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Abstract
Foxtail millet (Setaria italica (L.) P. Beauv.) is an ideal crop for changing climate and food

habits of peoples due to its short duration, high photosynthetic efficiency, nutritional richness

and fair resistance to pest and diseases. However, foxtail millet yields are low mainly due to the

lack of effort for its improvement and the lack of proper utilization of existing genetic varia-

bility. To enhance the use of diverse germplasm in breeding programmes, a core collection

in foxtail millet consisting of 155 accessions was established. Core collection accessions

were fingerprinted using 84 markers (81 simple sequence repeats (SSRs) and three Expressed

Sequence Tag (EST)-SSRs). Our results showed the presence of greater molecular diversity in

the foxtail millet core collection. The 84 markers detected a total of 1356 alleles with an aver-

age of 16.14 alleles (4–35) per locus. Of these, 368 were rare alleles, 906 common alleles and

82 the most frequent alleles. Sixty-one unique alleles that were specific to a particular acces-

sion and useful for germplasm identification were also detected. In this study, the genetic

diversity of foxtail millet was fairly correlated well with racial classification, and the race

Indica showed a greater genetic distance from the races Maxima and Moharia. The pairwise

estimate of dissimilarity was .0.50 except in 123 out of 11,935 pairs which indicated a greater

genetic variability. Two hundred and fifty pairs of genetically most diverse accessions were

identified. This large molecular variation observed in the core collection could be utilized

effectively by breeders or researchers for the selection of diverse parents for breeding cultivars

and the development of mapping populations.
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Introduction

Foxtail millet (Setaria italica (L.) P. Beauv.) (2n ¼ 18), is

one among the world’s most important ancient domesti-

cated crops. Its domestication in China dates back to

8700 years ago (Lu et al., 2009). It is widely cultivated
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in Asia, Europe, North America, Australia and North

Africa as grain food or forage (Austin, 2006). Taxonomi-

cally, foxtail millet comprises two subspecies, S. italica

subsp. italica (foxtail millet) and subsp. viridis (green

millet). Green millet is considered as the wild ancestor

of foxtail millet (Kihara and Kishimoto, 1942; Li et al.,

1945). Based on the comparative morphology, Prasada

Rao et al. (1987) have recognized three races of foxtail

millet; Moharia, Maxima and Indica.

Foxtail millet has gradually become a minor crop in the

last 80 years due to the rapid development of maize and

other crops (Austin, 2006). Poor seedling establishment,

need for hand weeding, lack of breeding effort for

improvement (Ahanchede et al., 2004) and lack of

proper utilization of genetic variability for the develop-

ment of improved cultivar are other reasons for its

neglect. Therefore, phenotypic and molecular character-

ization of existing plant genetic resources is essential

for proper utilization in crop improvement.

The simple sequence repeat (SSR) markers are now the

markers of choice in most areas of plant genetics and

breeding due to many desirable attributes including

hypervariability, multiallelic nature, co-dominant inheri-

tance, reproducibility, relative abundance, extensive

genome coverage, chromosome-specific location, amen-

ability to automation and high-throughput genotyping

(Kalia et al., 2011). SSR markers were used to study gen-

etic diversity in several crops (Hokanson et al., 1998; Hao

et al., 2006; Kottapalli et al., 2007; Stępień et al., 2007; Ali

et al., 2008; Upadhyaya et al., 2008b; Agrama et al., 2009;

Blair et al., 2009; Koppolu et al., 2010; Zhang et al.,

2011). However, molecular or biochemical characteriz-

ation of an entire germplasm collection is unrealistic

(Gepts, 1995) because of the large size of germplasm

collection conserved in genebanks for many crops. This

could be more easily fulfilled by using subsets of the

whole collection (Liu et al., 2002). Core collections

(Frankel, 1984) are subsets consisting about 10% of the

entire collection and represent the diversity of the

entire collection of the species. Upadhyaya et al.

(2008a) developed the core collection of foxtail millet

(155 accessions) from an entire collection of 1474 acces-

sions using the data on taxonomic and qualitative traits.

Extensive molecular characterization of this foxtail

millet core collection could provide information about

diversity parameters, allelic richness, genetic relationship

among the races, population structure and marker–trait

associations. It also provides useful information for

selecting the most diverse accessions that could be

used as parents for making crosses to study the segregat-

ing generations as well as the development of mapping

populations. Therefore, the objectives of the study were

(1) to estimate genetic diversity and allelic richness in

the foxtail millet core collection using SSR markers, (2)

to study the relationship among the three races in foxtail

millet and (3) to identify the most diverse accessions for

use in breeding programmes.

Materials and methods

Plant materials and genomic DNA extraction

The genetic material used in this study consisted of 155

accessions of ICRISAT foxtail millet core collection

(Upadhyaya et al., 2008a) which includes all three races

and ten sub-races from 23 countries. It consisted of 102

accessions from the race Indica (65.8%), 24 accessions

from the race Maxima (15.5%) and 29 accessions from

the race Moharia (18.7%). The foxtail millet core collec-

tion was planted in the 3rd week of October 2009 in a

glass house at ICRISAT, Patancheru, India and DNA was

extracted from the single seedling of each of the 155

accessions by a high-throughput 96-well mini-DNA

extraction method (Mace et al., 2003).

SSR genotyping

At the start of the investigation, there were no SSR mar-

kers publicly available for foxtail millet except few

EST-SSRs (Jia et al., 2007). Initially, four foxtail millet

EST-SSRs (Jia et al., 2007), 31 pearl millet (Thudi et al.,

2010) and 24 finger millet (Dida et al., 2007) genomic

SSR markers were used. Later, a set of 80 SSR markers

located across nine chromosomes of foxtail millet were

selected based on the foxtail millet linkage map reported

by Jia et al. (2009). The forward primers of all these 139

SSR markers were synthesized by adding the M13 forward

primer sequence (50-CACGACGTTGTAAAACGAC-30) at

the 50end of each primer. All these 139 markers were

tested for amplification using a set of eight phenotypi-

cally most diverse accessions (ISe 31, ISe 746, ISe 748,

ISe 827, ISe 995, ISe 1037, ISe 1129 and ISe 1227) in

the core collection for optimizing PCR conditions and

the concentration of the reaction mix, and to check poly-

morphism. Finally, three foxtail millet EST-SSRs, 12 finger

millet SSRs, four pearl millet SSRs and all 80 foxtail millet

SSRs were identified as polymorphic on the eight diverse

accessions. Thus, a total of 99 SSR markers were used for

genotyping the entire foxtail millet core collection.

Genomic DNA of all the genotypes were diluted to

5 ng/ml and used as a template for the amplification of

the SSR markers. PCRs were performed in 5ml volume

consisting of 1ml of 5 ng DNA template, 0.5ml of 2mM

dNTPs, 0.2ml of 25mM MgCl2, 0.5ml of the primer con-

taining 1:5:5 a ratio of 2 pmol/ml M13-tailed forward

primer, 2 pmol/ml reverse primer and 2pmol/ml of
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either 6-Fam, Vic, Ned or Pet (Applied Biosystems), 0.5ml

of 10 £ PCR buffer and 0.15U of Taq DNA polymerase

(SibEnzymes Ltd, Russia). PCR amplifications were per-

formed on an ABI thermal cycler (GeneAmp, PCR

system 9700; Applied Biosystems) using a common

touchdown PCR amplification profile for the series of

markers. The touchdown PCR amplification profile was

948C for 3min of initial denaturation cycle, followed by

first ten cycles of 948C for 15 s, 618C for 30 s and 728C

for 30 s, with a 18C decrease in temperature per cycle,

then 40 cycles of 948C for 15 s with a constant annealing

temperature (548C) and 728C for 30 s, followed by a final

extension at 728C for 20min. The PCR products were

tested for amplification on 1.2% agarose.

Capillary electrophoresis

A set of 25 PCR multiplex were constructed based on the

allele size range estimates and the type of forward primer

label of the markers. Each set consisted of four SSR

markers with different labels and allele size. For post-PCR

multiplexing, 1ml PCR product of each of 6-Fam, Vic,

Ned and Pet-labelled products were pooled (according

to the above-mentioned criteria) and mixed with 7ml of

Hi-Di formamide (Applied Biosystems, USA), 0.2ml of

the LIZ-500 size standard (Applied Biosystems, USA)

and 2.8ml of distilled water. The pooled PCR amplicons

were denatured for 5min at 958C and cooled immediately

on ice and size-separated by capillary electrophoresis

using an ABI Prism 3730xl DNA analyser (Applied Biosys-

tems, Inc.). Raw data produced from the ABI 3730xl DNA

analyser were analysed using Genemapperw software

version 4.0 (Applied Biosystems, USA) and fragment

size was scored in base pairs based on the relative

migration of the internal size standard, LIZ 500.

Molecular data analysis

The fragment sizes for all markers were used to analysis

basic statistics using PowerMarker version 3.25 (Liu and

Muse, 2005), including the polymorphic information

content (PIC), allelic richness as determined by the total

number of the detected alleles and the number of alleles

per locus, gene diversity and the occurrence of unique,

rare, common and most frequent alleles and heterozygos-

ity (%). Unique alleles are those that are present in one

accession or in one group of accessions but absent in

other accessions or group of accessions. Rare alleles are

those whose frequency is #1% in the investigated

materials. Common alleles are those occurring between

1 and 20% in the investigated materials while those

occurring .20% were classified as most frequent alleles

(Upadhyaya et al., 2008b). The correlations among the

number of repeat unit, the number of alleles per locus,

gene diversity, heterozygosity and PIC were estimated.

A neighbour-joining tree was constructed based on

the simple matching dissimilarity matrix of 84 polymorphic

markers genotyped across the foxtail millet core collec-

tion as implemented in DARwin 5.0.156 program (Perrier

and Jacquemoud-Collet, 2006). Most diverse pairs of

accessions were identified based on the dissimilarity

matrix. The principal coordinate analysis (PCoA) was

performed based on Nei’s (1973) distance matrix using

GENALEX 6.41 (Peakall and Smouse, 2006). Pairwise Fst
and genetic distance among the three races were

calculated using GENALEX 6.41. Analysis of molecular

variance (AMOVA) was performed to partition the

molecular variance within and between the races and

populations identified by the cluster analysis based on

999 permutations using the software GENALEX 6.41.

Results

Initially, 135 SSRs and four EST-SSRs were used to check

polymorphism across eight phenotypically most diverse

accessions in the foxtail millet core collection. Of these,

99 markers including 80 SSR foxtail millet SSR, three

unmapped foxtail millet EST-SSR, 12 finger millet SSR

and four pearl millet SSR markers were used for geno-

typing the entire core collection accessions. Finally, 84

markers (72 foxtail millet SSRs, three foxtail millet EST-

SSRs, five finger millet SSRs and four pearl millet SSRs)

produced clear, scorable and polymorphic marker

profiles and were therefore used for further analysis.

Molecular diversity in the foxtail millet core
collection

A set of 84 markers (81 SSRs and 3 EST-SSRs) detected a

total of 1356 alleles in the 155 accessions of foxtail millet

core collection (Table 1). Of the 1356 alleles, 368 were

rare alleles (27.1%), 906 common alleles (66.8%) and 82

the most frequent alleles (6.1%). P5 and p92 had no

rare alleles, whereas for all other markers, rare alleles

ranged from 1 (p61, b202, b196, b226, p34, p269, p56,

p20, p21, b115, m2, ICMM02C05, P2 and UGEP102) to

12 (ICMM02C24 and UGEP81) (see Supplementary

Table S1, available online only at http://journals.

cambridge.org). A total of 61 unique alleles that were

present only in one accession and absent in the other

accessions were detected. The number of alleles per

locus ranged from 4 (b196 and p56) to 35 (b171) with

an average of 16.14 alleles per locus. The PIC value is a

reflection of allele diversity and the informativeness
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of each marker. The PIC values ranged from 0.06 (b196)

to 0.95 (b260) with an average of 0.70. Of the 84 markers,

75 showed a PIC value .0.30 and were highly informa-

tive and polymorphic. Gene diversity is defined as the

probability that two randomly chosen alleles from the

population are different. It varied from 0.06 (b196) to

0.95 (b260), with an average of 0.72. Of the 84 SSRs, 71

showed high gene diversity (.0.50) and only 13 SSR

markers scored gene diversity #0.50 (Table 1; see Sup-

plementary Table S1, available online only at http://

journals.cambridge.org).

The mean heterozygosity was very less in the entire

core collection (0.06). Of the 84 markers used, ten SSR

markers detected no heterozygosity and 11 SSR markers

showed .0.10 (Table 1; see Supplementary Table S1,

available online only at http://journals.cambridge.org).

Of these 11 SSR markers, three each for foxtail millet

EST-SSRs (P5, P13 and P2), finger millet SSRs

(UGEP102, UGEP3 and UGEP56) and pearl millet SSRs

(ICMMO2D15B, ICMMO2C24 and ICMM02D07) showed

heterozygosity .0.10. Of the 72 foxtail millet SSR

markers used, only two SSRs [p16 (0.16) and p2 (0.22)]

showed heterozygosity .0.10.

Molecular diversity among the races in the foxtail
millet core collection

Biologically, the accessions of foxtail millet core

collection belonged to three races namely Indica (102

accessions), Maxima (24 accessions) and Moharia (29

accessions). Of the 1356 alleles detected in the entire

core collection, 997 (73.5%) alleles were detected in the

race Indica, 784 (57.8%) in Maxima and 844 (62.2%) in

Moharia (Table 1). Of the 1356 alleles, 43% of alleles

were present in all three races called shared alleles.

Of the 997 alleles present in accessions from the race

Indica, 100 (10.1%) were rare alleles, 803 (80.5%)

common alleles and 94 (9.4%) the most frequent alleles.

Of the 784 alleles in Maxima, 688 (87.8%) were

common alleles and 96 (12.2%) the most frequent alleles.

In the case of Moharia, 760 (90.1%) common alleles and

84 (9.9%) most frequent alleles were detected out of the

844 alleles. Rare alleles were not detected in accessions

from the races Maxima and Moharia but were found

only in the race Indica. This is due to the less sample

size of Maxima and Moharia when compared with

Indica in the core collection. A total of 44 unique alleles

in Indica, 77 unique alleles in Maxima and 47 alleles in

Moharia were detected.

A similar range of PIC values was found in all the three

races, which ranged from 0.02 to 0.93 in Indica, 0.08 to

0.91 in Maxima and 0.12 to 0.94 in Moharia with an aver-

age of 0.63 in Indica and 0.72 in Maxima and Moharia.

For Indica, gene diversity averaged 0.65, ranging from

0.02 to 0.93, whereas the accessions from Maxima

varied from 0.08 to 0.92 with an average of 0.74. In

Moharia, gene diversity ranged from 0.13 to 0.94 with

an average 0.74. Maxima and Moharia had the maximum

mean gene diversity and PIC than Indica. The average

PIC values and gene diversity in the races showed the

highest range, which indicated the diversity of the three

biological races present in the core collection and

highly informative SSR markers used.

Genetic relationship among the races

Pairwise comparison based on the Fst values of could

be interpreted as the standardized population distance

between two populations, i.e., the proportion of the

total genetic diversity that separates the population. Fst

Table 1. Summary statistics based on the three races and the entire foxtail millet core collection using the 84
simple sequence repeat locia

Statistics
Entire

core collection

Races

Indica Maxima Moharia

Sample size 155 102 24 29
Total number of alleles 1356 997 784 844
Number of alleles per locus 16.14 (4–35) 11.87 (2–25) 9.33 (2–19) 10.05 (2–21)
Gene diversity 0.72 (0.06–0.95) 0.65 (0.02–0.93) 0.74 (0.08–0.92) 0.74 (0.13–0.94)
Heterozygosity 0.06 (0–0.56) 0.06 (0–0.56) 0.08 (0–0.39) 0.06 (0–0.73)
PIC 0.70 (0.06–0.95) 0.63 (0.02–0.93) 0.72 (0.08–0.91) 0.72 (0.12–0.94)
Rare allele 368 100 0 0
Common allele 906 803 688 760
Most frequent allele 82 94 96 84
Unique allele 61 44 77 47

PIC, polymorphic information content.
aValues in parentheses represent the range.
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is typically greater than or equal to zero. If all the sub-

populations are in Hardy–Weinberg equilibrium with

the same allele frequency, then Fst ¼ 0. In this study,

the overall pairwise Fst among the three races were

0.045 (Table 2). Maxima showed the smallest Fst with

Moharia (0.032), whereas Indica showed the maximum

Fst with Maxima (0.053) and Moharia (0.050). The genetic

distance data are in agreement with the Fst estimates.

Indica showed the highest genetic distance with

Maxima (0.273) and Moharia (0.254), whereas the genetic

distance between Maxima and Moharia was the

smallest (0.201).

The neighbour-joining tree was constructed based

on simple matching dissimilarity matrix of the 155

accessions in the foxtail millet core collection using

the DARwin 5.0.156 program, which highlighted broadly

four clusters named as cluster I (C-I) to cluster IV (C-IV)

(Fig. 1). Colour coding was given based on three biologi-

cal races, namely Indica (red), Maxima (green) and

Moharia (blue). C-I contained 87 accessions, of which

80 accessions were from Indica. C-II consisted of 35

accessions. Of these 35 accessions, the majority (22) of

the accessions were from Indica with few accessions

from Maxima (seven) and Moharia (six). C-III was

mainly represented by Moharia (17 accessions out of 19

accessions present in this cluster). C-IV was represented

by Maxima predominantly with 11 accessions. C-I and

C-II were represented by accessions from Indica, and

C-III and C-IV were dominated by accessions from

Moharia and Maxima, respectively.

The neighbour-joining clustering pattern was further

assessed using PCoA. The first three PCos explained

66.2% of the variation, of which PCo1 explained 34.7%

of the variation and PCo2 explained 16.6% of the SSR

variation among the 155 accessions in the foxtail millet

core collection (Fig. 2). Plotting the first two PCos

shows clear separation of accessions of Indica, whereas

Maxima and Moharia were not clearly separated.

Analysis of molecular variance

AMOVAs were conducted to determine the structure of

genetic diversity and the variation explained within and

between the three races and four clusters (Table 3).

Only a relatively small portion (7%) of the molecular

variation was explained by the races while 93% was

among the individuals within the races. A similar pattern

was observed when the AMOVA estimated based on the

Red : Indica

Blue : Moharia

Green : Maxima

C
luster I

C
lu

s
te

r 
IV

Cluster II
I

C
luster II

0.20

Fig. 1. Neighbour-joining tree based on the simple matching dissimilarity matrix of the 84 SSR markers genotyped across the
155 accessions of the foxtail millet core collection (colour coding based on the three races). A colour version of this figure
can be found online at journals.cambridge.org/pgr

Table 2. Pairwise estimates of Fst and Nei’s genetic dis-
tance based on the 84 simple sequence repeat loci among
the three races

Populations Fst
Nei’s genetic

distance

Indica Maxima 0.053 0.273
Indica Moharia 0.050 0.254
Maxima Moharia 0.032 0.201

Average 0.045 0.243
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four clusters (10% among the clusters and 90% within

the clusters) indicated the consistent relationship of the

clusters with the races, a high degree of variability

within each group and a low level of genetic variation

among the races.

Correlations

The correlation coefficients among the number of repeat

unit, the number of alleles per locus, gene diversity, het-

erozygosity and PIC for 84 SSR markers were estimated to

study the relationship between the above parameters

(Table 4). The number of repeat unit was highly signifi-

cant and positively correlated with the number of alleles

per locus (0.54), gene diversity (0.51) and PIC (0.53). The

number of alleles per locus was highly significant and

positively correlated with gene diversity (0.77) and

PIC (0.79), and gene diversity was highly significant

and positively correlated with PIC (0.99).

Genetically diverse accessions

The dissimilarity matrix based on SSR polymorphism

was used to determine the level of relatedness among

the accessions present in the core collection. Pairwise

estimates of dissimilarity values ranged from 0.098 to

0.956. The maximum dissimilarity (0.956) was observed

between ISe 1320 (Moharia) and ISe 1162 (Indica).

Based on the dissimilarity values, 250 pairs of the most

diverse accessions were identified in the foxtail millet

core collection (see Supplementary Table S2, available

online only at http://journals.cambridge.org) (for the dis-

similarity matrix of the 155 accessions based on the 84

SSR markers, see Supplementary Table S3, available

online only at http://journals.cambridge.org). Moreover,

the pairwise estimates of dissimilarity values were . 0.50

except for 123 pairs of the accessions out of 11,935 pairwise

estimates indicating a high level of diversity prevailing in

the ICRISAT foxtail millet core collection.

Table 3. Analysis of molecular variance based on the three races and four clusters identified by the neighbour-joining tree
using the 84 simple sequence repeat markers

Source df
Sum of

Squares (SS)
Mean

Squares (MS)
Estimated
variance %

Based on the three biological races
Among populations 2 852.67 426.34 8.22 7
Within population 152 17520.65 115.27 115.27 93
Total 154 18373.32 123.49 100

Based on the four clusters identified by the neighbour-joining tree
Among populations 3 1536.19 512.06 12.69 10
Within population 151 16833.85 111.48 111.48 90
Total 154 18370.04 124.18 100

Principal coordinates
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Fig. 2. Principal coordinate (PCo) analysis of the foxtail millet core collection accessions using the 84 SSR markers based on
Nei’s (1973) distance estimates.
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Discussion

Success of a crop improvement programme depends on

the knowledge and availability of genetic variability pre-

sent in that crop for efficient conservation, management

and effective utilization of plant genetic resources

(Mondini et al., 2009). Foxtail millet is as an important

crop and attracts international research attention due to

its high drought tolerance, photosynthesis efficiency

(Liu et al., 2011), nutritional values and health benefits.

With a small diploid genome (,400Mb; Bennetzen

et al., 2012), C4 panicoid crop and short duration, foxtail

millet has become a model system for studying biofuel

crops and comparative genomics among the grasses

(Wang et al., 2010; Bennetzen et al., 2012). Due to the

reduced size of foxtail millet core collection from the

entire collection of 1474 accessions, molecular character-

ization of foxtail millet core collection helps breeders to

use genetic resources for cultivar development more

effectively.

Our results showed that there was a large molecular

diversity in the foxtail millet core collection. The SSR

markers used in this study were highly polymorphic and

informative, and detected a total of 1356 alleles with an

average of 16.14 alleles per locus. The number of alleles

per locus ranged from 4 to 35, which was higher than that

reported in barley (4–32 alleles; Matus and Hayes, 2002)

and rice (3–32 alleles; Borba et al., 2010), and less than

that reported in chickpea (14–67 alleles; Upadhyaya

et al., 2008b) and maize (2–38 alleles; Wang et al.,

2008). The average of 16.14 alleles per locus was

detected in the foxtail millet core collection, which was

more than that reported by previous studies in foxtail

millet (6.16; Jia et al., 2009; 14.04, Liu et al., 2011; 2.4,

Lin et al., 2012) and other crops, e.g. 7.6 (Wang et al.,

2009) and 4.79 (Shehzad et al., 2009) in sorghum, 8.23

in maize (Yang et al., 2010) and 8.2 (Agrama et al.,

2007), 15.8 (Agrama and Eizenga, 2008) and 12.4

(Borba et al., 2010) in rice. Jia et al. (2009) used only

40 accessions of foxtail millet from limited geographical

origins (most from China), which might be the reason

for the less number of alleles per locus in their study.

In the foxtail millet core collection, 368 were rare alleles

(27.14%), 906 common alleles (66.81%) and 82 the most

frequent alleles (6.05%). In general, markers detecting a

greater number of alleles per locus detected more rare

alleles. Rare alleles from cultivated and wild accessions

could be used to select specific accessions for allele

mining (Upadhyaya et al., 2010). A total of 61 unique

alleles were detected in the core collection, which were

specific to a particular accession. Unique alleles are

important because they may be diagnostic of a particular

type of genotype (Senior et al., 1998) and useful for

cultivar identification. The presence of many rare and

unique alleles could be due to the higher rate of mutation

at SSR loci (Henderson and Peters, 1992; Senior et al.,

1998) and a highly diverse nature of the accessions pre-

sent in the ICRISAT foxtail millet core collection. PIC in

this study was higher (0.70) than that reported in sweet

sorghum (0.54; Wang et al., 2009) and rice (0.42; Jin

et al., 2010; 0.603, Pervaiz et al., 2009), but lower than

that reported in chickpea (0.854; Upadhyaya et al.,

2008b). The maximum allelic richness and the maximum

number of rare and unique alleles can be explained by

several factors such as diversity range of the germplasm,

number of accessions used, number of SSR loci and SSR

repeat type. A larger number of SSR loci and the use of

dinucleotide repeat SSRs rather than trinucleotide or

higher may lead to a higher number of alleles and

higher genetic diversity (Yang et al., 2010). The SSR mar-

kers used in this study are dinucleotides, which might be

one of the reasons for higher allelic diversity. Moreover,

the higher number of alleles may also be attributed to

the material used in this study; core collection represents

the diversity of the entire collection of foxtail millet

conserved at ICRISAT, Patancheru, India, which is an

indication of the greater diversity present in this core

collection and its potential as a reservoir of novel alleles

for crop improvement. Although foxtail millet is a self-

pollinating crop and DNA was extracted from single

representative plant of each accession, some SSR loci

showed relatively more heterozygosity (.10%),

especially three foxtail millet EST-SSRs, two genomic

SSRs and SSRs from other crop/related species (pearl

Table 4. Correlations among the number of repeat unit, the number of alleles per locus, gene diversity, hetero-
zygosity and polymorphic information content

Number of
repeat unit

Number
of allele

Gene
diversity Heterozygosity

Number of allele per locus 0.54**
Gene diversity 0.51** 0.77**
Heterozygosity -0.23 0.09 0.17
PIC 0.53** 0.79** 0.99** 0.17

PIC, polymorphic information content.
** indicate significance at the 0.05 and 0.01 levels, respectively.
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millet and finger millet). This could be due to outcrossing

averaging about 4% (Li et al., 1935) in foxtail millet or

heterozygous individuals, or by residual heterozygosity

in germplasm (Blair et al., 2009) for particular SSR loci.

This study is the first to report the estimates of genetic

diversity and the relationship within and among the three

races recognized by Prasada Rao et al. (1987). Of the

1356 alleles detected in the entire core collection,

73.5% alleles were detected in the race Indica, 57.8% in

Maxima and 62.2% in Moharia. Even though the

number of accessions in Maxima and Moharia was less

than that in Indica, these two races had more than 55%

of total alleles present in the entire core collection, indi-

cating the maximum diversity of these two races as well.

Accessions of Moharia often resemble the members of

wild ssp. viridis in phenotype, except that they have

lost the ability of natural seed dispersal (Prasada Rao

et al., 1987), hence it might have harboured more diver-

sity. The higher number of alleles in Indica might also be

due to the more number of accessions represented in the

core collection (65.8%) when compared with Maxima

(15.5%) and Moharia (18.7%). The maximum number of

unique alleles was detected in Maxima and Moharia

when compared with Indica. This could be due to the

less number of sample size when compared with

Indica. Here, the molecular-based biological (races)

diversity differed with respect to allelic richness, fre-

quency of rare, common and most frequent alleles,

which can be explained by the difference in sample

size included in each race and genetic diversity har-

boured in it. AMOVA based on the three races and four

clusters explained high within-population diversity. This

is in agreement with previous studies in different crops

(Abdurakhmonov et al., 2008; Jun et al., 2008; Peleg

et al., 2008a, b). On the basis of neighbour-joining

clustering, Fst, genetic distance and PCoA to visualize

the genetic relationship among the races, we concluded

that the molecular diversity of foxtail millet was fairly cor-

related well with racial classification and the race Indica

showed a greater genetic distance from the races

Maxima and Moharia. On the basis of the multi-environ-

ment evaluation of the foxtail millet core collection (data

not shown), we noted that the accessions belonging to

Indica were taller, flowered late and had a greater flag

leaf blade length, flag leaf sheath length, peduncle

length, inflorescence length, single plant yield and plot

yield than those from Maxima and Moharia. Prasada

Rao et al. (1987) reported that a high number of basal til-

lers (5–52, average 8.6) is a characteristic feature of the

race Moharia. The accessions of Maxima were intermedi-

ate for days to flowering, plant height, flag leaf blade

length, flag leaf sheath length, peduncle length, inflores-

cence length, inflorescence width, single plant yield and

plot yield. The 155 accessions of the foxtail millet core

collection were from 23 countries, with the majority

being from India, and a few accessions were from

other countries. We did not obtain a clear-cut grouping

of the accessions based on either countries or regions

of origin.

In summary, the results of this study provide evidence

for the presence of a high level of genetic diversity in the

ICRISAT foxtail millet core collection as well as within

and between the three races. This foxtail millet core

collection also possesses a good amount of diversity for

important agronomic traits (Upadhyaya et al., 2008a).

Here we have identified 250 pairs of most diverse

accessions showing a high level of marker diversity

(see Supplementary Table S2, available online only at

http://journals.cambridge.org). These pairs of accession

could be used by other researchers and breeders as

parents in their breeding programmes for making crosses

to identify and (or) to study superior segregants, and for

the development of mapping populations. These SSR

markers were useful in differentiating closely related

germplasm sources and races in foxtail millet. Hence,

these SSR markers could be used to supplement morpho-

logical and agronomic data used for the protection of

plant variety and/or germplasm identification. The ICRI-

SAT foxtail millet core collection accessions are con-

served at ICRISAT genebank and available to the

researchers following the Standard Material Transfer

Agreement.
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