety of habitats (Gizaw et al.,
2008), illustrating the diversity of the Ovis aries species. According to FAO (2021) there are
currently around 1,284.82 million sheep kept in different parts of the world. The share of sheep
kept in each of these regions is as follows (in millions): Asia (571.21), Africa (416.96), North
America (5.96), Central America (9.41), Caribbean (1.99), South America (63.82), Europe
(121.65), and Oceania (93.82).

Although morphological characteristics are essential and commonly used to classify animals into
breeds (type of production, coat color, and the presence or absence of certain characteristics), other
criteria, such as geographical location or genetic characteristics, are by far the most reliable to use.
Microsatellite markers are one of the most valuable resources for assessing genetic divergence and
diversity within and between populations (FAO, 2011). The cost—benefit ratio of microsatellites
remains relevant in genetic diversity studies. SNPs are not inherently more accurate than
microsatellites, which often provide higher per-locus information content. In addition, the frequent
reliance on ‘Global South’ arguments obscures the scientific rationale behind marker choice, while
SNP array ascertainment bias, largely driven by European breeds, constrains their applicability to
local Maghrebian sheep populations (Vashistha, Rundla, and Om, 2020). Conservation genetics is
in a transitional phase, moving from microsatellite DNA markers to single nucleotide
polymorphisms. Microsatellite markers have many advantages, including locus specificity,
abundance, and high level of repeat number expressed as the occurrence of many alleles per locus,
and co-dominant inheritance (FAO, 2011). However, the variability of microsatellites must be taken
into account.

In North Africa, the sheep population is estimated at 78 million head (FAO, 2021), 78% of which

is located in three countries (Algeria, Tunisia, and Morocco) and represents an important economic

pillar for the local population. While total population figures are based on the most recent FAO
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estimates, the breed proportions reported for each country are largely derived from historical
descriptions and should therefore not be regarded as precise or up-to-date estimates. The Algerian
sheep population is about 31.126 million head (FAO, 2021), divided into 13 major breeds, and
distributed differently throughout the country, with four main breeds; Ouled Djellal, Berbere,
Rembi, and Hamra representing 63%, 25%, 11%, and 0.3%, respectively. Other small breed
populations include D’man, Sidaoun, Barbarine, Tazegzawt, Taadmit, Ifilene, Sardi, Daraa, and
Berguia, which together account for less than 0.2% (Chellig, 1992; MADR, 2016). In Libya and
Mauritania, the sheep population is about 7.546 and 11.002 million head, respectively (FAO, 2021),
with 95% dominated by the fat-tailed Barbary sheep (Barbarine). In Morocco, the sheep population
is about 22.726 million head (FAO, 2021), classified into 14 sheep breeds. The main breeds are
Timahdite, Beni Guil, Sardi, Beni Ahsen, D’man, and Boujaad, representing 12%, 11%, 10%, 3%,
3%, and 2.5%, respectively. The remaining fraction consists of other small breeds that have no
breed standard and few or no studies, including: Doukkala, Zoulay, Zemrane, Talilatel, Ait Barka,
Aknoul, Rehamna-Sraghna, and Ouled Djellal (Bourfia and Touchberry, 1988). The Tunisian sheep
population is about 6.243 million head (FAO, 2021), divided into four main breeds: the Barbarine,
the Western thin tail, the Black of Thibar, and the Sicilo sarde, which represent 60.3%, 34.6%,
2.1%, and 0.7% of the total population, respectively (Rekik et al., 2005). D’man was introduced in
Tunisia in 1994 to improve herd productivity (El Hentati, Hamouda, and Chriki, 2012). Other
foreign breeds, such as Comisana, Moroccan Sardinian, and Lacaune, are present in small numbers
(Rekik et al., 2005). In Libya, 95% of the sheep are fat-tailed barbary sheep (Barbarine) (El-Gabbas,
Barghouth, and Ahtash, 1999), and in Mauritania, there are Toaubine (hair sheep) and thin-tailed
hair sheep (black Maure) in addition to Peuth or Poulfouli breeds.

Current literature on the genetic diversity of North African sheep breeds remains highly fragmented
and is characterized by substantial methodological heterogeneity, which collectively hampers any
holistic assessment of Animal Genetic Resources (AnGR) in the Maghreb. Most studies rely on
microsatellite markers, a gap that partly motivated the present study. In this study, we aim to
critically synthesize, compare, and harmonize the available literature data on the genetics of sheep
breeds in the Maghreb using microsatellite markers. By systematically reviewing and integrating
published genetic diversity studies, this work seeks to provide a coherent and comparative
framework for understanding existing knowledge and identifying gaps in the assessment of regional
Animal Genetic Resources. Our analysis integrates published articles from several North African
countries, allowing us to build an accurate picture of genetic diversity in the region. The results of
our analysis will be crucial in guiding future efforts to preserve and conserve sheep breeds. This
knowledge will be essential for the development of effective policies, as it will enable more targeted
interventions for endangered breeds.

Materials and Methods
Study design

This study was conducted as a systematic review that followed the established guidelines of the
Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) framework (Page et
al., 2021) to ensure the accuracy of the reporting process. By carefully reviewing and summarizing the
available literature, the study aimed to analyze and consolidate knowledge on the genetic diversity of
sheep populations in North Africa. This comprehensive approach allowed a better understanding of the
patterns and trends associated with the evolution of genetic diversity of local breeds, providing valuable
insights into admixture and its impact on sheep populations.

Information Sources and Search Strategy

In our study, a comprehensive and systematic search strategy was applied in four major databases
(Google Scholar, PubMed, Web of Science, and Science Direct) to ensure a thorough exploration of the
available literature. To increase the comprehensiveness of our search, we used general and specific
search terms, namely "genetic diversity’, “sheep’, ‘microsatellite’, "breed’, "North Africa’, "Maghreb’,
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*Algeria’, 'Libya’, 'Mauritania’, ‘Morocco’, and ‘Tunisia’, either individually or in combination. This
approach aimed to collect all relevant studies in North Africa.

The initial search was conducted on 04/06/2024 and an updated and final search was conducted on
29/09/2024. After retrieving the results from the databases, all references were imported into Mendeley,
a reference management software, for organization and analysis. Duplicates were identified and
removed. The remaining unique references were then screened against a set of predetermined eligibility
criteria to determine whether they could be included in the review.

Selection procedure
The following predefined criteria were used to identify accepted articles:

1) articles in French or English;
2) the year of the study was between 1990 and 2023;
3) microsatellites were used;
4) publications from North Africa;
5) target species was sheep;
6) materials and methods were well explained.
Papers that did not meet these six criteria were not accepted.

Data extraction and quality assessment

Using a predesigned form, two impartial expert reviewers extracted the data and a third reviewer
resolved any discrepancies. We collected the following data from each publication: the name of the first
author, the year of publication, the year of sampling, the geographical area (determined by the country
and place where the study was conducted), the breeds selected, the type of molecular markers used, and
the total number of samples. In addition, reported estimates of genetic diversity, such as mean number
of alleles (MNA), observed heterozygosity (Ho), expected heterozygosity (He), inbreeding coefficient
(Fis), fixation index (Fst), number of alleles per locus (Na), and polymorphism information content
(PIC), as well as the number of microsatellites, were collected.

The quality of the selected studies was assessed using criteria based on the GRADE (Grading of
Recommendations Assessment, Development, and Evaluation) method (Atkins et al., 2004; Guyatt et
al., 2008). GRADE is a framework for assessing the quality of evidence and grading the strength of
recommendations. Each publication received one point for each satisfactory criterion:

1) method clearly described;

2) assessment of at least four parameters;

3) sample size;

4) number of microsatellites;
Based on this score, each publication was classified as high quality (score >3), moderate quality (score
=2 or 3), or low quality (score = 0 or 1). The scores were not used to exclude publications as they were
reported to support future studies.

Results
Study selection and characteristics of included studies

Our search returned 5,930 studies, of which 314 met the selection criteria. A total of 42 published studies
included research articles that used different techniques (e.g., single nucleotide polymorphisms and
mitochondrial DNA) and had incomplete information or only phenotypic analysis. After removing these
articles, a total of 17 articles remained, all of which were written in English. Blood and hair samples
were collected from adult and young males and females. The largest sample size was 330, while the
smallest was 24, and the number of breeds ranged from 1 to 12. The average number of microsatellite
markers used in the 17 studies was 16.41, with the highest and lowest being 31 and 4, respectively
(Figure 1 and Table 1).
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Table 1. Characteristics of the studies reviewed on the genetic diversity of North African sheep breeds

First Author Yea Country GRADE MS Sampl Number MS Breeds
r score N e size of
Breeds
Gaouar. SBS 2005 Algeria Medium 12 85 2 INRA49; OarFCB20; OarFCB11; MCM527; ILSTS5; CSSM66; MCM42; TGLAS53; MAF65; OarCP49;  Hamra/ Ouled Djellal
OarHH56; and MAF36.
Gaouar. SBS 2014 Algeria/ Medium 6 330 6 OarFCB11/ OarCP49/ OarHH56/ MAF36/ ILSTS5/ CSSM66 Hamra/ Ouled Djellal/ Beni Ighil (Hamra)/ D'men / Corse/
Tunisia Lacaune/ Foro-Foro
R issi. Y 2014 Tunisia low 4 24 1 BM1824, DYMSI, HUJ616 and ILSTS11 Barbarine
Ben Sassi Zaidy. 2014 Tunisia Medium 17 249 7 Inra023/ Inra063/ OarCP49/ OarFCB304/ OarFCB20/ MAF65/ ILST087/ OarAE119/ MCMS527/ MAF214/  Barbarine/ Queue Fine de 1’Ouest”/ Crossbred/and Black Thibar/
Y OarAE129/ OarCP34/ OarAE54/ TGLAS53/ URB058/ CSRD247/ HSC Sicilo-Sarde/ D'men/ Appenninica
Kdidi. S 2015 Tunisia high 30 186 5 MAF65, OARFCB193, OARFCB304, OARJMP29, OARJMP58, MAF70, MAF209, BM1824, INRA063, Barbarine/ Queue Fine de 1’Ouest/ Black Thibar/ Sicilo-Sarde/
BMS8125, MAF214, ILSTS5, ILSTS11, ILSTS28, MCM140, MCM527, OARFCB226 , OARFCB128, OARCP34,  Spanish Merino
OARAEI129, BM1329, OARCP38, HUJ616, MAF33, OARHH47 , OARVH72, SRCRSP1, SRCRSPO5,
SRCRS09, DYMS1
Gaouar. SBS 2015 Algeria Medium 31 158 6 OarFCB128 /OarCP34 /INRA063/BM1824/0OarFCB193/0arFCB304 /INRA49 /MCM527  Hamra/ Rembi/ Ouled Djellal/ Sidaoun/ Taadmit/ D'men
/MCM42/MAF65/TGLA53/OarFCB20 /CSRD247 /HSC /SRCRSP9 / HUJ616/ILSTSI1/
OarAE129/MAF209/MAF214/OARIMP58/ILSTS5/INRA035/ETH10/TGLA122/CSSM66/BM8125/DYMS1/M
AF33/MCM140/CSR
Ben Sassi-Zaidy. 2016 Tunisia high 17 110 3 Inra023/ Inra063/ OarCP49/ OarFCB304/ OarFCB20/ MAF65/ ILST087/ OarAE119/ MCM527/ MAF214/  Barbarine/ Queue Fine de I’Ouest/ Crossbred
Y OarAE129/ OarCP34/ OarAE54/ TGLA53/ URB058/ CSRD247/ HSC
Gaouar SBS 2016  Morocco high 22 171 5 Sardi/ Boujaad / Timahdite/ Beni Guil/ D'men
Harkat. S 2017 Algeria high 23 152 2 OarCP34/ ILSTS11/ INRA035/ CSSM66/ BM8125/ DYMSI1/ MAF33/ MCM140/ CSRM60/ OarFCB128/  Rembi/ Ouled Djellal
OarFCB193/ MAF209/ INRA063/ OarJMP129/ OarFCB304/ MAF65/ HUJ616/ MAF70/ OARIMP58/ OARHH47
/ OARVH72 / OARCB226 /OarAE129/ SRCRSP1
Ben Sassi-Zaidy. 2017 Tunisia Medium 17 250 6 Inra023/ Inra063/ OarCP49/ OarFCB304/ OarFCB20/ MAF65/ ILST087/ OarAE119/ MCM527/ MAF214/  Barbarine , Queue Fine de I’Ouest , Noire de Thibar , Sicilosarde ,
Y OarAE129/ OarCP34/ OarAE54/ TGLAS53/ URB058/ CSRD247/ HSC D'men and the crossbred
Abdelkader. A 2018 Algeria Medium 15 296 12 McM527, CSRD247, OarFCB128, BM1329, HSC, OarJMP29, MAF214, OarFCB304, INRA023, OarCP34,  Barbarine; Ouled djellal; Ifilene; Sardi; Daraa; Rembi; Berbere;
INRAO132, D5S2, BM1818, BM8125, OarFCB193 Taadmit; Hamra; Sidaoun; Tazegzawt; D'men
Ouinten. Y 2018 Algeria Medium 7 54 3 INRA023/ MAF65/ McM527/ OarCP49/ INRA063/ HSC/ OarAE129 Ouled Djellal/ D'men / Sidaoun
Ata. N 2019 Algeria low 15 180 5 OarFCB193/ OarFCB304/ INRA0123/ OarCP34/INRA0132/ D5S2/ BM1818/ BM8125/ McM527/ CSRD247/  Barbarine/ Rembi/ Berbere/ Taadmit/ D'men
OarFCB128/ BM 1329/ HSC/ OarJMP29/ MAF213
Ameur. AA 2020 Algeria high 14 240 4 OarFCB193/ OarFCB304/ INRA023/ OarCP34/ D5S2/ BM1818/ BM8125/ McMS527/ CSRD247/ OarFCB128/  Hamra/ Ouled Djellal/ Sidaoun/ Tazegzawt
BM 1329/ HSC/ OarJMP29/ MAF214
Ben Sassi Zaidy. 2022 Tunisia high 17 52 1 Inra023/ Inra063/ OarCP49/ OarFCB304/ OarFCB20/ MAF65/ ILST087/ OarAE119/ MCM527/ MAF214/  Sicilo-Sarde
Y OarAE129/ OarCP34/ OarAE54/ TGLA53/ URB058/ CSRD247/ HSC
KDIDI. S 2023 Tunisia high 22 90 3 OARHH47, MCM527, MAF65, ILSTS5, OARCP38, MAF209, OARFCB304, INRA63, MAF214, SRCRS09,  Barbarine, Western Thin Tail (Ouled Djella), and Black Thibar.
MAF70, OARVH72, BM1824, OARIMPS58, OARIMP29, DYMS1, OARFCB193, MCM 140, ILSTS28, HUJ616,
OARFCB226, MAF33.
Ouinten. Y 2023 Algeria Medium 10 183 8 OarFCBI11, INRA063, HSC, OarCP49, McM527, MAF65, OarAE129, INRA023, McM42, OarFCB193 Sidaoun, D'men, Ouled Djellal, Hamra, Rembi, Sardi, Daraa,

Berguia

MS: Microsatellite. MS N: Number of microsatellite.

96



Ouinten et al 2026, Genet. Biodiv. J, 2026, 10 (1): 92- 106
DOI: 10.46325/cdct9r92

|J Identification of studies via databases and registers ]
—
Records identified from*: Records removed before
= Databases (n = 55930) SCreening:
;E - PubMed Dwplicate records removed (n
| - Google Scholar = 360}
b= - Web of Science Records marked as ineligible
S - Science Direct by automation tools (n = 440)
= Records remowved for other
reasons (n = 42186)
_ l
Records screened Records excluded**
(n=314) | (n=241)
Reporis socught for retrieval Reports not retrieved
= (n=73) —®| (n=231)
=
; |
3
- Reports excluded:
EEE?ITS assessed for eligibility DREJESDH 1 just phenotype (n =
Reason 2 other technics
[SNP, mtDMA ) (n=18)
Reaszon 3 incomplete
informafion (n =03)
ate.
E Studies included in review
= (n=17)
[Z]
4=

Figure 1. Flow chart for selecting studies.

Some breeds have been studied extensively, such as Ouled Djellal (13 studies), D'men, Barbarine, and
Hamra (with 9, 8, and 7 studies, respectively), while others have been studied less, such as Daraa,
Tazegzawt, and Berbere with 2 studies, and Boujaad, Timahdite, Ifilene, and Berguia with only one
study. Articles were classified into four categories based on the number of breeds studied and the
microsatellite used (Table 2).

In addition, although publications on sheep genetic diversity studies in North Africa have started to gain
ground, the number has remained low over the past decades. For example, the number of articles
published on this subject has remained low (17 articles), with 1 to 3 articles published per year (Figure
2A). There was also a difference in the number of articles published per country, with Algeria and
Tunisia dominating with a share of 50% and 44%, respectively, and no data available for Libya and
Mauritania (Figures 2B and 3). Regarding the number of microsatellites, the majority of published
articles used a number between 10 and 20, while only 2 studies used more than 30 microsatellites (Figure
2C). Finally, 5 of the 17 publications used a sample size of less than 30 per breed, and 65% of the studies
were performed on 5 or fewer breeds (Figure 2D and 2E).

Different parameters used to measure genetic diversity Give numbers to titles

The reported MNA results ranged from moderate to highly variable (Table 3). Five of the studies had
MNA below 10 and nine had high MNA above 10. This suggests significant genetic diversity, which is
beneficial for the resilience and adaptability of populations. Heterozygosity estimates were above 0.5 in
all reviewed articles and ranged from 0.59 to 0.92 for Ho and 0.72 to 0.88 for He. This shows that there
is high genetic diversity, indicating a large and genetically diverse population, which is often a sign of
high genetic flow and low in breeding. Ideally, He should be close to Ho, since large differences between
He and Ho indicate inbreeding or selection pressure.
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Table 2. Sheep species studied using published species-specific microsatellite DNA markers

Sheep breed  localization  Microsatellite markers Publications
Ouled Djellal  Algeria, OarCP34/ ILSTS11/ INRA035/ CSSM66/ BM8125/ DYMS1/ MAF33/ MCM140/ OarFCB128/ OarFCB193/ MAF209/ INRA063/ OarJMP129/  Gaouar (2005,2014,2015), Ben Sassi-Zaidy (2014, 2016,2017), Kdidi (2015,2023),
(Western thin ~ Morocco, OarFCB304/ MAF65/ HUJ616/ MAF70/ OARIMP58/ OARHH47/OARVH72 /OARCB226 /OarAE129/ SRCRSP1/ ILSTS28/ BM1824/INRA49 /  Harkat (2017), Abdelkader (2018), Ameur (2020), Ouinten (2018,2023),
tail) Tunisia MCM527/ MCM42/ TGLAS3/ OarFCB20 /CSRD247 /HSC /SRCRSP9 /MAF214 /ILSTSS/ETH10/ TGLA122/ CSRM60/ INRA0132/ INRA023/
D5S2/BM1818/BM1329/0arJMP29/0arCP49/0OARCP38/ ILST087/ OarAE119/0OarAE54/ URB058/ OarFCB11/ OARFCB226/ OarHHS56/ MAF36/
SRCRS09/ SRCRSP05
Hamra (Beni  Algeria, OarFCB128 /OarCP34 /INRA063/BM1824/0arFCB193/0OarFCB304 /INRA49 /MCM527 / MCM42 / MAF65/ TGLAS3/ OarFCB20/ CSRD247 /HSC ~ Gaouar (2005, 2014,2015, 2016), Abdelkader (2018), Ameur (2020), Ouinten
Ighil) Morocco /SRCRSP9 / HUJ616/ILSTS11/INRA0132/ OarAE129 /MAF209/MAF214/OARIMPSS/ILSTS5/INRA03S/ ETHI0/TGLA122/ CSSM66/ BM8125/  (2023),
DYMS1/ MAF33/ MCM140/CSRM60/ INRA023/ D5S2/ BM1818/ BM1329/ OarJMP29/ OarFCB11/ OarCP49/ OarHH56/ MAF36/ OARHH47/
OARCP38/ SRCRS09/ MAF70/ OARVH72/ ILSTS28/ OARFCB226
D'men Algeria, OarFCB128 /OarCP34 /INRA063/BM1824/0OarFCB193/0arFCB304 /INRA49 /MCM527 /MCM42/MAF65/TGLA53/OarFCB20 /CSRD247 /HSC  Gaouar (2014,2015, 2016), Ben Sassi-Zaidy (2014, 2017), Abdelkader (2018),
Morocco /SRCRSP9 / HUJ616/ILSTS11/ OarAE129/MAF209/MAF214/OARIMPS8/ILSTSS/INRA03S/ETH10/TGLA122/CSSM66/BM8125/ Ouinten (2018,2023), Nezih Ata (2019)
DYMSI1/MAF33/MCM140/CSRM60/ INRA023/ INRAO123/INRA0132/ D5S2/ BM1818/ BM1329/ OarJMP29/ MAF213/ OarFCBI11/ OarCP49/
OarHH56/ MAF36/ ILST087/ OarAE119/ OarAE54/ URB058
Rembi Algeria OarFCBI128 /OarCP34 /INRA063/BM1824/0arFCB193/0arFCB304 /INRA49 /MCMS27 /MCM42/MAF65/TGLAS3/0arFCB20 /CSRD247 /HSC  Gaouar (2015), Harkat (2017), Abdelkader (2018), Nezih Ata (2019), Ouinten
/SRCRSP9 / HUJ616/ILSTS11/ INRA023/ OarAE129/ MAF209/ MAF214/ OARIJMPS8/ILSTS5/ INRA035/ ETH10/ TGLA122/ CSSM66/BM8125/ (2023)
DYMS1/MAF33/MCM140/CSRM60/ Oar]MP129/ MAF70/ OARHH47 / OARVH72 / OARCB226 /SRCRSP1/ INRA0123/INRA0132/ D5S2/ BM1818/
BM1329/ OarJMP29/ MAF213/ OarFCB11/ OarCP49
Barbarine Algeria, OarFCB193/ OarFCB304/ INRA0123/ OarCP34/INRA0132/ D5S2/ BM1818/ BM8125/ MCM527/ CSRD247/ OarFCB128/ BM1329/ HSC/ OarJMP29/  Ressaissi (2014), Ben Sassi-Zaidy (2014, 2016,2017), Kdidi (2015,2023),
Tunisia MAF213/ INRA023/ OarCP49/ OarFCB20/ MAF65/ ILST087/ OarAE119/ MAF214/ OarAE129/ OarAES4/ TGLAS3/ URB0S8/ OARHH47/ ILSTSS/  Apdelkader (2018), Nezih Ata (2019)
OARCP38/ MAF209/ INRA063/ SRCRS09/ MAF70/ OARVH72/ BM 1824/ OARIMP58/ DYMS1/ MCM140/ ILSTS28/ HUJ616/ OARFCB226/ MAF33/
ILSTS11/ SRCRSP1, SRCRSPOS
Crossbred Tunisia INRA023/ INRA063/ OarCP49/ OarFCB304/ OarFCB20/ MAF65/ ILST087/ OarAE119/ MCM527/ MAF214/ OarAE129/ OarCP34/ OarAE54/ TGLAS3/  Ben Sassi-Zaidy (2014, 2016,2017)
URB058/ CSRD247/ HSC
Black Thibar Tunisia OARHH47/ MCM527/ MAF65/ ILSTS5/ OARCP38/ MAF209/ OARFCB304/ INRA063/ MAF214/ SRCRS09/ MAF70/ OARVH72/ BMI1824/  Ben Sassi-Zaidy (2014, 2017), Kdidi (2015,2023),
OARJMP58/ OARIMP29/ DYMS1/ OARFCB193/ MCM140/ ILSTS28/ HUJ616/ OARFCB226/ MAF33/ INRA023/ OarCP49/ OarFCB20/ ILST087/
OarAE119/ OarAE129/ OarCP34/ OarAE54/ TGLAS53/ URB058/ CSRD247/ HSC/ BM8125/ ILSTS11/ OARFCB128, BM1329/ SRCRSP1, SRCRSP05
Sidaoun Algeria OarFCB128 /OarCP34 /INRA063/BM1824/0arFCB193/0OarFCB304 /INRA49 /MCMS527 / MCM42/ MAF65/TGLA53/0OarFCB20 /CSRD247 /HSC  Gaouar (2015), Abdelkader (2018), Ameur (2020), Ouinten (2018,2023),
/SRCRSP9 / HUJ616/ILSTS11/ INRA0132/ OarAE129/ MAF209/ MAF214/ OARJMP58/ ILSTSS/ INRA035/ ETH10/ TGLA122/ CSSM66/BM8125/
DYMSI/MAF33/MCM140/CSRM60/ INRA023/ D5S2/ BM1818/ BM1329/0arJMP29/ OarCP49/ OarFCB11
Taadmit Algeria OarFCB128 /OarCP34 /INRA063/BM1824/0arFCB193/INRA49 /MCM527 /MCM42/ MAF65/ TGLA53/0arFCB20 /CSRD247 HSC /SRCRSPY / Gaouar (2015), Abdelkader (2018), Nezih Ata (2019)
HUJ616/ILSTS11/ INRA023/ OarAE129/ MAF209/ MAF214/ OARIJMP58/ ILSTSS/ INRAO35/ETH10/TGLA122/CSSM66/ BM8125/ DYMS1/
MAF33/MCM140/CSRM60/ INRA0123/ INRA0132/ D5S2/ BM 1818/ BM 1329/ OarJMP29/ MAF213
Sardi Algeria, McMs27/ CSRD247/ OarFCB128, BM1329/ HSC/ OarJMP29/ MAF214/ OarFCB304/ INRA023/ OarCP34/ INRA0132/ D5S2/ BMI818/ BM8125/  Gaouar (2016), Abdelkader (2018), Ouinten (2023)
Morocco OarFCB193/ OarFCB11/ INRA063/ OarCP49/ MAF65/ OarAE129/ McM42
Boujaad Morocco Gaouar (2016)
Timahdite Morocco Gaouar (2016)
Sicilosarde Tunisia INRA023/INRA063/ OarCP49/ OarFCB304/ OarFCB20/ MAF65/ ILST087/ OarAE119/ MCMS527/ MAF214/ OarAE129/ OarCP34/ OarAE54/ TGLAS3/  Ben Sassi-Zaidy (2014,2017, 2022), Kdidi (2015)
URBO058/ CSRD247/ HSC/ OARFCB193/ OARIMP29/ OARJMP58/ MAF70, MAF209, BM 1824/ BM8125/ ILSTS5/ ILSTS11/ ILSTS28/ MCM 140/
OARFCB226/ OARFCB128/ BM1329/ OARCP38/ HUJ616/ MAF33/ OARHH47/ OARVH72/ SRCRSP1/ SRCRSP05/ SRCRS09/ DYMS1
Ifilene Algeria McM527/ CSRD247/ OarFCB128/ BM1329/ HSC/ OarJMP29/ MAF214/ OarFCB304/ INRA023/ OarCP34/ INRA0132/ D5S2/ BM1818/ BM8125/ Abdelkader (2018),
OarFCB193
Daraa Algeria McMs27/ CSRD247/ OarFCB128, BM1329/ HSC/ OarJMP29/ MAF214, OarFCB304, INRA023/ OarCP34/ INRA0132/ D5S2/ BMI8I8/ BM8125/  Apdelkader (2018), Ouinten (2023)
OarFCB193/ OarFCB11/ INRA063/ OarCP49/ MAF65/ OarAE129/ McM42
Berbere Algeria OarFCB193/ 0arFCB304/ INRA0123/ OarCP34/INRA0132/ D5S2/ BMI818/ BM8125/ McM527/ CSRD247/ OarFCB128/ BM1329/ HSC/ OarJMP29/  Apdelkader (2018), Nezih Ata (2019)
MAF213/ MAF214, INRA023
Tazegzawt Algeria OarFCB193/ OarFCB304/ INRA023/ OarCP34/ DSS2/ BMI818/ BM8125/ McM527/ CSRD247/ OarFCB128/ BM1329/ HSC/ OarIMP29/ MAF214/  Apdelkader (2018), Ameur (2020)
INRAO132
Berguia Algeria OarFCB11/ INRA063/ HSC/ OarCP49/ McM527/ MAF65/ OarAE129/INRA023/ McM42/OarFCB193 Ouinten (2023)

Nb: Daraa and Berguia are considered by some authors as sub breed.

98



Ouinten et al 2026, Genet. Biodiv. J, 2026, 10 (1): 92- 106
DOI: 10.46325/cdct9r92

Number of Published Studies by Year Number of Published Studies by
- country
6%0%
A = Algeria
] ‘ ® Tunisia
44% Morocco
Libya
= Mauritania
2005
Number of Published Studies by Number of Published Number of Published Studies

Number of Microsatellite by num of breeds

Studies by sample size

MS Num<10 10<MS 20<MS  MS Num230

Num<20 Num<30 Sample size 230 Sample size< 30

® Num of
Breeds<5

® 5<Num of
Breed<10

® Num of
Breed>10

Figure 2. Published studies analyzing the use of microsatellite markers in sheep diversity
studies, based on sampling data provided by the authors. The studies were classified
according to the sample data extracted from the different studies: A. Number of published
studies by year; B. Number of published studies by country; C. Number of microsatellites
used; D. Sample size; and E. Number of breeds.
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Figure 3. A summary of the number of studies by country that provided data for this study

(https://www.mapchart.net/world.html)

The results PIC estimates did not vary significantly. All estimates were above 0.5 and ranged from 0.75
to 0.92, indicating that the markers used are highly polymorphic and highly informative. The estimate
of Na represents the total count of different alleles observed at a given genetic locus in a population. In
the studies reviewed, it ranged from 11.75 to 26.8, a high level of genetic diversity that is common in
large and well-mixed populations.
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Table 3. Various parameters used to measure genetic diversity

Author MNA Ho He PIC Fis Fst Na
Gaouar. SBS 2005 9.54 111111 /1117 /1117 /1117 /1111 11.75
Gaouar. SBS 2014 10.16 0.659 0.783 0.8075 /1117 /1111 18.17
Ressaissi. Y 2014 /1111 111111 0.88(0.02) 0.92 /1117 /1111 19
Ben Sassi-Zaidy. Y 2014 8.27 0.717 0.803 /1117 117 1117 /i
(0.144) (0.092)
Kdidi. S 2015 10.03 0.655(0.15) 0.773 0.756 /117 1117 14.27
(0.097)
Gaouar. SBS 2015 7.62 (2.61) 0.66(0.18) 0.72 (0.16) /Il /1117 /1111 /1
Ben Sassi-Zaidy. Y 2016 11.39 0.719(0.143  0.798(0.08) 0.791 0.112 0.007 15.06
)
Gaouar. SBS 2016 8.82 0.662 0.742 /117 0,142 0.036 /i
(0.035) (0.023)
Harkat. S 2017 11.36 (3.02) 0.78 (0.1) 0.78 (0.08) 0.75 0.05 /1117 12.70
[-0.002; 3.51
0.113]
Ben Sassi-Zaidy. Y 2017 11.46(3.73) 0.726 0.809 0.830 /1117 1117 18.41
(0.144) (0.095)
Abdelkader. A 2018 13.26 0.82(0.025) 0.86(0.01) 0.89 0.032 0.057 24.46
Ouinten. Y 2018 14.78 1111 111/ /1111 0.065 0.008 15.86
Ata. N 2019 /1111 11111 111/ 0.89 0.061 /1117 23
Ameur. AA 2020 12.49 0.76 (0.04)  0.83(0.019) 0.90 0.104 0.068 24.29
Ben Sassi-Zaidy. Y 2022 9.74 (3.79)  0.725 0.79(0.104) 0.810 0.1 0.01 12.47
(0.164)
Kdidi. S 2023 /1111 1111 111/ 0.772 0.1664 0.0127 14.27
Ouinten. Y 2023 10.58 (0.62) 0.92(0.01) 0.82(0.01) 0.763 -0.014 0.062 26.8

MNA: Mean Number of Alleles, Ho: Observed Heterozygosity, He: Expected Heterozygosity, PIC: Polymorphism Information
Content, Fis: Inbreeding Coefficient, Fst: Fixation Index, Na: Number of Alleles.

In our analysis, a few studies reported estimates of Fis and Fst. For Fis, small and positive values
between 0.032 and 0.166 were observed in the studies reviewed, with the exception of one study that
reported a negative estimate of -0.014 (Ouinten et al., 2024). These predominantly positive FIS values
indicate a moderate excess of homozygosity, consistent with low to moderate inbreeding or population
subdivision (Wahlund effect), while the negative value suggests a slight excess of heterozygosity. These
results indicate a deficit of homozygosity, suggesting that related individuals have low inbreeding and
can be considered a healthy random mating population. For Fst, which measures genetic differentiation
between populations, low estimates between 0.007 and 0.068 were reported, indicating low genetic
differentiation (Hall, 2022).

Discussion

The domestic sheep belongs to the genus Ovis, although its origin remains unclear. Several studies have
found that species or subspecies of wild sheep are the ancestors of domestic sheep or at least contributed
to this species, particularly the urial (O. vignei) and the mouflon (O. musimon or O. orientalis) (Ryder,
1983; Mereu et al., 2025). Classification within the genus Ovis is controversial, with the number of
species varying from four to eight. Much of this controversy is due to the fact that all species can
reproduce by producing fertile offspring (Franklin, 1997; Wanjala, Bagi, and Kusza, 2021). However,
one argument for species differentiation is the difference in chromosome number (Supplementary
Material 1). This is why molecular tools are so useful for characterizing different populations, origin
determination, hybrid identification, and assessing inbreeding levels. Genotyping with microsatellites
provides a higher level of information due to high polymorphism and Mendelian inheritance, and is also
cost-effective, making it an appropriate choice with a significant impact on breeding programs and
conservation efforts (Rasoarahona et al., 2023).
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Supplementary material 1. Principal characteristics of the genus ovis

Species Common name Chromosome number
Ovis aries Domestic sheep 2n= 54
Ovis musimon/orientalis European mouflon 2n= 54
Ovis vignei Urial 2n= 58
Ovis ammon Argali 2n= 56
Ovis Canadensis Bighorn sheep 2n= 54
Ovis dalli Dall sheep 2n= 54
Ovis nivicola Snow sheep 2n= 52

In North Africa, sheep breeding is an important economic activity and yet, the characterization and
conservation of sheep populations remains weak. The first study on this subject was carried out in the
2000s, and data are not available in some countries (Mauritania, Libya, and Western Sahara). The total
number of genetic studies focused on this topic was 42, of which 17 used the microsatellite technique.
This number remains low, reflecting the fact that it has received less attention from the scientific
community. The limited progress of genetic studies for the characterization of sheep breeds in North
Africa can be explained by several factors, often related to structural, economic, and technical
constraints.

North Africa has a large diversity of indigenous sheep breeds, the origin of which is linked to
environmental characteristics and specific historical events in the region (Ben Jemaa et al., 2019). Of
the 22 North African sheep breeds mentioned in the literature, only 18 were investigated in the 17
microsatellite studies, with a dominance of the four main breeds (Ouled Djellal, D'men, Hamra, and
Barbarine) that have a large presence in the region (Belhaj et al., 2021), with percentages ranging from
11% to 63% depending on the country. This highlights the importance of these breeds not only for local
agriculture but also for their genetic diversity, which is crucial for adaptation to changing environmental
conditions. Furthermore, understanding the distribution and characteristics of these breeds can help in
the development of targeted conservation strategies to preserve their unique traits.

The mean number of alleles per locus is a measure that can be used to analyze genetic diversity within
a population. It is a useful measure for identifying genetic polymorphism within the population (Halima
et al., 2014) and is dependent on sample size, as unique alleles may occur at low frequencies in the
population (Qwabe, 2011; Aljumaah et al., 2012). The average number of alleles was reported in
microsatellites studied for several sheep populations (Table 3), which showed relatively low estimates
in the study of Gaouar et al. (2015) for some Algerian sheep populations, and relatively high values
were reported, especially in Ouinten et al. (2018) and Abdelkader et al. (2018). A high number of alleles
implies more genetic variation, and it is the key relevance in conservation programs (Nei, 1987). In
addition, some of the studies used small numbers of animals, which is far from the FAO
recommendations for microsatellite marker analysis (FAO, 2011). For example, Ouinten et al. (2024)
used only four animals to represent a population which could lead to a bias in the calculation of genetic
parameters, such as Hardy-Weinberg equilibrium (HWE) and MNA.

The other parameters most commonly used to measure the genetic diversity of a population are Ho,
which is the proportion of heterozygotes observed in a population, and He, which is the proportion of
heterozygotes expected in a population based on Hardy-Weinberg proportions (Ojango et al., 2011;
Toro, Fernandez, and Caballero, 2009). According to the published studies (Table 3), the reported
heterozygosity estimates were higher than 0.5. The observed and expected values of heterozygosity are
relatively high, indicating that the sheep populations studied have high genetic diversity within
populations (Davila et al., 2009; Dorji, Duangjinda, and Phasuk, 2012). With the exception of Ouinten
et al. (2024), most Ho estimates were generally lower or close to He, indicating that there was no overall
loss of heterozygosity (allele fixation) and that the populations are in HWE (Aratjo et al., 2006).

The most commonly used markers in all studies were OarCP34, INRA063, OarFCB128, OarFCB304,
MAF65, OarAE129, OarFCB193, MCMS527, CSRD247, HSC, MAF214, and INRA023, while others
used less frequently were OarJMP129, OARCB226, SRCRSPO05, and MAF36. Only the studies on sheep
breeds from Algeria and Tunisia (Kdidi et al., 2015; Gaouar et al., 2015) were covered by all 30
microsatellites, which is the maximum coverage recommended by (FAO, 2011). The usefulness of the

101



Ouinten et al 2026, Genet. Biodiv. J, 2026, 10 (1): 92- 106
DOI: 10.46325/cdct9r92

markers and primers used in the study for investigating the genetic variability of a population is
represented by PIC. While 0.5 > PIC > 0.25 is considered reasonably informative and below 0.25 is
considered less informative, a marker with a PIC > 0.5 can be considered highly informative and highly
polymorphic. Our results show that all estimates are higher than 0.5, indicating that highly polymorphic
markers have been used for the majority of the sheep populations studied (Tables 2 and 3). According
to (Aljumaah et al., 2012), heterozygosity and the total number of alleles determine the PIC, making
microsatellite markers an excellent option for genetic characterization and diversity studies in Maghreb
sheep breeds.

High positive Fis estimates indicate high homozygosity, while negative estimates indicate low levels of
inbreeding (Dorji, Duangjinda, and Phasuk, 2012). Fst is the ratio of the total genetic variance in a
subpopulation to the total genetic variance. A high Fst indicates a high degree of differentiation between
populations. According to Kalinowski (2004), the lowest estimate is less than 0.05, the mean is between
0.05 and 0.25, and the highest genetic distance is greater than 0.25. With this background information,
several authors have reported moderate to high levels of inbreeding in various sheep populations. For
example, Fis estimates for four sheep breeds in Tunisia were 0.112 (Ben Sassi-Zaidy et al., 2016) and
0.1664 (Samia Kdidi et al. 2023), five breeds in Morocco were 0.142 (Gaouar, Kdidi, and Ouragh, 2016),
and some local sheep breeds in Algeria were 0.142 (Abdelkader et al. 2020). This could be due to the
small size of the sheep population, the controlled breeding system, and the extremely low number of
breeding rams used continuously for several years. This conclusion is supported by the lowest
heterozygosity and MNA values as shown in Table 3. Previous studies have reported acceptable mean
FIS estimates of 0.065 for Algerian sheep breeds (Ouinten et al., 2018), 0.061 for Ata, Ameur, and
Yilmaz (2019), and 0.032 for Abdelkader et al. (2018). These intermediate levels of inbreeding could
be the result of unplanned or uncontrolled matings, whereas high levels of inbreeding could have
resulted from moderate matings between closely related individuals (Mekuriaw et al., 2016). On the
other hand, two studies on Algerian sheep breeds reported Fis estimates of -0.014 (Ouinten et al., 2024)
and 0.05 (Harkat et al., 2017), indicating low levels of inbreeding and an excess of heterozygotes, while
the other seven studies did not report Fis estimates.

The genetic distance estimates between populations in terms of Fst have been reported in many studies.
For example, 0.068 (Abdelkader et al., 2020); 0.062 (Ouinten et al., 2024); 0.057 (Abdelkader et al.,
2018); 0.036 (Gaouar, Kdidi, and Ouragh, 2016); 0.01 (Ben Sassi-Zaidy et al., 2022); 0.0127 (Kdidi et
al., 2023); 0.008 (Ouinten et al., 2018); and 0.007 (Ben Sassi-Zaidy et al., 2016) are in the range of
negligible estimates (FST < 0.25). There is no study with significant estimates of genetic distance
between populations, while these parameters are absent in nine others. This suggests that genetic
differentiation between sheep subpopulations is low to moderate. According to these reports, the average
Fst estimate for all microsatellite loci in Algerian sheep populations was found to be 0.049, indicating a
total genetic variation of 4.9% between populations and 95.1% between individuals. Based on the same
studies, gene flow between regions with similar ecosystems and close geographical distances could be
the cause of the lack of differentiation in these phenotypically distinct subpopulations. Similarly,
Gaouar, Kdidi and Ouragh (2016) found that 3.6% of the total variation in the Moroccan sheep
population was due to population subdivision, while 96.3% of the variation was between individuals
within sheep populations, possibly due to migration of individuals between subpopulations. It was also
confirmed by Kdidi et al. (2023), Sassi-Zaidy et al. (2016), and Ben Sassi-Zaidy et al. (2022) that
traditional uncontrolled mating practices and policies, which encouraged or resulted in uncontrolled
animal movements through different market routes and agricultural extension systems in Tunisia, may
be responsible for the low genetic differentiation between subpopulations.

Conclusion

This study provided an overview of the current situation of sheep breeds in North Africa, using
microsatellites as a useful tool for genetic characterization. The review also highlighted the lack of
studies on the conservation of indigenous breeds, with results showing greater intra-population variation
than inter-population variation, implying low genetic differentiation between sub-populations. It is
therefore imperative to study the genetic structure and gene flow in these populations.
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Molecular evaluation using microsatellites provides useful information for formulating effective
conservation programs for critically endangered breeds (e.g. Hamra, Rembi, Taadmit, and Tazegzaout).
Such programs can increase genetic diversity and resilience, ultimately ensuring the survival of these
unique breeds. By focusing on both genetic characterization and conservation strategies, researchers can
make informed decisions that support biodiversity and promote sustainable agricultural practices. This
can be extended to the study of the effects of introduced genetic admixture and the identification of
genetically diverse breeds to assist in the conservation and rehabilitation of sheep breeds. The study also
highlights the need to strengthen future studies for a deeper understanding of flock structure based on
well-designed sampling and using the latest technological advances in the field.
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