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ABSTRACT
	[bookmark: _Hlk219365287]The genetic characterisation of indigenous breeds of small ruminants in Mali, particularly goats, has long been limited, and this situation remains unchanged. The present study was conducted to determine the genetic diversity of Sahelian goats in Mali. In total, 80 samples, divided into five sub-populations from the localities of Kayes, Baraoueli, Ségou, Bla, and San, were amplified by polymerase chain reaction (PCR) using 18 microsatellite markers. Twelve (12) markers proved to be polymorphic, with a polymorphism rate of 66.66%. The markers ILSTS87, INRA132, ILSTS005, SRCRSP5, SRCRSP7 and BM6506 were found to be monomorphic (constant) in all animals in this study. A total of 32 genotypes were identified. Polymorphism Information Content (PIC) ranged from 0.07 to 0.49 for the MAF209 and MAF65 markers, respectively. MAF65 had the highest PIC and genetic diversity. For the goat population as a whole, the expected heterozygosity (He) was 0.311±0.02 with an observed heterozygosity (Ho) of 0.518±0.04. The San and Ségou subpopulations had the lowest polymorphism rate (61.11%). The fixation index FST is moderate (8.10%). Principal coordinate analysis of genetic data revealed that animals from the same locality exhibit greater genetic similarity with one another than with those from other localities. The present results will contribute to the adoption of a better strategy for the conservation and promotion of the breed.
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1. INTRODUCTION
Mali is a Sahelian country whose livestock sub-sector ranks third in exports after gold and cotton (National Directorate for Animal Production and Industries, 2024). It contributes 19% to GDP (Gross Domestic Product) for all inputs combined (FAO, 2017). The country has a large population of small ruminants, particularly goats, estimated at 33,803,900 head (National Directorate for Animal Production and Industries, 2024). Annual raw milk production is estimated at 295,457 tonnes, with annual raw skin production of 1,454.63 tonnes, destined for industry (FAOSTAT, 2023). However, the goat population consists of savannah-type goats (stocky) and Sahelian-type goats (long-legged), which are well adapted to the breeding conditions of the savannah and the Sahel/Sahara, respectively. Sahelian goats play a crucial role in the economy, diet, tradition and culture of the Sahelian populations. They grow well and produce milk even during periods when fodder resources are scarce (Sangaré and Pandey, 2000). In general, goat farming is extensive, based mainly on the annual growth rate of the herd. As a result, their production is not up to scratch. Consequently, the country is facing a growing deficit in animal products.
To overcome this shortcoming, a better understanding of Sahelian goats is needed, which requires genetic characterisation to understand the genetic basis of their productivity. The use of microsatellite markers is a widely used approach in the genetic characterisation of animal resources (Traore et al., 2009; Ouattara et al. 2021). It is with this in mind that the present study was conducted to genetically characterise Sahelian goats using microsatellite markers.
2. MATERIALS AND METHODS
2.1. Sampling and DNA extraction
A total of eighty (80) Sahel goats were sampled, comprising 16 goats from the Kayes locality (Figure 1), 13 goats from Baraouéli (Figure 2), 8 goats from Ségou (Figure 3), 10 goats from San (Figure 4) and 33 goats from the locality of Bla (Figure 5). The locality of Kayes belongs to the Sahelian zone and is located between 13°5' and 15°3' north latitude (Ouattara, 2022). It is characterised by low rainfall and mainly aerial grazing dominated by perennial grasses (Breman et al., 1991). The last four localities in the Sudano-Sahelian zone are located between 11°3' and 13°5' north latitude (Ouattara, 2022). The vegetation consists of wooded and shrubby savannahs with herbaceous strata dominated by grasses such as Brachiaria deflexa, Rachiaria distichophylla, Digitaria gayana, Panicum anabaptistum, Diheteropogon hagerupii, and Lejidagathis anobrya (Breman et al., 1991; Cisse and Breman, 1980). Approximately 4 millilitres of whole blood from each individual was collected in EDTA-K2 tubes. The blood samples were then labelled, stored on ice and sent to the Microbiology and Microbial Biotechnology Research Laboratory (LaboREM-Biotech) for genetic analysis. Genomic DNA was extracted using the Promega ReliaPrepTM Blood gDNA Miniprep System kit, following the manufacturer's instructions. The DNA extracts were stored at -20°C during handling.
2.2. Microsatellite markers and their amplification by Polymerase Chain Reaction (PCR)
Eighteen (18) pairs of microsatellite markers (Table 1) were amplified using a 2720 Applied System thermocycler. Some microsatellites were chosen on the basis of their polymorphism [Poutya, 2008, Chenyambuga et al., 2004, Traore et al., 2009], while others were chosen because they are included in the panel of markers recommended by the FAO for exploring the genetic diversity of animal breeds (FAO, 2005 and 2008), available at  www.dad.fao.org/en/refer/library/guidelin/marker.pdf.
A reaction mixture with a total volume of 15 µl containing the reagents from the Promega Kit was used for PCR. The composition and proportions of the reaction mixture are shown in Table 2. The amplification programme consisted of an initial denaturation phase at 95°C for 5 minutes, one cycle repeated 35 times, with each cycle comprising: a denaturation phase at 94°C for 1 minute, a hybridisation phase of 45 seconds where the temperature varies depending on the markers, and an elongation phase at 72°C for 1 minute 30 seconds. Lastly, there is an extension step at 72°C for 10 minutes. The PCR products were migrated on a 3% MS-4 agarose gel, prepared using a 0.5X Tris Borate EDTA solution, and stained with 10% ethidium bromide. The bands were visualised using the Gel System Image E-BOX VX2 version 15.0 device.
Table 1: Composition and proportion of PCR reagents
	Reagents
	iv (µl)
	ic 
	fv
	fc

	Pur water
	4
	-
	15µl
	-

	Green Master Mix
	7.5
	5X
	
	1X

	Forward
	1
	100pmol/µl
	
	4pmol/µl

	Reverse
	1
	100pmol/µl
	
	4pmol/µl

	DNA
	1.5
	20ng/µl
	
	2.4ng /µl


iv : initial volume, ic : initial concentration, fv : final volume, fC : final concentration 
2.3. Statistical analyses
The allele size of each microsatellite marker was determined in base pairs using E-Capt version 15.06 and Excel software. Genetic parameters within the overall population and in subpopulations were determined using Power Marker version 3.25 and GenAIEx version 6.5 softwarewithin subpopulations were determined using PowerMarker version 3.25 and GenAIEx version 6.5. The genetic distance matrix was calculated according to (Nei and Takezak, 1983) using Power Marker version 3.25 software. The dendrogram was constructed using the UPGMA (Unweighted Pair Group Method with Arithmetic Mean) method, edited with MEGA 7.0 software (Kumar et al., 2016).
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Figure 3 : Segou Sahel goat
Figure 2 : Baraoueli Sahel goat
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Figure 5 : Bla Sahel goat



3. RESULTS AND DISCUSSION
In this study, 37 alleles and 32 genotypes were identified with a polymorphism rate of 66.67% (Table 2). Six (6) of the 18 markers proved to bewere monomorphic (33.33%). The genetic diversity within the overall population is illustrated in Table 2. The number of alleles ranged from 1 to 4, with an average of 2.06 alleles per marker. The size of the alleles varied depending on the marker. The MAF65 marker showed the highest genetic diversity and the highest PIC. Allele size and number varied among markers.
On average, the observed heterozygosity was 0.518±0.04 compared to an expected average , compared with an expected heterozygosity of 0.311±0.02 (Table 3), indicating an excess of heterozygosity in the overall population for the amplified markers. Fis, Fit and the mean value of F all have negative mean values (Table 3), confirming the excess of heterozygosity. The mean genetic differentiation (Fst) was moderate (8.10%) and the mean gene flow (Nm) in the population was 4.02.
Genetic diversity varied from one subpopulation to anotheramong subpopulations (Table 4). The Baraouéli subpopulation had the highest heterozygosity, while the San subpopulation had the lowest. Each subpopulation showed an excess of heterozygosity (Ho>He), which is confirmed by a negative mean F-statistic value > He), as indicated by a negative mean F-statistic. Animals from the Bla locality showed the highest polymorphism rate (83.33%), while the lowest rate was observed in the San and Ségou subpopulations (61.11%) (Table 4). 
Priincipal coordinate analysis (PCoA) of genetic data showed that animals tend to cluster according to their origin (Figure 6). This indicates that animals from the same locality or geographically close localities have more genetic similarities than those from distant localities (Figure 6).







Table 2: Characteristics of markers, number of alleles, genotypes, allele size, genetic diversity and PIC per marker
	Order
	Locus
	Sequence
	Allele No
	Number of genotypes
	Genetic diversity
	PIC
	Allele size (bp)
	Anneling temperature (°C)

	01
	BMC1222
	F-CCAATTTTGCAGATAAGAAAACA
R-CCTGAGTGT TCC TCCTGAGT
	4
	2
	0.43
	0.36
	231-275
	53.00

	02
	ILSTS44
	F-AGTCACCCAAAAGTAACT GG
R-ACATGTTGTATTCCAAGTGC
	2
	2
	0.36
	0.30
	155-173
	57.00

	03
	ILSTS87
	F-AGCAGACATGATGACTCAGC
R-CTGCCTCTTTTCTTGAGAGC
	2
	2
	0.00
	0.00
	229-345
	60.50

	04
	INRA132
	F-AACATTTCAGCTGATGGTGGC
R-TTCTGTTTTGAGTGGTAAGCTG
	1
	1
	0.00
	0.00
	274
	49.00

	05
	MAF35
	F-TCAAGAATTTTGGAGCACAATTCTGG
R-AGTTACAAATGCAAGCATCATACCTG
	3
	2
	0.38
	0.33
	110-120
	55.50

	06
	MAF65
	F-AAAGGCCAGAGTATGCAATTAGGAG
R-CCACTCCTCCTGAGAATATAACATG
	3
	2
	0.53
	0.49
	120-135
	58.50

	07
	MAF209
	F-GATCACAAAAAGTTGGATACAACCGTGG
R-TCATGCACTTAAGTATGTAGGATGCTG
	2
	2
	0.07
	0.07
	104-124
	55.50

	08
	OarAE054
	F- TACTAAAGAAACATGAAGCTCCCA
R- GGAAACATTTATTCTTATTCCTCAGTG
	2
	2
	0.20
	0.18
	142-192
	50.00

	09
	ILSTS17
	F-GTCCCTAAAATCGAAATGCC
R-GCATCTCTATAACCTGTTCC
	2
	2
	0.43
	0.34
	135-165
	56.00

	10
	ILSTS005
	F-GGAAGCAATGAAATCTATAGCC
R-TGTTCTGTGAGTTTGTAAGC
	1
	1
	0.00
	0.00
	144
	55.50

	11
	SRCRSP5
	F- GGACTCTACCAACTGAGCTACAAG
R- GTTTCTTTGAAATGAAGCTAAAGCAATGC
	1
	1
	0.00
	0.00
	138-157
	51.50

	12
	SRCRSP7
	F-TCTCAGCACCTTAATTGCTCT
R-GTCAACACTCCAATGGTGAG
	1
	1
	0.00
	0.00
	67
	55.50

	13
	SRCRSP9
	F- AGAGGATCTGGAAATGGAATC
R- GCACTCTTTTCAGCCCTAATG
	3
	2
	0.33
	0.30
	145-194
	55.50

	14
	SRCRSP23
	F- TGAACGGGTAAAGATGTG
R- TGTTTTTAATGGCTGAGTAG
	1
	1
	0.00
	0.00
	118-234
	58.50

	15
	OarFCB30
	F-CCCTAGGAGCTTTCAATAAAGAATCGG
R-CGCTGCTGTCAACTGGGTCAGGG
	3
	2
	0.50
	0.39
	346-390
	56.50

	16
	BM6506
	F-GCACGTGGTAAAGAGATGGC
R-AGCAACTTGAGCATGGCAC
	2
	2
	0.32
	0.27
	357-440
	55.50

	17
	OarFCB48
	GAGTTAGTACAAGGATGACAAGAGGCAC
GACTCTAGAGGATCGCAAAGAACCAG
	2
	2
	0.42
	0.33
	110-139
	58.50

	18
	CSSM31
	F-CCAAGTTTAGTACTTGTAAGTAGA
R-GACTCTCTAGCACTTTATCTGTGT
	2
	3
	0.35
	0.29
	139-155
	55.50


PIC : Information Polymorphisme Content
Table 3: Polymorphism of microsatellite markers studied in Sahelian goats
	Markers
	HO
	He
	F
	Fis
	Fit
	Fst
	Nm

	BMC1222
	0.582
	0.418
	0.381
	0.391
	0.377
	0.010
	23.952

	ILSTS44
	0.136
	0.138
	0.161
	0.185
	0.089
	0.081
	2.838

	ILSTS87
	1.00
	0.500
	1.00
	1.000
	1.000
	1.000
	NV

	INRA132
	0.00
	0.00
	NV
	NV
	NV
	NV
	NV

	MAF35
	0.200
	0.197
	0.500
	0.517
	0.235
	0.500
	0.760

	MAF65
	0.659
	0.481
	0.365
	0.372
	0.327
	0.033
	7.436

	MAF209
	0.033
	0.320
	0.028
	0.031
	0.017
	0.014
	17.571

	OarAE054
	0.855
	0.463
	0.804
	0.847
	0.747
	0.054
	4.403

	ILSTS17
	0.605
	0.375
	0.612
	0.614
	0.434
	0.111
	1.994

	ILSTS005
	0.00
	0.000
	NV
	NV
	NV
	NV
	NV

	SRCRSP5
	1.00
	0.500
	1.00
	1.000
	1.000
	1.000
	NV

	SRCRSP7
	0.00
	0.00
	NV
	NV
	NV
	NV
	NV

	SRCRSP9
	0.426
	0.336
	0.215
	0.266
	0.114
	0.215
	0.551

	SRCRSP23
	1.00
	0.500
	1.00
	1.000
	1.000
	1.000
	NV

	OarFCB30
	0.396
	0.296
	0.311
	0.338
	0.219
	0.089
	2.551

	BM6506
	0.800
	0.401
	1.00
	1.000
	0.667
	0.167
	1.250

	OarFCB48
	0.790
	0.450
	0.710
	0.753
	0.651
	0.058
	4.052

	CSSM31
	0.821
	0.509
	0.620
	0.617
	0.541
	0.047
	5.066

	Mean±SE
	0.518±0.04
	0.311±0.02
	0.558±0.05
	0.562±0.08
	0.448±0.09
	0.081±0.02
	4.025±1.54



Observed (Ho) and expected (He) Heterozygosity, NV: No value (monomorphic marker), SD: Standard Error

Table 4: Heterozygosity rate, F-statistic, and polymorphism rate by subpopulation
	Localities
	Ho
	He
	F
	Taux de polymorphisme (%)

	Kayes
	0,514±0,097
	0,320±0,097
	0,512±0,093
	77.78

	Baraoueli
	0,619±0,099
	0,359±0,055
	0,675±0,079
	77.78

	Bla
	0,513±0,093
	0,325±0,048
	0,416±0,133
	83.33

	Segou
	0,484±0,111
	0,282±0,056
	0,626±0,152
	61.11

	San
	0,461±0,106
	0,269±0,055
	0,595±0,140
	61.11

	Mean±SE
	0,518±0,045
	0,311±0,024
	0,558±0,053
	72.22±4.65


Observed (Ho) and expected (He) Heterozygosity, SE: Standard Error
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Figure 6: Principal coordinate analysis of genetic data
This study revealed genetic diversity between the genes carried by each animal, on the one hand, and diversity between animals on the other. It highlighted excessive heterozygosity and a high rate of polymorphismpolymorphism rate in the goat herds studied. This genetic diversity could be explained by the extensive farming practices to which the animals are subjected (e.g. animals roaming freely during the dry season). Six (6) markers (ILSTS87, INRA132, ILSTS005, SRCRSP5, SRCRSP7 and BM6506) were constant (monomorphic) in all animals. This indicates that variability within herds is due to 12 markers. Clustering animals according to their origin shows that animals from nearby locations have more genes in common compared to those from a geographically distant locationby origin shows that those from nearby locations have more genes in common than those from distant locations. The locations of Ségou, Bla, San and Baraoueli are on the same extension, which explains the clustering of animals from these locations.
The allele sizes obtained for the markers (SRCRSP5, SRCRSP9, SRCRSP23, OarFCB48, MAF209, SRCRSP7, MAF35, OarAE54, ILSTS87) in the present study differ from those observed in Abergelle goats, Centrale Abergelle goats in Ethiopia (Hassen et al., 2012) and the indigenous Farafara and Siwa breeds in Egypt (El Sayed et al., 2016). The number of alleles observed is lower than those that reported by these researchers for the same markers. Similarly, for the ILSTS005, SRCRSP5 and SRCRSP9 markers, the average PIC observed in this study is lower than that obtained in local goat breeds in Nigeria (0.1 versus 0.84) by Okpeku et al. (2012). The markers ILSTS005, ILSTS87, INRA132, SRCRSP5, and SRCRSP7 were conserved (monomorphic) in all animals studied in this study. This observation differs from those made in goats from the Sahel region of Algeria, Burkina Faso, local breeds (Tswana) from Botswana, and indigenous goats from Egypt (Tiefel et al., 2018; Traoré et al., 2009; Mahrous et al., 2013; Maletsanake et al., 2013; Hassanane et al., 2010; Aga et al., 2008). The goat population studied as a whole showed an excess of heterozygosity for the markers studied. This result corroborates those obtained in goat populations in the Sahel region of Mauritania, Senegal and Niger (Missohou et al., 2006). For the BMC1222, ILSTS17 and ILSTS17 markers, this study revealed an excess of heterozygosity. This result differs from that observed by Chenyambuga et al. (2006) in goats from the Sahel region of West Africa. These differences can be explained by genetic diversity among animals.
Furthermore, for markers ILSTS005, ILSTS87, INRA132, MAF35 and MAF65, Tesfaye (2004) revealed that populations of Ethiopian local goat breeds (Abergalle, Afar, Central Highland, and MAF65, Tesfaye (2004) revealed that populations of Ethiopian local goat breeds (Abergalle, Afar, Central Highland, and Hararghe Highland) were in Hardy-Weinberg equilibrium. This observation differs from that made in the present study using the same markers. In addition to genetic differences between breeds, Tesfaye used polyacrylamide gel instead of the agarose gel used rather than agarose gel in the present study.
4. CONCLUSION
This study revealed genetic diversity within the Sahelian goat population studied. Each subpopulation showed an excess of heterozygosity for the markers used, confirmed by negative mean values for F, Fis and Fit. Animals from Bla showed the greatest genetic diversity and those from Baraoueli showed the least. These results show that microsatellites are important tools in exploring the genetic diversity of animals. The variability revealed offers opportunities for long-term genetic improvement of the Sahel goat population in Mali.

Ethical approval (wherever applicable)
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