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Pearl millet (Pennisetum glaucum L.) is an important staple food crop, especially in arid and semi-arid
regions of West Africa. However, the genetic diversity of pearl millet in these regions is poorly
understood, and yet it is useful in identification of landmarks for in situ germplasm conservation and
breeding programs, particularly in establishment of heterotic groups. Therefore, the aim of this study
was to assess the patterns of genetic diversity and relationships among 30 West African pearl millet
accessions, using 21 microsatellite markers. Population structure and population genetic diversity were
also assessed. Genotypic data was generated using the ABI Prism 3730 and alleles were called and
sized using GeneMapper software version 3.7. Molecular data was analyzed using DARwin 4.0,
PowerMarker 3.0 and Arlequin version 3.11. The average marker quality index was 0.29 while the total
number of alleles detected was 171 with an average of 8 alleles per locus. The average polymorphic
information content (PIC) was 0.64. The average Nei’s genetic diversity and heterozygosity were 0.533
and 0.433, respectively. Hierarchical partitioning of genetic variation by analysis of molecular variance
(AMOVA) demonstrated that genetic differentiation was low but significant at p<0.003 with a fixation
index (Fst) of 0.154. Of the total genetic diversity, 5.8, 9.5 and 84.6% were attributed to country
differences, population differences within the countries and differences within populations,
respectively. Cluster and principal coordinate analysis of the 30 populations revealed two distinct pearl
millet accessions while the 49 individuals revealed four clusters, all on the basis of geographic origins
and genotypes. This study demonstrates the utility of simple sequence repeats (SSR) markers in
detecting polymorphism, estimating genetic diversity and assigning heterotic groups in a highly cross-
pollinated species such as pearl millet.

Key words: Genetic variability, pearl millet, polymorphic information content, population structure, simple
sequence repeats (SSR) markers.

INTRODUCTION

Pearl millet (Pennisetum glaucum L.) ranks as the sixth particularly in arid and semi-arid regions (Loumerem et

most important cereal in the world. It is one of the most al., 2008). Pearl millet is an excellent dietary source of
important staple cereals in sub-Saharan Africa and India, calcium, iron, manganese and methionine, an amino acid
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lacking in the diets of hundreds of millions of the poor
who live on starchy foods such as cassava, plantain,
polished rice and maize meal (Bashir et al., 2014,
Vanisha et al., 2011). In addition to grains, pearl millet
crop residues and green plants are a good source of
animal feeds, building materials and fuel for cooking. The
West African region is normally affected by recurrent
drought. As a result, many people are at risk because of
crop production decrease in both rain-fed and irrigated
areas. This, in combination with food security issues,
prompts research institutions to advice farmers to grow
drought tolerant crops. Millet is superior in drought
tolerance and adaptability to poor soils and, therefore, is
largely contributing to food security (Sahri et al., 2014).
However, genetic diversity of pearl millet in West Africa
has not been fully and systematically exploited in
breeding programmes.

Studying the diversity of important cereal crops, such
as pearl millet, enables identification of landmarks for in
situ germplasm conservation, the creation of core
accessions for genetic analysis and the extension of
knowledge useful for breeding programs (Thomas et al.,
2017; Mariac et al., 2006). Many studies have aimed at
assessing the genetic diversity in germplasm collections
of crops using various types of DNA markers, such as
restriction fragment length polymorphism (RFLP)
(Bhattacharjee et al., 2002; Jordan et al., 2003), random
amplified polymorphic DNA (RAPD) (Haussmann et al.,
2002; Panday et al., 2002) and amplified fragment length
polymorphism (AFLP) (Brocke et al., 2003) as well as
genotyping by sequencing (He et al.,, 2014). Simple
sequence repeats (SSR) loci, which correspond to
tandemly repeated DNA with very short repeat units,
have been reported as powerful genetic markers in
characterization of plants (Thomas et al., 2017; Bashir et
al., 2014; Powell et al., 1996; Smith et al., 2000). SSRs
have several advantages over other DNA markers such
as RFLPs, RAPDs and AFLPs. They are co-dominant

and highly informative, display high levels of
polymorphism (Senior et al., 1998) and are amenable to
automated  genotyping  strategies. In  addition,

radioisotopes are not required in the detection of SSR
markers, because sequence polymorphism usually can
be detected by separation of amplified products in
agarose gels. Furthermore, SSR loci give good
discrimination between closely related individuals, in
some cases, even with only a few loci (Kong et al., 2000;
Gupta et al., 2013).

Pearl millet is a highly cross-pollinating species and
genetic diversity is distributed both within and among
cultivars. Within-cultivar diversity can be very limited in
exhibit a tremendous amount of genetic diversity due to
the wide range of stressful environments in which it has

been cultivated traditionally. Therefore, the partitioning of
diversity and a better understanding of genetic
relationships could allow for assigning of heterotic groups
as an important step in selecting parental lines in millet
breeding programs. In the present study, highly
polymorphic SSR markers were used to determine the
genetic diversity and population structure of pearl millet
landraces from West Africa.

MATERIALS AND METHODS
Plant material

Thirty (30) pearl millet accessions, including landraces, improved
open-pollinated cultivars and farmer varieties were used in this
study (Table 1). Seeds were collected from diverse geographic
origins in West Africa.

DNA extraction, quantification and normalization

Both individual and bulking sampling methods were used in
harvesting of leaf samples. Leaf tissues of four seedlings were
pooled for each accession for all the 30 accessions. In addition, 10
accessions were randomly selected and five seedlings per
accession sampled individually for the assessment of within
population genetic diversity. Genomic DNA was extracted from
fresh leaves of one-week-old seedlings using a modified cetyl
trimethylammonium bromide (CTAB) protocol (Mariac et al., 2006).
Determination of integrity of the isolated DNA was assessed using
agarose (0.7%) gel electrophoresis stained with ethidium bromide
(10 mg/ml). The gel was run at a constant voltage of 100 v until the
bromo-phenol blue migrated almost to the end of the gel. The gel
was then removed from the rig, placed in a UV trans-illuminator and
photographed. DNA was quantified through spectrophotometric
absorbance (A) readings at wavelengths (A) of 260 and 280 nm,
using a Nanodrop spectrophotometer. All the DNA samples were
diluted to the required concentration of 5 ng/ul for polymerase chain
reaction (PCR) amplifications.

PCR optimization and amplification

A total of 21 microsatellite primer pairs were used for PCR
amplification of the DNA samples (Table 2). PCR conditions for
each of the 21 SSR markers were optimized and PCR reactions
were set up in 10 pl volumes in 96-well PCR plates (ABGene,
Rochester N.Y). Each PCR reaction contained 2 pmol/ul of primer,
2 mM MgClz, 2 mMdNTPs, 0.04U Amplitag Gold Polymerase (PE-
Applied Biosystems) and 1x PCR buffer (PE-Applied Biosystems).
Temperature cycling was carried out using the Gene-amp PCR
system 9700 (PE-Applied Biosystems and touch-down PCR
amplification; 15 min denaturation cycle, followed first by 10 cycles
of 94°C for 10 s, 61°C for 20 s (ramp of 1°C per cycle) and 72°C for
30 s, then by 31 cycles of 94°C for 10 s, 54°C for 20 s and 72°C
for30 s. After completion of 31 cycles, a final extension of 30 min
at72°C (Smith et al., 1995). The final extension temperature was
extended for 30 min when the primers were having a lot of stutter
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Table 1. Pearl millet accessions used in genetic diversity studies and their country of origin.

Sample ID. Accession ID Field entry No.  Country of origin Location Parent
G195 PE02990 327 Senegal Sagatta F1
G196 PEO03012 328 Senegal Orefonde F2
G197 PE05532 329 Mali Nangal F3
G198 PE05631 330 Mali Sanga F4
G199 PE05996 331 Burkina Faso Sanga F5
G200 PE01203 332 Burkina Faso Banga F6
G201 PE02801 334 Niger Deoule F7
G202 PE02935 335 Niger Barakan F8
G203 AON378 336 Nigeria F9
G204 AON122 337 Nigeria F10
G205 Souna3 338 Senegal M1
G205 PE01437 339 Senegal Vindediabi M2
G207 PE05393 340 Malli Aourou M3
G208 PE05558 341 Malli Tominian M4
G209 PE05988 342 Burkina Faso Tougou M5
G210 PE05980 343 Burkina Faso M6
G211 PEO02827 344 Niger Bangou M7
G212 PE02885 345 Niger Falouel M8
G213 AONG644 346 Nigeria M9
G214 AON514 212 Nigeria M10
G135 PE02987 82 Senegal Diourbel P1
G49 PE05344 152 Malli Korera Kole P2
G96 PE03942 360 Benin Birni P3
G228 Gampela 350 Burkina Faso Inera P4
G218 ICMV IS 92222 305 Niger ICRISAT P5
G191 IP8679 302 Sudan Darfur P5
G188 1P12182 347 Nigeria Gongola P7
G215 SOSAT-C88 249 Mali ICRISAT Improved variety
G217 ICMV 1S89305 202 Niger ICRISAT Improved variety
G129 PE02703 Niger May Kerawa Panicle with extra-large diameter

bands to reduce the probability of false scoring of stutter bands as
alleles. Following amplification, three microlitres of the PCR
products were run on 2% agarose gel stained with ethidium bromide
(10 mg/ml), observed under UV transilluminator and photographed.

Capillary electrophoresis

The forward primers of all the 21 SSR markers were labelled with
FAM, PET, VIC and NED (PE-Applied Biosystems), allowing post-
PCR pooling of the 21 primer products into 6 groups of three primer
products each and two groups of two primer products each, with
each primer product in a given group being labelled with a different
dye. Co-loading sets were optimized and multiplexed based on dye
label, fragment size and fluorescence to reduce the unit cost of high
throughput genotyping. DNA fragments were denatured and size-
fractioned using capillary electrophoresis on an ABI prism 3730
automatic DNA sequence (PE-Applied Biosystems). The
GeneMapper v3.7 software (PE-Applied Biosystems) was used to
size peak patterns, using the internal Genescan-500 LIZ size
standard and genotyper 3730 (PE-Applied Biosystems) for allele
calling. Size calling was performed using GeneMapper v3.7 and

bins were constructed from reference data. Alleles were
automatically assigned allele calls based on the bin definitions. The
results were stored in the GeneMapper data base. Allelobin
software was used for checking the quality and efficiency of
markers.

Data analysis

In each SSR marker, the following was determined: total number of
alleles detected, number of common alleles with allelic frequencies
of at least 5%, and the polymorphic information content (PIC)
values (Botstein et al., 1980; Smith et al., 2000). Pair-wise genetic
similarities between individual accessions were calculated using
Power marker v.3.25 (Liu and Muse, 2005). The genetic diversity
within and among countries and within and among accessions was
estimated using the Power marker Version 3.25 (Liu and Muse,
2005) based on estimated allele frequencies (Nei, 1978).

Allele frequency based on pair-wise genetic distances between
countries and between accessions were calculated using Power
Marker v3.25 (Liu and Muse, 2005). The resulting distance matrix
was subjected to sequential agglomerative  hierarchical
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Table 2. List of microsatellite primer pairs used in genetic diversity of pearl millet.

Marker Name Primer_Sequences_Forward Primer_Sequences_Reverse Motif Expected._ Linkage_Group
Product_Size
PSMP2001 CATGAAGCCAATTAGGTCTC ACCATCTGACTTGTTCTTATCC (CT)8(CA)48 205 5
PSMP2008 GATCATGTTGTCATGAATCACC ACACTACACCTACATACGCTCC (GT)37 184 7
PSMP2027 AGCAATCCGATAACAAGGAC AGCTTTGGAAAAGGTGATCC (GT)31 239 7
PSMP2030 ACCAGAGCTTGGAAATCAGCAC CATAATGCTTCAAATCTGCCACAC (CA)11(GA)10 112 1
PSMP2043 TCATATTCTCCTGTCTAAAACGTC ACAAATCGTACAAGTTCCACTC (CA)13(GA)6 189 7
PSMP2076 GGAATAGTATATTGGCAAAATGTG ATACTACACACTGTAAGCATTGTC (AC)15 147 4
PSMP2079 AGCCGAAGGCTAATCAACAA GTGGTCAGCAGCAGATGTAA (AC)27 194 7
PSMP2080 CAGAATCCCCACATCTGCAT TGCAACTGAGCGAAGATCAA (AC)14 175 1
PSMP2085 GCACATCATCTCTATAGTATGCAG GCATCCGTCATCAGGAAATAA (AC)11 171 4
PSMP2087 GGAACAGACTCCATACCTGAAA TACCTGCCTGTGCTGTTAGT (AC)10 118 7
PSMP2090 AGCAGCCCAGTAATACCTCAGCTC AGCCCTAGCGCACAACACAAACTC (CN12 173 1
PSMP2201 CCCGACGTTATGCGTTAAGTT TCCATCCATCCATTAATCCACA (GT)6 365 2
PSMP2208 GAAAGAGCAAACTGAACAATCCC ACTTTGCCCTGGATGATCCTC (GT)10 246 5
PSMP2231 TTGCCTGAAGACGTGCAATCGTCC CTTAATGCGTCTAGAGAGTTAAGTTG (TG)12GG(TA)4 226 2
PSMP2233 TGTTTTCTCCTCTTAGGCTTCGTTC TGTTTTCTCCTCTTAGGCTTCGTTC (TG)9 256 5
PSMP2237 TGGCCTTGGCCTTTCCACGCTT CAATCAGTCCGTAGTCCACACCCCA (GT)8 229 2
PSMP2246 CGGATGCTAAATTAACCGAAGC CCAGCTTGCTTCTGTTGCGTTC (TG)7imperfect 262 1
PSMP2248 TCTGTTTGTTTGGGTCAGGTCCTTC CGAATACGTATGGAGAACTGCGCATC (TG)10 166 6
PSMP2249 CAGTCTCTAACAAACAAACACGGC GACAGCAACCAACTCCAAACTCCA (GT)7imperfect 130 3
PSMP2267 GGAAGGCGTAGGGATCAATCTCAC ATCCACCCGACGAAGGAAACGA (GA)16 206 3
ICMP3002 CGAGCCGCCATAGTTGAC TACACACACATTGCCACACG (AAG)7 229 6

nested (SAHN) clustering using un-weighted pair-group
method analysis (UPGMA) as implemented in Power
marker v3.25. Distance matrices and dissimilarity index
were generated using Dice’s coefficient as implemented in
DARwin ver.4.0 to generate dendrograms showing the
clustering of the 49 individuals and 30 bulks. Bootstrapping
over loci with 1000 replications was carried out to assess
the strength of evidence for the branching patterns in the
resulting UPGMA dendrograms. Consensus trees were
constructed using the tree view and DARwin ver.4.0. Pair-
wise genetic similarities between individual accessions
were calculated using Darwin ver. 4.0 with binary data
(single data) as input, based on Dice’s genetic similarity
coefficient (Dice, 1945). The resulting similarity matrix was

subjected to non-metric multi-dimensional scaling (MDS). A
scatter plot of the first and the second MDS axes was
drawn to visualize the inter-relationship among the
accessions for bulks and within the individuals for
individuals. In structure analysis, population differentiation
tests were performed in Powermarker ver.4.0. The first
analysis used a contingency table approach to determine if
groups of individuals had a significant difference in allele
frequencies for each locus (Raymond and Rousset, 1995),
while the second analysis tested the overall differentiation
of groups by using a variant of the Mantel test(MANTEL-
STRUCT). Arlequin program was used to determine the
analysis of molecular variance (AMOVA) according to Weir
and Cockerham (1984).

RESULTS

Marker quality indices, allele variability and
polymorphism in the 49 individuals

Using the 21 SSR markers, a total of 171 alleles
were detected among the 49 individual samples.
The total number of alleles per locus ranged from
4 to 21 with an average of 8 alleles per locus. The
highest % abundant alleles were observed in
primer 2267 (57.8%), whereas the lowest % of
abundant alleles was observed in primer 2027
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Accession Polymorphism (%) Average gene diversity Average heterozygosity PIC

G211 95.2 0.51 0.29 0.44
G217 100 0.51 0.47 0.45
G49 100 0.58 0.50 0.53
G203 100 0.54 0.46 0.47
G197 95.2 0.57 0.53 0.52
G215 95.2 0.52 0.51 0.45
G210 90.5 0.45 0.40 0.4

G96 95.2 0.53 0.35 0.47
G196 90.5 0.53 0.32 0.47
G209 100 0.59 0.49 0.53
Average 96.18 0.533 0.432 0.473

(23.6%). The highest and lowest numbers of rare alleles
at <=5% were 5 and 1, respectively. The average quality
index value was 0.29 with thirteen markers, having a low
quality index value between 0.087 and 0.295, three
markers had an intermediate quality index value between
0.300 and 0.3954, while five markers had a quality index
value above 4.0. The PIC varied from 0.39 to 0.82 for
individuals with an average of 0.64.

Marker quality indices, allele variability and
polymorphism in the 30 bulked samples

Using the 21 SSR markers, a total of 172 alleles were
detected among the 30 bulked samples using 21 primer
pairs. The total number of alleles per locus ranged from 2
to 25 with an average of 8 alleles per locus. The highest
% abundant alleles were observed in primers 2267
(57.45%) whereas the lowest % of abundant alleles was
observed in primer 2027 (15.97%). The highest and
lowest numbers of rare alleles at <=5% were 5 and 1,
respectively, with different primers. There were no rare
alleles observed from primer pairs PSMP 2201, PSMP
2246, PSMP 2249 and PSMP 2208. The average quality
index value was 0.28 with fourteen markers having a low-
quality index value between 0.084 and 0.2995, two
markers had a intermediate quality index value between
0.30 and 0.3954 while five markers had a quality index
value above 4.0. The PIC varied from 0.31 to 0.84 with an
average of 0.60.

Genetic diversity within and between 49 individuals of
ten pearl millet accessions

The total number of alleles within individuals in the ten
accessions across the 21 loci ranged from 107 to 158.
The highest total number of alleles of 158 was observed
in accession G197 and G215, whereas the lowest was
107 observed in accession G211. The difference between

the highest and the lowest total number of alleles in each
individual of the 10 different accessions ranged from 4 to
9 with an average of 5.9.

Polymorphism in the ten accessions ranged from 90.5
to 100%. Four accessions namely G217, G49, G203 and
G209 showed 100% polymorphism across the 21 loci.
The lowest level of polymorphism (90.5%) was observed
in accessions G210 and G196. PIC in the 10 accessions
varied from 0.40 to 0.53, with an average of 0.47 (Table
2). The highest PIC was observed in accessions G209
and G49, with a value of 0.53, whereas the lowest was
observed in accession G210 with a value of 0.40. The
average Nei’s gene diversity (H) varied from 0.45 to 0.59,
with a mean of H = 0.53 across the ten accessions. The
highest gene diversity was H = 0.59 and lowest H = 0.45
in accessions G209 and G210, respectively. Average
heterozygosity ranged from 0.29 to 0.53 with a mean of
0.43 across the ten accessions. The highest average
heterozygosity was observed in accession G197 with a
value of 0.53 while the lowest was 0.29 in accession
G211 (Table 3).

Genetic relationships among 49 individuals of 10
pearl millet accessions

The overall assessment of genetic distances derived from
SSR data varied from 0.23 between G196C and G196B
as the lowest value to 0.88 between G196D and G96B as
the highest value. The highest genetic distance of 0.79
was observed in accession G196 between individual
G196D and G196B while the lowest was 0.12 in
accession G203 between individuals G203D and G203B.
Cluster analysis (CA) partitioned the individual lines in
accordance with their origin from different breeding
groups and pedigree information. Four clusters were
generated with two large clusters having 19 (cluster C)
and 18 (cluster A) individuals. The smallest clusters (B
and D) had five individuals each (Figure 1).
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Figure 1. Dendrogram based on genetic relationships of 49 individuals from ten different accessions using UPGMA
algorithm method of Darwin Version 4.0. Each color shade represents individuals from the same accession.

Genetic relationships of 30 bulked accessions of
pearl millet

The hierarchical cluster analysis (HCA) partitioned the
accessions in accordance with their origin from different
breeding groups that were used in factorial and diallele
crosses. Three major clusters were generated from Nei
and Li genetic distance matrices. Cluster A contained
accessions G129, G217, G202, G212 and G201 from
Niger, G 188, G218, G214 and G213 from Nigeria, G191
from Sudan, G96 from Benin and G200, G209 from
Burkina Faso (Figure 1). Cluster B consisted of
accessions G198, G49, G208, G207, G217 and G197
from Mali, G228, G210 and G199 from Burkina Faso,
G135, G206 and G205 from Senegal and G203 from
Nigeria. Cluster C contained accessions G196, G195
from Senegal and G204 from Nigeria (Figure 2).

Principal co-ordinate analysis (PCoA)

A scatter plot of the first and second axes of non-metric
multi-dimensional scaling (MDS) revealed three clusters
of inter-relationships within accessions. It grouped both
individual and bulked accessions into three groups. The

first group consisted of accessions from Nigeria and
Niger, the second group had accessions from Burkina
Faso and Mali while accessions from Senegal grouped
independently (Figures 3 and 4). The analysis showed
that the accessions generally clustered on the basis of
the geographical origins.

Population structure

There was a clear genetic differentiation among
countries, among populations within countries and within
the populations, using significance tests based on 1000
permutations calculated according to Weir (1996) in
Arlequin. The examination of the hierarchical partitioning
of genetic variation by AMOVA demonstrated that genetic
differentiation was significant at p<0.003 using the exact
value for population differentiation (Raymond and
Rousset, 1995). The genetic variation was lower among
countries (with a variance component of 0.436) than
among populations within countries, with variance
components of 0.713. The variation was highest within
populations, with a variance component of 6.309. Of the
total genetic diversity, 5.85% was attributed to country
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Figure 2. A dendrogram of the relationships between 30 accessions from different West Africa countries using the
UPGMA method of Darwin Ver. 4.0. Each color shade represents individuals from the same country. Blue = Niger,

Dark brown = Nigeria, Purple = Burkina Faso, Red = Benin,

differences, 9.56% was attributed to population
differences within the countries while 84.59% was
attributed to differences within populations. The Fst value
was 0.154, indicating a low level of differentiation. The
value of F, which is equivalent to FIT and estimates the
overall (total population) inbreeding, was 0.38 indicating a
minimal level of inbreeding while the value of Theta (P)
was -0.011 showing a slight excess of heterozygotes
(Table 4).

Polymorphism, heterozygosity and gene diversity
within countries using the 30 bulked pearl millet
accessions

The total number of alleles in each of the 30 bulked
accessions varied from 42 to 63 with an average of
52.57. The highest total number of alleles (63) was
observed in accessions G200 and G218, whereas the
lowest (42) were observed in accession G204. The
analysis of within country diversity revealed high levels of
polymorphism, heterozygosity and gene diversity. The
level of polymorphism in the seven countries ranged from
76.2% in Benin and Sudan to 100% in Mali, Niger,
Nigeria and Burkina Faso. Benin and Sudan had one

= Mali and Dark green = Senegal.

accession each, while the other countries had five or
more accessions and this may be the cause of
differences. The mean Nei's unbiased (estimate of gene
diversity (H) within countries was variable, ranging from
the highest H = 0.62) in Niger to the lowest (H = 0.38) in
Sudan. The average of within country diversity was H =
0.53. The average heterozygosity was quite high with the
exception of Benin. The highest level of heterozygosity
was 0.89 observed in Niger accessions (Table 5).

Genetic relationships of 30 bulked accessions of
pearl millet among countries

The maximum dissimilarity value was 0.62 between
accession G202 and G205, whereas the minimum
dissimilarity value was 0.20 between accessions G213
and G214. The highest genetic distance was between
Nigeria and Sudan with a value of 0.52, whereas the
lowest was between Niger and Nigeria with a value of
0.22. The allele frequency based pair-wise genetic
distances  between countries  calculated  using
PowerMarker V3.25 (Liu and Muse, 2005) revealed the
relatedness of accessions on a country by country basis.
The pair-wise comparisons between countries revealed
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Figure 3. A scatter plot showing the genetic relationship of the 49 individuals. Each color
shade represents individuals from the same accession.

that accessions from Nigeria and Sudan were the most
distant, whereas accessions from Niger and Nigeria were
the most genetically close. The accessions from Mali and
Burkina Faso were also quite close and the Senegal
accessions were generally further from the other West
African accessions (Table 6).

Population structure and diversity within and
between countries based on 30 accessions of pearl
millet

Five clusters were generated from the 30 accessions
based on their country of origin. The largest cluster was
further subdivided into two sub-clusters with one
comprising of accessions from Senegal, Mali and Burkina
Faso, and the other comprised of accessions from Niger
and Nigeria. The second cluster comprised of some
accessions from Niger and Nigeria ICRISAT stations. The
accessions from Benin, Sudan and Mali ICRISAT
separated into the three remaining clusters, respectively
(Figure 5).

DISCUSSION

Pearl millet microsatellite markers revealed high levels of
genetic polymorphism in this study. This is in agreement
with studies in other important cereal crops including rice
(Oryza sativa L.), wheat (Triticum aestivum L.), barley
(Hordeum vulgare L.), maize (Zea mays L.) and sorghum
(Sorghum bicolor L.) (Brown et al., 1996; Chen et al.,
1997; Devos et al., 1995; Liu et al., 1996; Senior et al.,
1998). However, high genetic diversity was recorded in
pearl millet in Senegalese landraces using SNPs. The
higher level of polymorphism associated with SSR
markers may be a function of unique replication slippage
mechanism responsible for generating SSR allelic
diversity (Pejic et al., 1998). The PIC of an SSR marker
provides an estimate of the discriminatory power of that
marker by taking into account the number and relative
frequencies of alleles (Smith et al., 2000). Most of the
SSR markers used in this study revealed a high
discriminatory power (PIC of greater than 0.5) and hence
were highly informative. This is in agreement with
previous studies by Qi et al. (2004) and Mariac et al.
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Figure 4. A scatter plot showing genetic distance estimates of 30 bulked accessions.

(2006), who found a PIC of greater than 0.5 with the
same primers. However, in contrast genetic diversity
studies of Napier grass, a quite low PIC of 0.212 was
revealed (Kandel et al., 2016). The SSR markers used
were from pearl millet and could probably explain the low
discriminatory power.

Microsatellite markers have been used to investigate
genetic diversity of a large number of cultivars in rice
(Chen et al., 1997), wheat (Plaschke et al., 1995) and
maize (Senior et al.,, 1998). The number of alleles
amplified per primer pair was from 3 to 25 for rice, 3 to 16
for wheat, 2 to 23 for maize and 2 to 12 in Napier grass
(Kandel et al., 2016). In the present study, 2 to 25 alleles
per primer were amplified from pearl millet. Thus, the
level of microsatellite polymorphisms in pearl millet is
relatively high and similar to other out crossing crops.
One possible reason is that the materials used in the
present study were from diverse geographical areas and
thus had a relatively wide genetic base. In this study,
several unique/rare alleles were observed in both
individuals and bulks of pearl millet. The presence of
many unique alleles may be explained by the relatively
high rate of mutation in SSR loci (Henderson and Petes,
1992). Such alleles are important because they may be
diagnostic for particular regions of the genome specific to
a particular type of pearl millet. The number of rare

alleles within a landrace accession was high reflecting
high variability within the accessions. This is probably
due to the cross-pollinated nature of the crop. High levels
of allelic variability and heterozygosity in individuals was
observed in this study. This could be due to the fact that
in an outbreeding species such as pearl millet, the
proportion of heterozygous loci is likely to be high.

The results with 21 microsatellite markers showed clear
differences within and between 30 accessions of pearl
millet from West Africa. Clear patterns of genetic
divergence within the 49 individuals from 10 accessions
were observed based on the Dice dissimilarity index of
SSR allelic patterns. The difference between the average
gene diversity and average heterozygosity was small,
which is expected in cross pollinating species as a result
of random mating. There was a clear distinction between
individuals from Senegal accessions and the individuals
from the other accessions of the rest of the countries.
The diversity of individuals from Senegal was the lowest,
whereas individuals of accessions from Nigeria recorded
the highest level of diversity. The high level of genetic
diversity of individuals of pearl millet accessions from
Nigeria confirms reports by Animasaun et al. (2017). The
high level of genetic diversity of individuals of pearl millet
accessions from Nigeria could be due to low level of
human selection or outcrossing between cultivated
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Table 4. AMOVA calculated according to Weir (1996).

Source of variation d.f. sum of Variance Perc.en.tage Fstatistics
square component variation

Among countries 5 100.861 0.43602 5.85 FCT= 0.05846

Among populations within countries 4 52.975 0.71325 9.56 FSC=0.10156

Within populations 88 555.225 6.30938 84.59 FST=0.15409

Table 5. Percentage polymorphism, average heterozygosity and gene diversity of 30 bulked accessions from 7 countries

of West Africa.

Country Polymorphism (%) Average gene diversity Average heterozygosity PIC
Benin 76.2 0.40 0.00 0.32
Mali 100 0.59 0.78 0.54
Nigeria 100 0.59 0.86 0.52
Sudan 76.2 0.38 0.76 0.29
Burkina Faso 100 0.61 0.85 0.53
Niger 100 0.62 0.89 0.56
Senegal 90.5 0.53 0.71 0.47
Average 91.84 0.53 0.69 0.46

Table 6. Genetic distance matrices between countries calculated according to Nei and Li (1979) using PowerMarker

Ver. 3.25.

Countries Benin Burkina Faso Mali Niger Nigeria Senegal Sudan
Benin rkkk

Burkina Faso 0.4238 Fhkk

Mali 0.4375 0.2714 ek

Niger 0.4167 0.2853 0.3373 ek

Nigeria 0.4092 0.3480 0.3365 0.2151 ek

Senegal 0.4850 0.3131 0.3575 0.3679 0.3310 ek

Sudan 0.4500 0.4738 0.5079  0.4802 0.5159 0.4964 ik

accessions and highly variable wild species hence
broadening the genetic base. In addition, landrace
systems for cross-pollinating crops, some genetic studies
indicate that mixture and replacement serve the purpose
of protecting viability of the seed (Berthaud et al., 2000;
Sattler et al., 2018). Although the diversity within
individuals of the accessions from Senegal was low, they
had the highest number of rare alleles. The presence of
these unique/rare alleles may be explained by the
relatively high rate of mutation in SSR loci (Henderson
and Petes, 1992).

The genetic diversity of accessions from the West
African countries was generally high at Nei genetic
diversity average of 0.53. This is consistent with studies
on genetic diversity in pearl conducted by Stich et al.
(2010), which revealed an average genetic diversity of
0.74 across 20 SSR markers. In this study, among the

accessions, the lowest genetic diversity was detected in
accessions from Mali and Niger, whereas the accessions
from Nigeria presented the highest genetic diversity. The
low genetic diversity observed in Mali and Niger could be
due to the fact that farmers tend to keep several named
landraces separately for up to five years. Moreover,
except in times of crop failure they generally do not
exchange seeds even with their neighbors (Jika et al.,
2017). Such observation was also made in Niger
landraces where diversity was the lowest among the
cultivated accession in West Africa (Mariac et al., 2006).
Distance to seed markets is positively associated with
pearl millet diversity, since being farther from markets
means that farmers continue to grow their own materials
in addition to improved varieties (Nagarajan et al., 2006).
They may also specialize more in growing certain popular
varieties as was also found by Nagarajan et al. (2006) in
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Figure 5. Dendrogram of distribution of diversity between countries based on 30 accessions using
Neighbor joining algorithm of Power Marker ver. 3.25.

their study of village seed systems and the biological
diversity of millet crops in marginal environments in India.

Cluster analysis of the genetic relationships between
countries revealed three major groups and this pattern of
clustering was confirmed by principal co-ordinate analysis
(PCoA). These major groups were probably formed on
the basis of (i) the level of diversity according to Nei's
indices, (ii) the percentage of polymorphic loci and (iii) the

percentage of rare fragments at an arbitrary frequency of
(<5%). The population structure of the accessions
showed that individuals from Senegal clustered together,
while those from Mali and Burkina Faso clustered
together. Individuals from Nigeria clustered together with
those from Niger. This pattern of clustering may be
attributed to uniformity of the environmental variables
found in the two countries. The individuals from Senegal
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grouped together probably because geographically,
Senegal is quite far from the other countries in West
Africa. Therefore, it is likely to have its unique agro-
ecological conditions. This confirms findings by Hu et al.
(2015), which demonstrated high genetic diversity in
Senegal accessions relative to other global accessions.
The clear distinction of accessions from Senegal and
those from other countries may be attributed to
environmental differences in addition to the likely
influences of the ‘Equilibrium theory of island
biogeography (Kiambi et al.,, 2005). This is also
consistent with the work on genetic variation in Prunus
Africana showing that genetic distinctness and
differentiation of populations may arise from geographic
and ecological isolation (Dawson et al., 1999).

Hartl (1988) suggested that an Fst range of 0-0.05,
0.05-0.15, 0.15-0.25 and above 0.25 indicates little,
moderate, large and very large differentiation,
respectively. In this study, the level of population
differentiation was Fst 0.154, which shows moderate
differentiation using the suggested parameters. This
perhaps reflects partly, the different country and agro-
ecological zones of origin of the landraces and probably
due to the homogenous nature of cultivated pearl millet.
Reports by Stich et al. (2010) and Pressoir and Berthaud
(2004) observed very low genetic differentiation of inbred
pearl millet lines and landraces of maize both of which
are open-pollinated cereals. However, in commercial
maize lines, a slightly higher differentiation of Fst (0.16)
was obtained (Van Inghelandt et al., 2010), which is very
close to what was obtained in this study. This pattern
may be explained by the recurrent farmer selection for a
given morphology in a context of high cross-pollination
between landraces (Pressoir and Berthaud, 2004a;
Mariac et al., 2006). A similar situation may also exist in
pearl millet, which would explain the low-genetic
differentiation =~ between  morphologically  different
landraces (Jika et al., 2017). In the estimates of total
diversity, the proportion of diversity due to differences of
populations within accessions is higher than among
populations similar to what was reported by Jasim et al.
(2018), and there are distinct differences in diversity on
the basis of geographic locations which may be due to
environmental heterogeneity as reported by Kiambi et al.
(2001).

Conclusions

In this study, the genetic parameters estimated from SSR
data indicated high levels of genetic diversity in the
landraces of pearl millet from West Africa. The genetic
diversity obtained was higher within than between
accessions, which is a characteristic of predominantly
outcrossing species. The partitioning of variance
components based on the AMOVA for diversity analysis
revealed high variability between accessions (9.56%), but

the variability within accessions was significantly higher
(84.59%). The hierarchical partitioning revealed that most
of the genetic diversity was found between individuals
within accessions than among accessions and countries.
Cluster analysis (CA) partitioned the accessions in
accordance with their origin from different breeding
groups and geographical locations. The utility of SSRs for
measuring diversity, assigning of genotypes to heterotic
groups and genetic fingerprinting are valuable tools for
pearl millet breeding programs. However, there is need to
assess the level of correlation between morphological
and molecular traits of pearl millet accessions from West
Africa.
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