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Abstract Landraces are considered as storehouses

of valuable genetic diversity. Understanding the

structure of this diversity and identification of distinct

clusters with complementary traits is an important

goal for a sustained and successful pearl millet

breeding program. In this study a collection of 214

pearl millet accessions from different geographical

regions of Sudan, and 11 accessions fromWest Africa,

were assessed for their genetic diversity using 30

simple sequence repeat markers (SSRs) and evaluated

for 15 agro-morphological traits. The diversity of the

studied pearl millet landraces was demonstrated by a

large number (400) of detected SSR alleles. The

average polymorphic information content (PIC), gene

diversity and observed heterozygosity of the 30 SSRs

were 0.77, 0.82 and 0.72 respectively. A total of seven

phylogenic groups with variable sizes were identified.

Low correlation was observed between the agro-

morphological matrix and the genetic matrix

(r = 0.20). The average PIC values obtained across

the seven linkage groups varied significantly. Weak

genetic differentiations were observed among the

geographical regions, suggesting a high seed and

pollen-mediated gene flow among the regions. Ana-

lysis of molecular variance revealed that the variation

of pearl millet accessions within the regions was much

higher than among the regions. The large divergence

observed among the landraces of this study is prom-

ising for developing new cultivars and for develop-

ment of heterotic groups which can be used to develop

population and hybrid varieties with higher degrees of

heterozygosity and therefore hybrid vigor and stabil-

ity, as well as to intensify yield production in the harsh

production environments of Sudan.

Keywords Genetic diversity � Geographic regions �
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Introduction

Pearl millet [(Pennisetum glaucum (L.) R. Br., [syn.

Cenchrus americanus (L.) Morrone]) (2n = 2x = 14)]
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(Brunken 1977; Stapf and Hubbard 1934) is one of the

most important staple food and fodder crop of millions

of the poorest people living on the most marginal

agricultural lands of sub-Saharan Africa and Asia. It is

the preferred crop andmain source of dietary energy and

protein (Abdalla et al. 1998) for the majority of western

Sudanese people. Harlan et al. (1975) and Oumar et al.

(2008) suggested a defused belt stretching from Sudan

to Senegal as the center of origin for pearl millet, the

region in which the greatest genetic diversity is

expected. The crop is mostly grown under harsh

environmental conditions on infertile soils of low

water-holding capacity, where other cereal crops gen-

erally fail (Manning et al. 2011). Because of the expected

increase of these harsh conditions, the future suitability of

pearlmillet cultivation is expected toexpand to additional

geographic regions under various climate scenarios

(Lane and Jarvis 2007; Waithaka et al. 2013).

Pearl millet exhibits a wide range of morphological

and agronomical variability for several traits such as

plant height, days to flowering, panicle length and

width, grain yield, tolerance to biotic and abiotic

stresses as well as nutritional value (Bhattacharjee

et al. 2007; Haussmann et al. 2006; Stich et al. 2010;

Bashir et al. 2014). Although there is a great expected

genetic variability among Sudanese pearl millet

landraces, the Sudanese pearl millet breeding pro-

gram, founded in the early 1970s exploited a narrow

gene pool to develop the currently used improved

cultivars. Landraces possess valuable genetic vari-

ability and are often well adapted to the local soil type

and climatic conditions (Khairwal et al. 2007).

Assessing the extent of genetic variation among

landrace accessions is essential to understand the

pattern of diversity and evolutionary relationship

among those accessions, to develop a sampling

strategy for genetic resources in a more systematic

fashion for subsequent conservation, and to efficiently

use the diversity in crop improvement efforts (Thiyagu

et al. 2011; Wu et al. 2007).

Genetic diversity assessment can be useful to

identify contrasting parental materials to enhance

heterozygosity or to optimize the genetic heterogene-

ity in a hybrid population and hence enhance yield

stability in variable and changing climates (Hauss-

mann et al. 2007, 2012). Development of high yielding

and stable varieties requires the inclusion of diverse

and adapted germplasm in breeding programs as

sources of desirable genes and/or gene complexes.

Assessment of genetic diversity based on morpho-

logical characteristics might not provide an accurate

classification of the genetic divergence among the

genetic materials, due to the restricted number of

morphological traits evaluated, environmental influ-

ences and development-specific trait expression. On the

other hand, molecular markers have been proven to be a

powerful tool for assessing the genetic variation and

relatedness among cultivars of various crops (Hu et al.

2009; Wu et al. 2007). PCR-compatible markers based

on co-dominant simple sequence repeats (SSRs) are

often considered as one of the most appropriate and

reliable markers in applied breeding programs. SSRs

markers have beenwidely employed to assess the extent

of genetic diversity among various crop species, such as

sorghum (Ramu et al. 2013), maize (Reif et al. 2005),

wheat (Fufa et al. 2005), barley (Naeem et al. 2011),

cotton (Wu et al. 2007) and pearl millet (Stich et al.

2010; Budak et al. 2003;Kapila et al. 2008;Mariac et al.

2006; Nepolean et al. 2012). To date no attempts have

been made to study the genetic diversity of Sudanese

pearl millet using molecular markers, thus providing a

basis for a more efficient use of genetic diversity in the

narrow pearl millet breeding programs of Sudan.

Therefore, the objectives of this study were to

1. determine the level of genetic diversity of Suda-

nese pearl millet germplasm,

2. assess the regional distribution of genetic diver-

sity within Sudan,

3. define potential distinct groups among the studied

pearl millet landraces; and

4. examine the relationship between molecular and

morphological diversity.

Materials and methods

Plant materials

A set of 225 pearl millet accessions including 214

accessions of pearl millet landraces collected from

different ecological zones of Western Sudan, and

preserved at the Genetic Resource Unit at Agricultural

Research Corporation (ARC), Sudan, and 11 landraces

or improved cultivars from West Africa (WA, in our

case encompassing Mali, Niger, Mauritania and

Togo), provided by the International Crops Research

Institute for the Semi-Arid Tropics (ICRISAT), Niger,
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were used in the present study (Table S1). The

collection regions were classified to five different

geographical regions, these are: North Darfur (ND),

North Kordofan (NK), South Kordofan (SK), West

Darfur (WD) andWA, and different sample sizes were

collected from each (Bashir et al. 2014). Morpholog-

ical diversity assessment (15 traits) was carried out

under field conditions at three distinct locations (Wad

Medani, El Fasher and El Obeid) in Sudan during the

2010 rainy season, where, the field experiments were

arranged in 15 9 15 lattice designs with three repli-

cations. For more detailed information regarding the

field trials please see Bashir et al. (2014). For DNA

extraction seeds of each accession were sown in a tray

in the greenhouse of University of Hohenheim in April

2010 for the genotyping study.

Genomic DNA extraction

From seedlings of each accession, leaf samples of 15

individuals at three leaves stage were collected

separately and lyophilized. Genomic DNA was

extracted from a bulk leaf tissues of 15 individual

plants per accession using a modified CTAB protocol

(Mace et al. 2003). The extracted DNA was evaluated

for its quality using agarose gel electrophoresis, and

spectrophotometry for DNA quantification. The final

working DNA samples were maintained at a uniform

concentration of 20 ng/lL.

Genotyping by SSR markers

The 225 pearl millet accessions were genotyped with a

set of 30 SSR markers selected from a set of several

previously used SSRs in pearl millet diversity (Kapila

et al. 2008; Oumar et al. 2008) and bi-parental

mapping studies (Qi et al. 2004; Yadav et al. 2004).

They provide a reasonable coverage with at least three

markers for each linkage group. The SSRs were

grouped into multiplex sets of three, where forward

primers were labeled with 6-FAM, HEX and TET

fluorescent dyes (Biomers GmbH, Germany). For

amplification conditions a touchdown PCR program

was followed consisting of an initial denaturation

cycle of 94 �C for 5 min; followed by 5 cycles at

94 �C for 30 s, 60 �C (-1 �C per cycle) for 30 s,

elongation at 72 �C for 30 s; 39 cycles of 94 �C for

30 s, 52 �C for 30 s, elongation at 72 �C for 30 s; and

a final 20 min elongation at 72 �C. 3 ll of each PCR

product was multiplexed with 0.05 ll MegaBACE

ET400-R Size Standards and 4.95 ll deionised H2O,

centrifuged and denatured at 95 �C for 2 min, cooled

in ice and then size-fractioned using capillary elec-

trophoresis on a MegaBACE DNA analysis system

(Amersham Biosciences, Sweden). In each of the

96-well PCR plates, two negative PCR controls were

included. The MegaBACE Fragment Profiler v1.2 was

used for fragment sizing and allele calling and then

manually checked.

Analysis of diversity

The degree of polymorphism of each SSR locus was

estimated based on the polymorphic information

content (PIC), following Botstein et al. (1980):

PIC ¼ 1�
Xk

i¼1

p2i �
Xk�1

i¼1

Xk

j¼iþ1

2p2i p
2
j

where k is number of alleles, pi and pj are the

frequency of the ith and the jth alleles respectively.

Furthermore, we estimated for each locus the follow-

ing descriptors of genetic diversity: total number of

alleles (At), number of rare alleles (Ar, freq.\5 %),

allelic richness (Arich) and private alleles (Apr). The

observed heterozygosity (H0) and the expected heter-

ozygosity (He) or gene diversity were calculated

according to Nei (1987). To explore the genetic

differentiation among the groups, F statistics (FST)

were estimated according to Weir and Cockerham

(1984). Pair-wise FSTwas calculated according to (Nei

1973) using the Adegenet 1.4-0 R package (Jombart

2014). A Wilcoxon test was used to determine the

significance differences between the groups for the

different estimates.

Analysis of molecular variance and population

structure

The pattern and degree of molecular genetic variation

between and within the groups (geographical regions)

was performed by analysis of molecular variance

(AMOVA) according to Excoffier et al. (1992) using

the R package pegas (Paradis 2010), with 1,000

permutations.

The genetic dissimilarity matrix based on Euclid-

ean distance was calculated using Adegenet 1.4-0 R

package (Jombart 2014) to identify the genetic
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relatedness among the collected pearl millet acces-

sions. The illustration of the relationship structure

among the five collection regions were obtained by

principal component analysis (PCA), while an unroot-

ed bootstrapped Neighbor Joining (NJ) tree was

constructed to perform the individual relationship

using ape R package (Paradis et al. 2004). Both PCA

and NJ were performed based on the Euclidean

distance matrix. A typology was also performed to

display the diversity among the regions using an

interclass PCA (Dolédec and Chessel 1987) imple-

mented in Adegent 1.4-0 R package (Jombart 2014).

The software STRUCTURE 2.3.4 (Pritchard et al.

2000) was used to detect the population structure and

assign the pearl millet accessions into subgroups. To

identify the optimal value of K, the analysis was

carried out by setting the burn-inMarkov ChainMonte

Carlo (MCMC) replication to 10,000 and data were

collected over 100,000 MCMC replications in each

run. With a model allowing for admixture and

correlated allele frequencies (Falush et al. 2003,

Evanno et al. 2005), which improves clustering for

closely related populations, five independent runs

were performed setting the number of population

(K) from 2 to 10. The basis of this kind of clustering

method is the allocation of individual genotypes to

K clusters in such a way that Hardy–Weinberg

equilibrium and linkage equilibrium are valid within

clusters, whereas these kinds of equilibrium are absent

between clusters (Vetriventhan et al. 2014). The final

K value was determined based on the rate of change in

mean log probability of the data [LnP(D)] between

successive K, stability of grouping pattern across five

runs and germplasm information of the examined

material.

Molecular and morphological diversity

relationship

Correlations between the Euclidean distance matrix

computed from standardized morphological data, i.e.

from adjusted entry means for 15 agro-morpholog-

ical traits across three evaluation sites in Sudan

(Bashir et al. 2014) and the distance matrix for the

molecular marker were examined by performing a

Mantel test (Mantel 1967) (1,000 permutation rep-

licates, mantel.rtest function) using ADE4 package

implemented in R Software 3.03 (R Development

Core Team 2011).

Results

Overall genetic diversity

The 225 accessions differed significantly (P B 0.01)

for most agro-morphological traits (Bashir et al.

2014). Based on the 30 SSR loci distributed across

the seven pearl millet chromosome pairs, a total of 400

alleles were detected among the 225 pearl millet

accessions using bulked DNA samples. The number of

alleles per locus ranged from 6 (Xpsmp2059) to 27

(Xpsmp2263) alleles with an average of 13.3 per locus,

showing that the accessions exhibited a high level of

genetic diversity (Table 1). All 30 SSR loci assessed

were highly polymorphic, showing PIC values ranging

from 0.40 (Xpsmp2059) to 0.91 (Xpsmp2255) with an

average of 0.74. Gene diversity (He) varied from 0.41

(Xpsmp2059) to 0.92 (Xpsmp2255) with an average of

0.77. An average observed heterozygousity (H0) of

0.81 was obtained, with values ranging from 0.43

(Xpsmp2059) to 0.99 (Xpsmp2072). The number of

rare alleles observed ranged from 1 (Xpsmp2059I,

Xpsmp2202, Xpsmp2263 and Xpsmp2267) to 8

(Xpsmp2001 and Xpsmp2066), with an average of

3.5 (Table 1). The 30 SSR markers indicated signif-

icantly different average PIC values among the seven

linkage groups with LG1 having the lowest value

(PIC = 0.62) and LG7 showing the highest PIC

(PIC = 0.75) (data not shown).

Regional genetic diversity

There were only slight differences for the different

genetic diversity measures among the pearl millet

accessions collected in the different geographic

regions (Table 2). Among the 400 alleles detected,

when correcting for the sample size for the collection

regions in Sudan, the highest number of alleles (27 %)

was observed among North Darfur accessions, while

the lowest number (21 %), was detected among

accessions of North Kordofan (Wilcoxon test, signif-

icant P B 0.05). The average number of alleles per

marker among the geographical regions ranged from

6.4 (WA) to 10.6 (North Darfur) (Table 2). No

significant differences were observed among the

regions for allele richness (Wilcoxon test, P value =

0.06), gene diversity (P = 0.06) and observed heter-

ozygosity (P = 0.06). WA material showed a higher

private allele richness compared to the Sudanese regions
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(p B 0.05). Further, there was generally a marginally

greater observed heterozygosity than expected hetero-

zygosity (gene diversity) across all regions.

AMOVA and genetic structure of the Sudanese

pearl millets

AMOVA revealed that most of the variation was

observed within geographical regions and not among

regions, as shown in sixfold larger sums of squares of

the within region level (Table S1). The small portion

of variation observed among the geographical regions

was mostly attributed to differences between the

materials from Sudan and those from WA. High

average genetic similarity was observed within the

regions when comparing the different regions accord-

ing to their estimated genetic similarity matrix

(Table 3). Pairwise FST comparisons among the

Table 1 Simple sequence repeats (SSR) marker details and genetic diversity statistics of pearl millet germplasm collected from

Sudan

SSR marker Linkage

group (LG)

SSR motif Amp.

Range (bp)

Allele

No. (At)

Rare

allele (Ar)

Gene

diversity (He)

Observed

heterozygosity (Ho)

PIC

Xpsmp2001 5 (CT)8(CA)48 205–318 16 8 0.86 0.67 0.86

Xpsmp2006 1 (GT)51 207–238 9 4 0.73 0.92 0.70

Xpsmp2008 4 (GT)37 184–247 20 6 0.81 0.85 0.79

Xpsmp2030 1 (CA)11(GA)10 105–137 10 6 0.71 0.88 0.69

Xpsmp2048 6 (AC)33 205–262 10 3 0.89 0.63 0.88

Xpsmp2056 3 (CA)28(TA)5 169–230 14 3 0.89 0.79 0.88

Xpsmp2059 2 (AC)11 202–230 6 1 0.41 0.43 0.40

Xpsmp2063 7 (AC)22(AT)5 128–165 11 4 0.84 0.97 0.83

Xpsmp2064 5 (CA)56 113–185 12 2 0.88 0.83 0.87

Xpsmp2066 2 (AC)55 136–228 13 8 0.79 0.83 0.76

Xpsmp2069 1 (CA)26 208–227 12 4 0.67 0.71 0.65

Xpsmp2070 3 (CA)25(TA)6 191–240 17 5 0.76 0.78 0.73

Xpsmp2072 2 (CA)24 133–157 15 5 0.80 0.99 0.78

Xpsmp2074 7 (AC)11 201–231 8 3 0.80 0.95 0.77

Xpsmp2076 4 (AC)15 150–173 10 3 0.71 0.98 0.67

Xpsmp2081 4 (AC)15 133–226 15 4 0.89 0.79 0.88

Xpsmp2084 4 (AC)42 195–257 15 4 0.89 0.83 0.88

Xpsmp2085 4 (AC)11 159–181 7 2 0.59 0.91 0.51

Xpsmp2202 5 (GT)8 129–172 11 1 0.65 0.90 0.59

Xpsmp2206 2 (GT)10 198–211 18 4 0.80 0.86 0.77

Xpsmp2224 7 (GT)10 149–179 12 2 0.69 0.88 0.64

Xpsmp2237 2 (GT)8 210–260 24 2 0.86 0.92 0.84

Xpsmp2248 6 (TG)10 147–174 9 3 0.75 0.98 0.75

Xpsmp2251 3 (TG)6 130–196 22 5 0.67 0.53 0.61

Xpsmp2255 2 (TG)34 229–298 14 4 0.92 0.55 0.91

Xpsmp2263 7 (AG)33 201–240 27 1 0.88 0.87 0.87

Xpsmp2267 3 (GA)16 206–243 11 1 0.57 0.72 0.54

Xpsmp2270 6 (GA)26 imp 141–168 10 3 0.80 0.96 0.77

Xpsmp2273 1 (GA)12 157–188 13 3 0.68 0.95 0.63

Xpsmp2274 5 (GA)13 220–268 9 2 0.77 0.55 0.75

Mean 13.3 3.5 0.77 0.81 0.74

SD 4.9 1.8 0.12 0.15 0.13

PIC polymorphism information content, SD standard deviation
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different geographical regions showed that FST values

varied from 0.004 to 0.037, with the highest values

obtained between the four Sudanese regions and WA

(Table 3).

Even though it can be biologically sound, the

assumption of a fixed number of populations is

arbitrary. The structure analysis revealed that the

number of populations can be assumed to be three

(K = 3) based on the rate of change in LnP(D) (Fig.

S2). The analysis also revealed that there was an

increase of likelihood at K = 5, however, the results

are similar to K = 3. The graphical bar plot generated

by STRUCTURE showed clear admixture among the

identified sub-groups (Fig. S3).

Principal component and phylogeny analyses

The first two principal components explained only

10.54 and 8.55 % of the total genetic variation,

respectively (Fig. 1). No clear structure pattern was

observed among the accessions of the different

regions. Accessions from West Darfur were located

in the upper part of the PCA biplot. A typology

displaying the diversity among the regions using an

interclass PCA (Dolédec and Chessel 1987), showed

that the different Sudanese regions were genetically

Table 2 Genetic diversity in 225 pearl millet germplasm originating from different geographical regions, assessed by 30 SSR

markers

Geographical

region

No. of

accessions

Total no. of

alleles (N)

Average no. of

alleles per marker

Allelic

richness

(Arich)

Private allelic

richness (Apr)

Gene

diversity

Observed

heterozygosity

(H0)

North Darfur (ND) 75 319 10.6 5.32 0.32 0.71 0.84

North Kordofan (NK) 41 273 9.1 5.45 0.27 0.71 0.81

South Kordofan (SK) 62 304 10.1 5.29 0.31 0.72 0.81

West Darfur WD) 36 271 9.0 5.45 0.39 0.72 0.79

West Africa (WA) 11 192 6.4 5.39 0.56 0.71 0.80

Mean 5.38 0.37 0.71 0.81

SD 0.07 0.11 0.01 0.02

SD standard deviation

Table 3 Estimates of pairwise FST values (above diagonal) and average genetic similarity (below diagonal) among the different

collection regions in Sudan

Geographical region ND NK SK WD WA

North Darfur (ND) 0.006 0.004 0.015 0.018

North Kordofan (NK) 0.858** 0.006 0.013 0.030

South Kordofan (SK) 0.874** 0.863** 0.014 0.022

West Darfur (WD) 0.778** 0.793** 0.789** 0.037

West Africa (WA) 0.716** 0.690** 0.693** 0.647**

** Significant at P\ 0.01

Fig. 1 Principal component analysis of 225 pearl millet

accessions from five different regions based on Euclidean

distance estimates using 30 SSRs
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very similar (Fig. 2). TheWA accessions were slightly

different, but showed still a strong intermixture with

the Sudanese accessions. A neighbor joining tree

based on the genetic distances of the 225 pearl millet

accessions revealed a similar picture with no clear

separation of geographical regions and a probable high

level of admixture (Fig. 3; Fig. S3). The correlation

between the Euclidean distance matrix for molecular

marker data and similarity matrix for 15 agro-

morphological traits (Bashir et al. 2014) as revealed

by the Mantel matrix correspondence test was low

(r = 0.20, P\ 0.05).

Discussion

Genetic diversity of pearl millet in Sudan

Efficient use of locally adapted diversity is a major

requirement to enhance selection gains in pearl millet

breeding in Sudan. To our knowledge, this is a first

study describing the diversity of a large number of

Sudanese pearl millet landraces using microsatellite

markers. Characterization of germplasm collections

can be done using morphological descriptors and/or

Fig. 2 Typology of Sudanese and West African pearl millet

accessions obtained by interclass PCA. Points represent

genotypes collected from the five different regions

Fig. 3 Neighbor-joining

dendrogram for Sudanese

pearl millet accessions

based on the allele data of 30

SSRs. Different colors

represent regions of

collection (North Darfur

(green), North Kordofan

(blue), South Kordofan

(red), West Darfur (purple)

and West Africa (black))
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molecular markers. Morphological descriptors are

reliable and relatively simple and easy to study

(Beyene et al. 2005), but also show some limitations

compared to molecular markers, such as limited

polymorphism and environmental influence on the

phenotype which affects the evaluation process

(Ferreira 2006). In the case of very large collections,

the phenotypic approach has relatively high costs and

includes the challenges of large-scale experimental

trials (Korir et al. 2013; Ferreira 2006). Although there

were significant variations observed among the stud-

ied pearl millet accessions for most of the agro-

morphological traits assessed, the variation for some

traits such as flowering time, plant height and panicle

length was relatively limited compared to global or

other West African pearl millet collections (Bashir

et al. 2014). Despite this limitation, agro-morpholog-

ical traits are useful for preliminary evaluation

because they relate to functional diversity and enable

selection of germplasm with contrasting, complemen-

tary traits. The 30 SSR markers used in this study

enable conclusions about the overall gene diversity,

polymorphism and number of alleles observed in the

studied Sudanese pearl millet accessions, but do not

relate explicitly to functional diversity and specific

traits. Ultimately, the combined use of agro-morpho-

logical and molecular marker data is required to

enable a comprehensive diversity assessment and

informed diversity-based decision making in germ-

plasm selection.

The average gene diversity (He = 0.77) observed

in this study among the 225 accessions was higher than

previously reported for other pearl millet studies

(Nepolean et al. 2012 (He = 0.62), Stich et al. 2010

(He = 0.74) and Mariac et al. 2006 (He = 0.49)).

These differences might be due to the fact that the first

two studies used inbreds, while we used landraces,

which generally show a higher diversity and hetero-

zygosity level, whereas Mariac et al. (2006) consid-

ered a single plant per accession. Furthermore, the

mentioned studies used DNA derived from individual

plants, whereas we used DNA from bulk samples and

the di-nucleotide repeat SSR markers we used tend to

be more polymorphic.

In agreement with the higher gene diversity

observed in this study, the mean observed heterozy-

gozity and the average number of alleles per marker

were considerably higher than previously reported in

several studies (Mariac et al. 2006; Kapila et al. 2008;

Nepolean et al. 2012; Oumar et al. 2008). This points

to a broad genetic base of pearl millet landraces in

Sudan which then can be considered as a promising

source of variation for improving pearl millet of

Sudan, by widening the genetic base of the current

breeding material using the available locally adapted

diversity in a strategic manner. Moreover, through a

larger genetic diversity plant breeders can reach a

higher response to selection with the same selection

intensity. Higher genetic diversity is favorable for

genetic marker development, construction of segre-

gating populations, functional gene cloning and asso-

ciation mapping and provides enriched gene resources

for gene mining in the grass family (Wang et al. 2012).

Regional genetic diversity

The AMOVA revealed that most of the differentiation

was present within regions and not among regions.

These findings were confirmed by the high gene

diversity, observed heterozygosity and average allelic

number per locus observed within the regions. More-

over, the low level of differentiation observed by the

PCA and the neighbor-joining tree confirmed the

previous observation. The lack of regional differentia-

tion can be attributed to the biological characteristic of

pearlmillet as highly allogamous cropwith out-crossing

rates exceeding 85 % (Stich et al. 2010; Vom Brocke

et al. 2003). The high out-crossing rate, as indicated by

the high level of heterozygosity, increases the admixture

level among the regions; thiswas clearly revealed by the

STRUCTURE analysis. Within the geographical zones

sampled in this study, the environmental conditions are

highly variable both spatially and temporally, resulting

in high genetic variation among the pearl millet

landraces.Moreover, the overlapping between the early

and late flowering landraces within the growing regions

decreases the differentiation between the regions.

Consistent with this interpretation, the AMOVA ana-

lysis and pairwise FST comparisons also confirmed

absence of significant variation among the different

geographical regions of Sudan, indicating that most of

the accessions of the different regions share high levels

of allelic exchange (Table 3). The lacking differentia-

tion among regions was probably not only due to the

influence of a high rate of outcrossing and concomitant

high rate of pollen-mediated gene flow, but might be

also due to a high frequency of seed exchange of
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cultivated landraces among the farmers across the

Sudanese regions. The slight differentiation of the WA

accessions compared to the Sudanese accessions

strengthens this argument, because little or no recent

seed exchange among farmers fromWA and Sudan can

be expected to haveoccurred. Previous studies assessing

the diversity of pearl millet showed similar results,

pointing to a high within population diversity most

likely caused by pollen-mediated gene flow and/or by

seed-mediated gene flow (Mariac et al. 2006; Vom

Brocke et al. 2003). Moreover, farmers in pearl millet

growing regions of Sudan generally grow several

landraces in one field during the growing season, in

order to increase the buffering capacity and prevent

complete crop losses due to diseases, pests or abiotic

stresses. Similar observations were reported for WA by

Stich et al. (2010), who attributed this to farmers’

strategies to overcoming the famine prone period at the

beginning of the rainy season. By cultivating early

maturing landraces farmers can achieve grain yields at a

time period when food shortages might occur. The late

maturing landraces possess generally a higher yield

potential, especially in years without any terminal

droughts, hence they serve as themajor grain producers.

The high similarity among regions revealed by molec-

ular marker analysis can be also attributed to the high

inter-annual climate variability within the agro-ecolog-

ical zones, which leads to divergent selection pressures

in different years and prevents detectable genetic

differentiation between the landraces (Stich et al. 2010).

As revealed by molecular marker analysis, the

patterns of genetic diversity among the geographical

regions were overlapping. However, the number of the

sub-groups shown by the neighbor joining tree (Fig. 3)

in the present study was higher than previously

reported on pearl millet in several studies (Stich

et al. 2010; Tostain 1994). Since the effectiveness of

clustering is influenced by the number of markers,

sample size and the differentiation among the popu-

lations (Rosenberg et al. 2005), we suggest that the

higher rate of clustering in our study is due to the

larger number of pearl millet accessions evaluated and

due to the more informative SSRs we used. Moreover,

we could explain more of the genetic variation based

on the first two PCAs compared to WAmaterial (Stich

et al. 2010). These findings show that the pearl millet

accessions examined possess a high level of genetic

diversity and are suitable for improving pearl millet

breeding in Sudan.

Implications of the diversity observed in pearl

millet breeding

The dendrogram constructed using agro-morphologi-

cal traits of the same pearl millet accessions resulted in

the establishment of seven distinct clusters of acces-

sions with complementary traits (Bashir et al. 2014).

These results suggest the existence of variation among

the studied materials for both quantitative and quali-

tative traits. Similarly, clustering patterns based on

SSR markers in this study revealed a clear distinction

among the genotypes and formed seven distinct sub-

groups. The differentiation among the studied pearl

millet germplasm based on the molecular markers as

presented by PCA (Fig. 1), explained less variation

(19 %) than did the variation observed in PCA based

on agro-morphological traits (46 %, Bashir et al.

2014). Despite the similarities of the clustering

patterns (seven groups with both agro-morphological

and marker data) mentioned above, the correlation

observed between the agro-morphological and SSR

markers based on their distance matrices was very low.

This could be explained by the fact that molecular SSR

markers are mostly neutral markers, cover a larger

proportion of the genome and are less influenced by the

environment, while morphological traits are controlled

by a relatively small number of specific gene loci

(Bruschi et al. 2003; Zhang et al. 2010). Nevertheless,

some genotypes appeared together in the same group

with both agro-morphological and molecular diversity

assessment methods, reflecting both genetic and mor-

phological similarity between these genotypes. For

example, G210 (NDF_08019), G213 (NDF_08023),

G145 (HSD_6607) and G146 (HSD_6616) grouped

together in both morphological diversity (group VII)

and genetic diversity analysis (group IV) and were

clearly distinct from G100 (HSD_3525), G108 (HSD_

3533), G182 (HSD_7226), G223 and (GB8735xMoro)

and G224 (B9_Tabi) who equally grouped together in

both analysis types (groups III and VII in morpholog-

ical and genetic diversity analyses, respectively). Such

genetically and morphologically distinct genotype

groups could serve as initial reference in the develop-

ment of the heterotic groups. Overall, the results

obtained from agro-morphological characterization

(Bashir et al. 2014) and molecular markers, indicated

clearly substantial differentiation among the studied

pearl millet accessions, and therefore provide a good

basis for further pearl millet breeding in Sudan.
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Based on genetic diversity assessments it is possi-

ble to initially assign genotypes to specific heterotic

pools in a hybrid breeding program (Xie et al. 2014).

Heterotic pools for crops such as maize, sorghum and

rye have been developed over a long period of time,

are therefore genetically distinct from each other,

hence genotype assignment to one group using

molecular markers is a rather straight forward proce-

dure (Ben-Israel et al. 2012; Fischer et al. 2010; Reif

et al. 2005). In pearl millet in Sudan, there are mostly

no clear heterotic patterns documented, hence there is

the necessity to define initial heterotic pools for an

optimal hybrid breeding program. Therefore, crosses

among members of different clusters in this study and

analysis of combining ability patterns and hybrid

performance might be promising for establishing

different heterotic pools.

The heterotic deviation is expected to increase with

an increase in genetic distance between the parents;

i.e. the expected level of heterosis of crosses between

related lines is smaller compared to the crosses

between unrelated lines. However, this increase holds

only up to a certain optimum level of genetic distance,

and subsequently (in the case of very wide crosses) the

hybrid performance starts to decrease (Melchinger and

Gumber 1998), because of increasingly reduced

genome integrity and negative epistatic effects.

Estimated correlations between marker-based

diversity measures and the level of heterosis in inter-

pool crosses are not always very tight (Zhang et al.

1995; Xiao et al. 1996; Lanza et al. 1997; Melchinger

1999; Benchimol et al. 2000; Jordan et al. 2003; Zhao

et al. 2010; Xie et al. 2014). This can be related to the

fact that most of the markers used in calculation of the

genetic distance are neutral markers and are not linked

to yield, its components or other functions that are

important for heterosis and hybrid vigor (Jordan et al.

2003). In hybrid rice, Zhang et al. (1995) found that

the use of a subset of markers linked to yield predict

hybrid performance better than a large number of

random markers. Similar results were reported by

Jordan et al. (2003) for sorghum. Jordan et al. (2003)

concluded that a model combining phenotypic trait

data and parental diversity on particular linkage

groups relevant to performance traits is required to

predict hybrid yield and appropriately select hybrid

parents. The same applies to the definition of heterotic

groups. However the formation of initial heterotic

groups (as required for Sudanese pearl millets) based

on genetic diversity as revealed by molecular markers

reveals a practical value, because genetic diversity

between the hybrid parents is a major prerequisite to

enhance heterozygosity and therefore the potential

hybrid vigor, hence increasing opportunities to

develop performing hybrids. Also Ferreira et al.

(1995) stated that heterosis and the combining ability

of parents depend directly on the genetic diversity

between them, and that the chance of finding prom-

ising combinations is better when more divergent

materials are used. The initial heterotic groups based

on genetic diversity must then be validated using

combining ability studies.

Conclusions

The marker-based analysis implemented in this study

clearly identified substantial genetic diversity existing

among Sudanese pearl millet accessions. This indi-

cates that these assessed materials are useful sources

for future pearl millet improvement programs. Crosses

involving parental materials with larger genetic

distance or belonging to different sub-groups and/or

with introduced pearl millet genotypes from West

Africa would be useful to identify and validate initial

heterotic groups, which could be used both in pearl

millet population and hybrid breeding to improve

adaptation, yield stability as well as to intensify yield

in the harsh production environments of Sudan. The

weak genetic differentiation observed between geo-

graphical regions point to the importance of pollen-

mediated gene flow, divergent selection pressures due

to high spatial and temporal environmental variability

and human factors in shaping the genetic structure of

pearl millet landraces.
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