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Abstract A total of 26,685 unutilized public domain
expressed sequence tags (ESTs) of Arachis hypogaea L.
were analyzed to give a total of 4442 EST-SSRs, in
which 517 ESTs contained more than one simple
sequence repeat (SSR). Of these EST-SSRs, 2542 were
mononucleotide repeats (MNRs), 803 were dinu-
cleotide repeats (DNRs), 1043 were trinucleotide
repeats (TNRs), 40 were tetranucleotide repeats
(TtNRs), six were pentanucleotide repeats (PNRs) and
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eight were hexanucleotide repeats (HNRs). Out of these
4442 EST-SSRs, only 1160 were found to be successful
in non-redundant primer design; 1060 were simple
SSRs, while the remaining 100 were compound forms.
Among all the motifs, MNRs were abundant, followed
by TNRs and DNRs. The AAG/CTT motif was the most
abundant (~33 %) TNR, while AG/CT was the most
abundant DNR. For redundancy and novelty, a stringent
criterion deploying three different strategies was used
and a total of 782 novel EST-SSRs were added to the
public domain of peanut. These novel EST-SSR
markers will be useful for qualitative and quantitative
trait mapping, marker-assisted selection and genetic
diversity studies in cultivated peanut as well as related
Arachis species. A subset of 30 novel EST-SSRs was
further randomly selected for validation and genotyping
studies with eight well-known cultivars and 32
advanced breeding lines (ADBX lines, ADBY lines
and ADBZ lines) from Odisha state, India. The number
of polymorphic markers among accessions of A.
hypogaea was low; however, a set of informative
EST-SSR markers detected considerable levels of
genetic variability in peanut cultivars and uncharacter-
ized breeding lines collected from Odisha. The 30
newly developed EST-SSRs from Arachis spp. showed
~97 % amplification in Cicer arientinum and 93 % in
pigeon pea. Thus, the EST-SSRs developed in this study
will be a very useful asset for genetic analysis,
comparative genome mapping, population genetic
structure and phylogenetic inferences among wild and
allied species of Arachis.
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Introduction

Arachis hypogaea L., commonly known as peanut or
groundnut, is the only allotetraploid species
(2n = 4x = 40) in one of the nine intra-generic taxo-
nomic sections of the genus Arachis. This species is
probably derived from a unique cross between wild
diploid species of A. duranensis having the A-genome
and A. ipaensis having the B-genome, resulting in a
natural hybrid followed by spontaneous chromosome
duplication (Kochert et al. 1991; Seijo et al. 2007).
However, this species behaves genetically as diploid
(Stalker and Moss 1987) with equal amounts of
contribution from the A and B genomes (Singh et al.
1996). Peanut is generally divided into two subspecies,
hypogaea and fastigiata, based on growth habit and the
presence or absence of flowers on the main axis.
Subspecies hypogaea is again divided into two varieties,
var. hirsuta and var. hypogaea, and subspecies fastigiata
into four varieties, var. aequatoriana, var. fastigiata,
var. peruviana and var. vulgaris based on inflorescence,
pod and seed characteristics. Peanut is mainly grown in
the semiarid tropics of more than 100 countries with an
annual production of 35.5 million tonnes (FAO 2009),
India being the second largest producer after China.
Crop productivity has been adversely affected by
several abiotic and biotic stresses in the tropics. Peanut
is an excellent cash crop for domestic as well as
international trade and is used for direct consumption, in
the confectionary industry, in cooking as vegetable oil,
and as a source for protein feed in the animal industry.

A few reports have revealed a large amount of
morphological and agronomic variations among acces-
sions of cultivated peanuts, with low levels of polymor-
phism using markers like RFLP, RAPD and AFLP
(Kochert et al. 1991; He and Prakash 1997; Subrama-
nian et al. 2000). To date (June 3,2014), a total of 15,125
simple sequence repeats (SSRs) were available in the
public domain of the Kazusa marker database (http://
marker.kazusa.or.jp/Peanut) along with five genetic
maps and a consensus map; these do not have sufficient
very useful markers for genetic studies. Thus, there is
great need for development of more novel SSR markers.
Recently, expressed sequence tag (EST)-SSRs have
received much attention due to the increasing numbers
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of ESTs in the public domain for various plants (Scott
et al. 2000; Kantety et al. 2002; Varshney et al. 2002).
However, EST-SSRs can be rapidly developed by data
mining and are well known as SSRs due to their exis-
tence in transcribed regions of the genome. Thus, many
researchers are currently trying to develop gene-based
genetic maps that may help to identify functions of
candidate genes and increase the efficiency of marker-
assisted selection.

With the development of peanut EST projects, a large
number of available EST sequence data have been
generated. These data offer an opportunity to identify
SSRs in ESTs by data mining. The present study aimed
to investigate the available non-redundant ESTs for
identification and development of SSRs and their
utilization for genetic structure and diversity analysis
of available well-known peanut cultivars and breeding
lines across the Indian state of Odisha (Odisha-wide).
These developed novel EST-SSRs enriched the current
resource of molecular markers, which can be useful for
qualitative and quantitative trait mapping, marker-
assisted selection and genetic diversity studies in
cultivated peanut as well as their wild relatives.

Materials and methods

EST-SSR database search and removal
of redundancy

A total of 29,503 A. hypogaea EST sequences were
retrieved from the NCBI database (search up to
January 22, 2014). From these, a total of 3187 ESTs
had already been used for designing EST-SSRs in the
Kazusa database and the remaining 26,685 ESTs
(equivalent to 16.2 Mb) were taken into consideration
in designing EST-SSRs. For EST-SSR development,
we analyzed all these sequences by tandem repeat
finder and then sequences were assembled by CAP3
program (Huang and Madan 1999) to remove the
redundant ones. After pre-processing, SSR-containing
sequences were identified by a PERL script-based
program, MISA software (MIcroSAtellite identifica-
tion tool, http://pgrc.ipk-gatersleben.de/misa/).

Primer design
All SSR-containing non-redundant ESTs were utilized

for primer design following standard parameters by
using Primer3 software (Rozen and Skaletsky 1999)
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considering the following criteria: (a) target amplicon
size of 100-500 bp, (b) optimal annealing temperature
of 55-60 °C, (c) average GC content of 50-60 % and
(d) primer length of 18-24 bp. Putative functions of
EST-SSR loci were assigned by comparison with the
non-redundant sequence database at NCBI using
BLASTX 2.2.17 software (Altschul et al. 1997).

Plant materials and genomic DNA isolation

Eight potential Indian cultivars of A. hypogaea L. and 32
breeding lines, established at Orissa University of
Agriculture and Technology (OUAT), Bhubaneswar,
were used in this study (Table 1). In addition, four
important allied species of Arachis, namely Caesalpinia
pulcherrima, Cicer arientinum, pigeon pea and Pisum
sativum were used in our study to check the cross-genera
transferability of the identified EST-SSRs. All the
potential cultivars and breeding lines of A. hypogaea
were grown in the experimental gardens and greenhouse
facility of OUAT, Bhubaneswar, in 2011. Genomic
DNA was isolated from the leaves of each plant using
the CTAB method (Williams et al. 1990).

PCR amplification for EST-SSR polymorphism

The polymorphism and transferability study of 30
developed primer pairs was carried out following the
method of Sim et al. (2009). The primers were
commercially synthesized (ABI, USA, Gene Identifica-
tion Pvt. Ltd., USA, and MWG Pvt. Ltd., Bangalore,
India) with forward primers having the fluorescent label
FAM/HEX/VIC/NED. The details of these new markers,
viz., locus designation, primer sequences, repeat motifs,
allele attributes, PIC estimates and Genbank accession
numbers, are summarized in Supplementary data S6.
Each 20-pl PCR reaction mix contained 50 ng of DNA,
2 ul of 10x PCR buffer, 2 mM MgCl,, 0.2 mM of each
dNTPs, 1 uM of each primer and 1 U of Tag DNA
polymerase (Invitrogen, USA). A touchdown PCR
program was used consisting of an initial denaturation
at95 °Cfor2 min, followed by 15 cycles of denaturation
at 95 °C for 20 s, annealing at 65 °C for 50 s and
extension at 72 °C for 50 s. The annealing temperature
decreased by 1 °C after every cycle till it reached 55 °C.
The next 25 cycles consisted of denaturation at 95 °C for
20 s, annealing at 55 °C for 50 s and extension at 72 °C
for 50 s, followed by a final extension at 72 °C for 7 min.
The amplified products were run on a capillary-based

3730x1 DNA analyzer (Applied Biosystems, Foster City,
CA, USA), and the products were precisely sized for
major, comparable and conspicuous peaks using Gene
Mapper v4.0 (Applied Biosystems).

Primer redundancy analysis

All EST-SSRs were compared with Kazusa
microsatellite databases using its BLAST server. The
designed primers (forward and reverse) for various
EST-SSRs were used to compare with the downloaded
reference primer sequences in order to remove dupli-
cations/redundancies. This analysis tool is built
around the pair-wise comparison algorithm with the
restriction of no gap and no mismatch.

Statistical and genetic analysis

The allelic data for 40 genotypes of A. hypogaea
including the breeding lines established at OUAT,
Bhubaneswar, Odisha, were used to calculate different
statistical and genetic parameters. Effective allele
number was estimated as the reciprocal of homozy-
gosity (Hartl and Clark 1989), and Shannon index was
measured for gene diversity (Shannon and Weaver
1949). Observed heterozygosity (H,) was calculated
as the fraction of heterozygous genotypes over the
total number of genotypes. Expected heterozygosity
(H.) was calculated based on the probability that two
individuals taken at random from a given sample
would possess different alleles at a locus (Nei and Li
1979) and according to the following formula:

H, = (n/n—1)(1 — Zpi2)

Two-locus linkage disequilibrium (LD) was estimated
as Burrow’s composite measure of linkage disequilib-
rium between pairs of loci and 7 tests for significance
(Weir 1979) using these codominant markers.

The polymorphism information content (PIC) is a
measure of the effectiveness of a given DNA marker
for detecting polymorphism. The PIC value for each
EST-SSR marker was calculated by using the standard
formula (Botstein et al. 1980):

1 — Spi2 — £32pi2pj2,

where n is the total number of alleles detected for a
microsatellite marker, p; is the frequency of the ith
allele, and p; is the frequency of the (i + 1)th allele in
the set of analyzed genotypes.
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Table 1 List of the peanut

Serial no. Name of cultivar/genotype/breeding line Origin/sources
cultivars/promising
genotypes/advanced 1 Parent-1 AK 12-24 (cultivar) Odisha
Efzcegl;‘fg gi?gelsn and 2 Parent-2 TG 26 (cultivar) Odisha
3 Parent-3 R 2001-3 (cultivar) Odisha
4 Parent-4 AK 159 (cultivar) Odisha
5 Parent-5 Devi (cultivar) Odisha
6 Parent-6 TAG24 (cultivar) QOdisha
7 Parent-7 TG 38B (cultivar) QOdisha
8 Parent-8 Smruti (cultivar) QOdisha
9 ADBXI1 (breeding line) OUAT, Bhubaneswar
10 ADBX2 (breeding line) OUAT, Bhubaneswar
11 ADBX3 (breeding line) OUAT, Bhubaneswar
12 ADBX4 (breeding line) OUAT, Bhubaneswar
13 ADBXS (breeding line) OUAT, Bhubaneswar
14 ADBY1 (breeding line) OUAT, Bhubaneswar
15 ADBY?2 (breeding line) OUAT, Bhubaneswar
16 ADBY3 (breeding line) OUAT, Bhubaneswar
17 ADBY4 (breeding line) OUAT, Bhubaneswar
18 ADBYS5 (breeding line) OUAT, Bhubaneswar
19 ADBY6 (breeding line) OUAT, Bhubaneswar
20 ADBY?7 (breeding line) OUAT, Bhubaneswar
21 ADBYS (breeding line) OUAT, Bhubaneswar
22 ADBYO9 (breeding line) OUAT, Bhubaneswar
23 ADBY10 (breeding line) OUAT, Bhubaneswar
24 ADBY11 (breeding line) OUAT, Bhubaneswar
25 ADBY 12 (breeding line) OUAT, Bhubaneswar
26 ADBY13 (breeding line) OUAT, Bhubaneswar
27 ADBY 14 (breeding line) OUAT, Bhubaneswar
28 ADBY15 (breeding line) OUAT, Bhubaneswar
29 ADBY 16 (breeding line) OUAT, Bhubaneswar
30 ADBY17 (breeding line) OUAT, Bhubaneswar
31 ADBY 18 (breeding line) OUAT, Bhubaneswar
32 ADBY19 (breeding line) OUAT, Bhubaneswar
33 ADBY?20 (breeding line) OUAT, Bhubaneswar
34 ADBZ1 (breeding line) OUAT, Bhubaneswar
35 ADBZ2 (breeding line) OUAT, Bhubaneswar
36 ADBZ3 (breeding line) OUAT, Bhubaneswar
37 ADBZ4 (breeding line) OUAT, Bhubaneswar
38 ADBZS5 (breeding line) OUAT, Bhubaneswar
39 ADBZ6 (breeding line) OUAT, Bhubaneswar
40 ADBZ7 (breeding line) OUAT, Bhubaneswar
The bi-allelic polymorphic data were also tested for steps, and the linkage disequilibrium (LD) test was
Hardy—Weinberg equilibrium (HWE) using Fisher’s performed using 1000 permutations. All these estimates
exact test and Markov chain algorithm with a forecasted were calculated using Power Marker version 3.25,

chain length of 10,000,000 and 100,000 dememorization Popgene version 1.32, Arlequin version 3.1 and Darwin
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version 5.0.158. The discriminatory power of each
microsatellite locus was calculated by estimating sib-
based and unbiased corrected p; estimates, and the
cumulative power of discrimination was calculated as
products of p;s of successive informative markers
arranged in decreasing order as described by Waits
et al. (2001).

Cross-taxa transferability was calculated as the
proportion of primers showing successful amplifica-
tion vis-a-vis all the primers tested, whereas primer
conservation was calculated as the proportion of the
species displaying successful amplification vis-a-vis
all the tested markers.

In addition, amplification products of ten EST-
SSRs with parental lines and breeding lines of Arachis
were sequenced to check the repeat motif conservation
and variations (SNPs/indels) in their flanking region, if
any. The final edited sequences belonging to each
locus were compared with respective original EST-
SSR sequences using CLUSTALX (www.ftp-igbmec.
u-strasbg.fr/pub/ClustalX) to ascertain the target
domain/SSR conservation.

The SSR data were used to ascertain the generic
relationships/affinities between the cultivated geno-
types and breeding lines using cluster analysis based on
genetic distance values. Initially, 100 bootstrap distance
matrices were generated using a bi-allelic microsatellite
data analysis tool and Nei’s genetic distance measure.
From these distance data, neighbor-joining (NJ) trees
were generated for each matrix separately using Mega
4.1 with the ‘neighbor’ command, which was followed
by the generation of consensus trees.

Genetic structure analysis

Hierarchical partitioning of genetic diversity among and
within the natural and the ex situ populations was
examined by the Bayesian clustering model built into
the software STRUCTURE version 2.3 (Pritchard et al.
2000). STRUCTURE was used to estimate the number
of natural populations (K) and the proportion of
assignment of individuals from each of the assumed
populations to each of the inferred natural genetic
clusters. An admixture model with correlated allele
frequencies was used to infer the value of K with prior
population information. All analyses were performed
with a burn-in period of 100,000 and a Markov chain
Monte Carlo (MCMC) replication number set up to
1,000,000. In order to estimate the real value of K and

the ancestry membership of each individual in the
inferred cluster, the program was run 20 times for each
K, ranging from 1 to 8. The value of K was estimated
using the method described by Evanno et al. (2005). The
output from STRUCTURE analysis was the proportion
of ancestry membership of each individual of the
population in the inferred cluster calculated by averag-
ing the membership coefficient obtained from 20 runs of
the real K.

Secondly, a principal coordinate analysis (PCA)
was conducted, on the basis of similarity measures
(S;) using DCENTER and EIGEN procedures in
NTSYS version 2.02 (Rohlf 1998) to cluster all the
accessions into major groups. To complement this
factorial analysis, a hierarchical cluster analysis such
as UPGMA was employed for dendrogram construc-
tion. This was done with the respective pair-wise
Jaccard’s genetic similarities (GS) with the same
package of NTSYS. Confidence limits of the UPGMA
dendrogram were determined by computing 500
bootstrap replicates and constructing a majority-rule
consensus tree based on bootstrap values of >50 %, by
using WinBoot version 4.0 (Yap and Nelson 1996).

Results
Mining of functional SSRs in peanut ESTs

ESTs provide the opportunity to explore single, low-
copy conserved sequence motifs for the mining of
functional SSRs. Out of 29,503 ESTs, 2818 were
utilized to develop 3187 EST-SSRs in the Kazusa
database and 26,685 ESTs were left unutilized (Sup-
plemental table S1). Thus, 26,685 ESTs (16.2 Mb) of
more than 180 bp were mined with higher stringency to
search 4442 SSRs to give a total of 3772 ESTs, in
which 517 ESTs contained more than one SSR
(Table 2). These 4442 EST-SSRs included 2542
mononucleotide repeats (MNRs), 803 dinucleotide
repeats (DNRs), 1043 trinucleotide repeats (TNRs), 40
tetranucleotide repeats (TtNRs), six pentanucleotide
repeats (PNRs) and eight hexanucleotide repeats
(HNRs) (Table 2). Out of 4442 SSRs, 1160 were
found to be successful in non-redundant primer design
and the rest were unsuitable for further analysis, as
those sequences did not fit the criteria of 200 bp whole
length, a minimum of 50 bp of both flanking regions,
and non-redundancy in primer sequences. Out of 1160
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Table 2 Mining of SSRs
from non-redundant peanut
ESTs with search details

Result of microsatellite search
Total number of sequences examined

Total size of sequences examined (bp)

Total number of SSRs identified

Number of SSR-containing sequences

Number of sequences containing more than one SSR

Number of SSRs present in compound formation
Result of non-redundant SSRs

Number of SSRs with successful non-redundant primers

Number of non-redundant simple SSRs

Number of non-redundant compound SSRs

Average frequency of EST-SSRs (considering the total ESTs of
16.2 Mb)

Average frequency of EST-SSRs (considering the total number of ESTs)

26,685

16,182,618
(16.2 Mb)

4442
3772
517
418

1160

1060

100
~1/3.6 kb

1/6

Distribution of different repeat type classes

Simple SSRs
MNRs
DNRs
TNRs
TtNRs
PNRs
HNRs
Compound SSRs
Compound perfect
Compound imperfect
Total

477
185
372

98
1160

EST-SSRs, 1060 were simple SSRs, while the remain-
ing 100 were in compound form (Table 2). A total of 37
different SSR motifs were identified in the unigene
sets. The top 15 motifs with two complementary
sequences represented 98 % of the functional SSRs,
while 22 motifs accounted for 2 % of SSRs. Among all
the motifs, MNRs were abundant (frequency 2542,
~57 %) followed by TNRs (frequency 1043,
~23.5 %) and DNRs (frequency 803, ~ 18 %) (Sup-
plemental table S2, Supplemental figure S3; Fig. 1).
Among MNRs, the A/T motif was the most common
(~95 %) followed by C/G (5 %). Similarly, among
TNRs, the AAG/CTT motif was the most abundant
(~33 %) followed by 12 % AAT/ATT and ~10 %
AAC/GTT (Supplemental figure S2). However, func-
tional SSR data in the present study represented a
smaller number of DNRs than TNRs (Fig. 1). The 3372
SSR-containing ESTs represented approximately
16.2 Mb of peanut, having 4442 functional SSRs,

@ Springer

thereby suggesting an average frequency of SSRs of
~1/3.6 kb and/or 1/6 non-redundant ESTs (Table 2).

Putative functions of the ESTs containing SSRs

EST-SSR markers were explored for their potential
utility in the study of the peanut structural genome;
1160 EST sequences (1060 simple and 100 compound
SSRs) were compared with the NR as well as TAIR
database using BLASTX. Out of 1160 EST sequences,
only 206 (~18 %) showed homology to a large
number of annotated proteins in the TAIR database,
while 238 (20 %) showed homology to annotated
proteins in the NR database. Thus, a large number of
ESTs (~80 %) when searched for putative function
resulted in no hit or a hypothetical protein. This above-
mentioned specific transcript of peanut was not yet
characterized for its putative function. Information on
these EST-SSRs as well as their putative function are
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Fig. 1 Graphical frequency distribution of various nucleotide
repeats in SSR sequences identified in public domain ESTs.
a Representation of total various repeat motifs and b represen-
tation of various repeat motif with its number

presented in Supplemental tables S4 and S5 to give an
overview of functional categories of EST-SSRs. Gene
ontology (GO) analysis was recorded for the 20 % of
sequences that had homology to known proteins; GO
analysis of EST-SSRs was divided into the broadest
functional groups of molecular function, biological
process and cellular component categories.

SSR redundancy and novelty with respect to public
domain database

The verification of redundancy against existing
sequence data was performed by deploying three
different strategies using BLASTN search. In the first
strategy, we performed BLAST hits of the complete
sequence against the public domain database; in the
second, we used 50 bp immediately upstream and
downstream of the repeat motif; and in the third, we used
forward and reverse primers. A total of 974 non-
redundant novel EST-SSRs were obtained in the first
strategy, while 1028 and 822 EST-SSRs were obtained
in the second and third strategies, respectively. When
the non-redundant SSRs obtained in the three strategies
were compared with each other, 782 EST-SSRs found
common to all three strategies were novel (Supplemen-
tal table S6, Supplemental figure S7) in addition to the
EST-SSRs in the Kazusa database.

Validation of EST-SSRs, their polymorphism
and cross-genera transferability

Out of 1160 primer pairs flanking a total of 1260 SSRs
(1060 in simple and 200 in 100 compound forms)
(Supplemental table S8), 30 randomly selected primer
pairs were assayed across a set of eight cultivars of A.
hypogaea to validate the amplification and further
screened for their cross-transferability in other legu-
minous and allied species.

In the present study, 30 valid EST-SSR primer pairs
were used for assessment of the polymorphism among
eight cultivars of Arachis. Within cultivated peanut, 18
(~60 %) EST-SSRs exhibited polymorphism and 12
were found to be monomorphic (Supplemental
table S9). Out of 12 monomorphic markers, two were
DNRs, five were TNRs, two were PNRs and three were
perfect compound markers. Similarly, out of these 18
polymorphic EST-SSRs, eight were DNRs, six were
TNRs, two were PNRs, and two were compound forms
(Supplemental Table S9). A total of 49 alleles were
detected with 18 polymorphic SSRs, and the average
number of alleles per polymorphic SSR marker was
2.72, with a range of 2-5 alleles, revealing low-to-
medium allelic diversity. The PIC values ranged from
0.15 (NBRI_RS836) to 0.77 (NBRI_RS494) with an
average value of 0.49. The greatest variation in SSR
alleles was found in NBRI_RS494, which interacted
with five alleles in eight cultivated peanut genotypes
(Supplemental table S9).

The polymorphism of 30 peanut-derived EST-SSRs
in 40 peanut cultivars and breeding lines was evalu-
ated. The results revealed that 49 out of 74 EST-SSR
loci (~66 %) were polymorphic (Supplemental
table S8), with a total of 2009 alleles. The number of
alleles detected among 32 advanced breeding lines
ranged from two to five, with an average of 2.46 alleles
per locus. A maximum of five alleles were observed
for primer NBRI_RS494 (Supplemental table S10).
The level of allelic diversity within peanut varieties
was estimated using mean panmictic heterozygosity
(Hy; Nei and Li 1979) and Shannon’s information
index (/) (Shannon and Weaver 1949; Lewontin
1972). Mean panmictic heterozygosity and mean
Shannon’s information index were 0.34 4+ 0.19 and
0.50 £ 0.27, respectively. The effective number of
alleles was also estimated in all 40 peanut cultivars
and breeding lines. These studied cultivars/breeding
lines showed a low level of homozygosity, as reflected
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in the effective number of alleles (1.63 £ 0.41). The
mean observed number of alleles was 1.89 £ 0.49 in
the different genotypes of peanut in the present study.

To test cross-genera transferability, 30 SSRs were
tested on a panel of four allied species of Arachis (C.
pulcherrima, C. arientinum, P. pea and P. sativum)
with each having a single elite genotype. The 30 newly
developed EST-SSRs from Arachis spp. showed
~97 % amplification in C. arientinum, ~93 % in
pigeon pea, and ~86 % in C. pulcherrima and P.
sativum (Fig. 2). A maximum of ~97 % cross-genera
transferability was noticed with C. arientinum fol-
lowed by pigeon pea and C. pulcherrima (Fig. 2).

Subsequently, PCR amplification of ten EST-SSRs
in six advanced breeding lines and two parental lines
was sequenced to check the repeat motif conservation
and variation in their flanking regions, if any. These
sequence files were analyzed and unequivocally
confirmed the motif conservation and presence of
single nucleotide polymorphisms (SNPs) in the flank-
ing region. For EST-SSR (titled NBRI_RS 492 in
Supplemental table S8), peanut cultivar parent-4 AK
159, parent-7 TG 38B and one advanced breeding line
ADBZ1 had seven dinucleotide repeat motifs CT,
while advanced lines ADBY9, ADBY12, ADBY15,
ADBY16 and ADBZ3 each had six dinucleotide
repeat motifs. However, this EST-SSR was found to be
different with regard to the flanking region as com-
pared to SNPs (Supplemental figure S11).

Genetic affinities within varieties/advanced
breeding lines/promising genotypes of peanut

To ascertain the useful attributes of the genetic
markers in genetic diversity analysis, a total of 30
potential EST-SSRs were assayed with 40 peanut
varieties/promising advanced breeding lines. The

% of amplification

Pisum sativum ﬁ

Cicer aritenum

Ceasalpinia pulcherima

Pigeon pea

A. hypogaea (Parent-4)

A. hypogaea (Parent-7)

75 8‘0 85 90 95 100

Fig. 2 Graphical presentation of cross-genera transferability of
30 EST-SSRs in different allied species of Arachis
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genetic distance (Nei et al. 1983) based on Jaccard’s
similarity index was calculated with 54 polymorphic
loci amplified by 30 EST-SSRs and varied from 0.07
to 0.52 with an average value of 0.27 (Supplemental
table S12). All the eight parental cultivars showed an
average genetic distance of 0.32 between each other,
while the remaining 36 advanced breeding lines
showed an average genetic distance of 0.26 between
each other (Supplemental table S12). Of the eight
parents, parent-8 Smruti showed the highest genetic
distance with each advanced breeding line, while
parent-3 R 2001-3 and parent-6 TAG24 showed the
lowest genetic distance with the advanced breeding
lines (Supplemental table S12). All the 40 genotypes
of peanut cultivars/breeding lines fell into three well-
supported major clusters: cluster I contained 12
genotypes including two parental lines, parent-1 AK
12-24 and parent-2 TG 26; cluster II contained 12
genotypes including one parental line, parent-3 R
2001-3; and cluster III contained 16 genotypes
including five parental lines, parent-4 AK 159,
parent-5 Devi, parent-6 TAG24, parent-7 TG 38B
and parent-8 Smruti (Fig. 3).

Population structure and genetic differentiation
of Odisha-wide peanut cultivars

The model-based population structure analysis assum-
ing the entire set of peanut cultivars as various sub-
populations (K = 2 to K = 10) using 23 polymorphic
SSR markers in STRUCTURE program grouped the
40 genotypes according to the value of K. Even with
the assumption of a higher number of sub-populations,
the number of sub-populations remained at two
without much differentiation, representing many geo-
graphical locations (Supplemental figure S13). In most
cases, the likelihood increased until the real K was
reached and then eased off. On the other hand, the
distribution of delta-K almost always showed a mode
at the real K (Supplemental table S14). The Bayesian
model of analysis of genetic structure of A. hypogaea
in STRUCTURE revealed the value of K to be 2. The
Evanno test detected two genetic clusters (K = 2)
showing an average ancestry membership participa-
tion of >80 % to one of the two inferred clusters. The
first cluster (I) contained 10 genotypes, while the
second (II) contained only 27 genotypes. Only three
genotypes showed an ancestry value lower than 70 %.
Of these three, two genotypes (ADBY 19 and ADBY1)
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Fig. 3 Genetic relationship among the eight parental cultivars and 36 advanced breeding lines from Odisha based on NJ clustering

using the data of 30 EST-SSRs

showed an ancestry value of more than 50 % to
inferred cluster I, while the third genotype (parent-2
TG 26) showed an ancestry value of more than 60 % to
inferred cluster II (data not shown). The low ancestry
memberships of these three genotypes of peanut
signaled a weak population genetic structure with a
strong admixture.

PCA analysis of genetic distance of SSR analysis
revealed the same discrete clusters on the basis of their
population identities (Supplemental figure S15). The
first three axes in the PCA plot explained 21.31, 15.69
and 13.34 %, respectively. Parental cultivars such as
parent-5 Devi, parent-6 TAG24, parent-7 TG 38B and
parent-8 Smruti were clustered with few breeding
lines while parent-1 AK 12-24, parent-2 TG 26 and
parent-3 R 2001-3 with few breeding lines. Many
breeding lines fell in between these parental clusters,
having much similar genetic background. The parent-

4 AK 159 clustered differently with eight breeding
lines which revealed a genetic differentiation from
many other breeding lines (Supplemental figure S15).

The percentage polymorphism (P), number of
different alleles (V,), number of effective alleles (IV,),
number of private alleles, heterozygosity (H) and
Shannon index (/) were estimated for all genotypes/
breeding lines sampled from Odisha state. The
observed number of alleles (V,) and effective number
of alleles (N,) varied from 1 to 4 and 1.00 to 2.00,
respectively. Nei’s as well as Levene’s expected
heterozygosity (H) varied from 0 to 0.55 with an
estimated mean value of 0.34 £ 0.19, although a
small difference (~0.006) was seen between two
methods. The Shannon index (/) varied from O
(NBRI_RS1053, NBRI_RS666, NBRI_RS667, and
NBRI_RS1074) to 0.85 (NBRI_RS10520), while the
mean estimate was 0.23 + 0.07.
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Result of analysis of molecular variance (AMOVA)
from the data revealed 94 % genetic differentiation
within cultivars/breeding line, and 6 % among breed-
ing lines and parental cultivars. with a negative
Fst of —0.25 %. There was a negative Fst
(—0.44 %) in the breeding lines, while an Fst of
0.52 % was found in the parental cultivars.

Discussion
SSR frequency and distribution

In this study, a total of 4442 SSR regions were
identified in 26,685 potential non-redundant ESTs, of
which 1160 ESTs were found successful with non-
redundant primers. Previously, Koilkonda et al. (2012)
reported the discovery of 1254 SSR regions in 10,102
non-redundant peanut ESTs, while Guo et al. (2009)
reported 856 SSR regions in 6888 non-redundant
peanut ESTs, and Liang et al. (2009) identified 881
SSR regions in 11,431 non-redundant ESTs. In this
study, the frequency of SSR identification was more or
less similar to these previous studies, as the SSR
search criteria were different in all these studies. The
frequcy of EST-SSRs was ~1/3.6 kb for peanut
public domain ESTs, which was higher than those of
wheat (~1/15.6 kb) (Kantety et al. 2002), barley
(~1/6.3 kb) (Thiel et al. 2003), Arabidopsis thaliana
(~1/13.83 kb), tomato (~ 1/11.1 kb), cotton (~1/
20.0 kb), soybean (~1/7.4 kb) and poplar (~1/
14.0 kb) (Cardle et al. 2000). However, it was lower
than coffee (~ 1/1.56 kb) (Aggarwal et al. 2007) and
rubber ~ 1/2.5 kb (Feng et al. 2009). The distribution,
frequency and abundance level of EST-SSRs may
fluctuate due to SSR search criteria, the size of the
database and SSR development tools (Varshney et al.
2005). For example, La Rota et al. (2005) found that,
in rice, the frequency of EST-SSRs was reduced from
50 to 1 % when SSR search criteria changed from 12
to 30 bp. In this study, we have also shown that
changing the SSR search criteria resulted in frequency
fluctuation of EST-SSRs in peanut, i.e., if the criteria
were MNR > 10, DNR > 6, TNR to HNR > 5, the
EST-SSR frequency would be ~ 1/1.36 kb.

To date, DNRs and TNRs have mostly been
reported in plants, but the dominant repeat motifs
were different. For example, TNRs were the leading
repeat motif in A. thaliana, wheat, rice, corn, soybean
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(Cardle et al. 2000), sugarcane, grapes (Cordeiro et al.
2001), barley (Thiel et al. 2003) and citrus (Chen et al.
2006), while DNRs were dominant in apricot and
peach (Jung et al. 2005) and coffee (Aggarwal et al.
2007). Our findings confirm that in peanut TNRs
(54.9 %) were the leading repeat motif, followed by
DNRs (42.2 %), without considering the MNRs. In
addition, AAG/CTT was the predominant TNR, which
was consistent with the report of Zhao et al. (2012) and
Koilkonda et al. (2012). Observations of AG/CT, as
the leading repeat motif of DNRs in peanut, found it to
be similar to that in citrus (Liu et al. 2013), rice (Miyao
et al. 1996), pea (Gong et al. 2010), coffee (Aggarwal
et al. 2007), proso millet (Rajput et al. 2014) and
Cassava (Vasquez and Lopez 2014). The number of
PNRs and HNRs in our study was low and is possibly
related to the stringent searching criteria. In fact, PNRs
and HNRs could be obtained when the searching
criteria were reduced (data not shown). This also
verified an earlier viewpoint that EST-SSR distribu-
tion and frequency were related to the search criteria
(Varshney et al. 2005).

The GC/CG repeat motif was not found in peanut
EST-SSRs in our study, which is consistent with the
results in other plants (Gao et al. 2003; Nicot et al.
2004; Jung et al. 2005). However, the GC/CG repeat
motif was reported at 1 % or even lower frequency in
coffee EST-SSRs (Aggarwal et al. 2007; Zhao et al.
2012). Comparison of the length of SSRs revealed that
the mean length of dinucleotide SSRs was signifi-
cantly longer than that of trinucleotide SSRs for EST-
SSRs. This finding was consistent with observations in
barley (Ramsay et al. 2000), sugarcane (Cordeiro et al.
2001) and soybean (Song et al. 2004).

Novel EST-SSR molecular markers

During the past two decades, much effort has been
made to develop genetic and genomic tools in
cultivated peanut, such as the construction of BAC
libraries (Yiiksel and Paterson 2005), cDNA libraries
(Guo et al. 2009; Koilkonda et al. 2012) and genetic
linkage maps (Moretzsohn et al. 2009; Varshney et al.
2009; Qin et al. 2012) and the development of DNA
markers (He et al. 2005; Gimenes et al. 2007; Wang
and Guo 2007; Cuc et al. 2008; Gautami et al. 2009;
Macedo et al. 2012). In addition, a large amount of
transcriptome sequencing of peanut has been per-
formed on various tissues in different sequencing
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platforms without sufficient work on the development
and application of SSR markers in peanut genetic and
breeding studies. This present study added a total of
782 novel EST-SSRs to the previous 3187 public
domain EST-SSRs in the Kazusa database (http://
marker.kazusa.or.jp/Peanut/marker/list/EST-SSR),
which contained a total of 15,125 SSRs of A. hypo-
gaea. This novel search criterion in our study was
stringent as whole sequence, primer sequence and both
50-bp flanking sequences were used following the
published literature (Jena et al. 2012). Thus, these
novel 782 EST-SSR markers could enrich the current
resource of molecular markers for the peanut com-
munity and would be useful for qualitative and quan-
titative trait mapping, marker-assisted selection and
genetic diversity studies in cultivated peanut as well as
related Arachis species.

Polymorphism analysis and cross-genera
transferability

The average PIC value amplified by 30 primer pairs
across the cultivated species was 0.38, which repre-
sented the medium polymorphism of our developed
EST-SSRs. These results indicated that the 30 markers
would be useful for genetic and breeding studies in
peanut. Only eight (~27 %) of 30 SSRs in eight
cultivars amplified monomorphic bands, while the
remaining 22 (~73 %) showed polymorphism.
Among all the polymorphic primer pairs, eight
(80 %) were DNRs (out of 10), seven (63 %) were
TNRs (out of 11), and two (50 %) were PNRs (out of
four), while the rest were compound type. This result
confirmed that higher-order repeat motifs have lower
polymorphism than lower-order repeat motifs. In our
study, all the five compound imperfect SSRs showed
polymorphism among eight peanut cultivars and the
lower-order repeat motifs were predominant among
all the polymorphic SSR loci. One possible explana-
tion why the higher-order repeat motifs were less
polymorphic is their lower slippage possibilities
during the process of DNA replication.

Recent studies showed that the cross-genera trans-
fer efficiency of EST-SSRs was higher than that of
genomic SSRs. Liewlaksaneeyanawin et al. (2004)
compared the transferability of 14 Pinus taeda EST-
SSRs from public domain EST databases and 99
traditional microsatellite markers (including seven
genomic SSRs) and found that EST-SSRs had higher

transfer rates than the traditional microsatellite mark-
ers. Peakall et al. (1998) used the SSR markers
developed from the soybean genome amplifying
across Glycine max and the results showed that 65 %
of the markers could be amplified in cross-species, but
only 3-13 % in cross-genera. Similar results were
obtained in coffee (Aggarwal et al. 2007). Transfer-
ability of EST-SSRs between closely related genera
has been reported in many other crop species such as
Actinidia chinensis, Oryza, Arabidopsis, apricot and
grape (Huang et al. 1998; Chen et al. 2002; Clauss
et al. 2002; Decroocq et al. 2003). In the study by Gao
et al. (2005), the transfer rate decreased slightly in the
more closely related species and became lower in the
most distantly related species in the genus. According
to Liewlaksaneeyanawin et al. (2004), the success of
transferability decreased as the evolutionary distance
between the source and target species increased.

In our study, all of the randomly selected 30 EST-
SSR markers developed from peanut could be ampli-
fied in many allied genera, such as ~97 % in Cicer,
~93 % in Cajanus and ~86 % in Caesalpinia and
Pisum. Our results show that the transfer rate decreased
from 97 % in C. arientinum and 93 % in Cajanus cajan
to ~86 % in C. pulcherrima and P. sativum, and
seemed to indicate that C. pulcherrima and P. sativum
had a more distant relationship with A. hypogea then C.
arientinum and Cajanus cajan.

Evaluation of genetic diversity using the novel
EST-SSR markers developed and genetic
relationships of peanut cultivars/breeding lines

About 100 improved peanut cultivars have been
released in India since 1905; 48 % of these resulted
from selection from landraces and 45 % from
hybridization followed by selection, and the remaining
7 % from mutation breeding (Nigam 2000). The NJ
clustering pattern resulted in three clusters: the first
cluster comprised parent-1 AK 12-24 and parent-2 TG
26 together with 10 breeding lines, while the second
cluster comprised parent-3 R 2001-3 and 11 breeding
lines. The cluster III comprised five parents (parent-4
AK 159 to parent-8 Smruti) and 11 breeding lines. Of
the eight parents, parent-8 Smruti exhibited the highest
genetic distance with each advanced breeding line,
while parents parent-3 R 2001-3 and parent-6 TAG24
exhibited the lowest genetic distance with the
advanced breeding lines (Supplemental table S9).
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Thus, all the eight parental lines of Odisha, India,
showed various genetic backgrounds and were suit-
able for breeding programs. Some of the genetic
distance estimates between cultivars and breeding
lines were found to be high, and thus it is important for
plant breeders to evaluate genetic diversity compre-
hensively not only in various cultivars but also in the
advanced uncharacterized breeding lines. AMOVA
analysis revealed that, of the total genetic variance,
6 % was attributed to among parental cultivar and
breeding lines, while 94 % was within parental
cultivar and breeding line, which indicated that there
were obvious differences in peanut cultivars from
different breeding lines in Odisha.

When we compared genetic diversity estimates of
the present Odisha-wide cultivars and breeding lines
with the published literature, we found many devia-
tions. Tshilenge-Lukanda et al. (2012), with the help
of ISSRs, reported genetic distances among the
groundnut accessions varying from 11 to 37 %, and
thus the accessions analyzed were different but
genetically closely related. Similarly, Dwivedi et al.
(2001) showed genetic dissimilarities of the same
plant materials values ranging from 1.2 to 41 %. Other
molecular studies detected up to 52 % genetic dis-
similarities with AFLPs (He and Prakash 1997) and
56 % with SSRs (Mace et al. 2006) using different
groundnut collections. The present study also revealed
a moderate level of intra-species variability of 27 %
on average for self-pollinating species like groundnut.

Compared with previous reports, the genetic diver-
sity of the Odisha peanut cultivars/breeding lines was
at a moderate level, as reflected by the average number
of alleles per locus (2.73) and the gene diversity index
(0.5). Other researchers have reported averages of
2.2-8.1 alleles per locus in various peanut collections
(Kottapalli et al. 2007; Wang et al. 2011; Ren et al.
2014). Wang et al. (2011) carried out a study of a USA
peanut collection and found an average of 8.1 alleles
per locus. Similarly, Kottapalli et al. (2007) studied
168 accessions of peanut germplasm from 42 countries
on five continents with SSRs and identified 4.29 alleles
per locus. In a Chinese core collection, the number of
polymorphic alleles of var. hypogaea germplasm was
4.0, while that of breeding lines was 2.2 (Jiang et al.
2010). In a similar recent study of Chinese cultivars,
the allele number per locus was similar to that of
breeding lines (Jiang et al. 2010). This indicates that
there would be less genetic diversity in the breeding
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lines (released for cultivation) than the landraces. The
present study on Odisha (India) peanut cultivars also
revealed a similar pattern of low level of diversity
among breeding lines in comparison to cultivars. In
fact, the breeding lines and cultivars (outside of
landraces) had the same origins from crossing.

In this study, the gene diversity index was 0.23,
which was higher than those of previous peanut
collections (0.15-0.18) (Kottapalli et al. 2007; Wang
et al. 2011). This is probably due to the inclusion of 32
breeding lines in addition to eight cultivars, making the
whole analysis system as a synthetic one with unrelat-
edness. Although allelic diversity and gene diversity
index could be used as indicators of genetic variation,
such values are relative and depend on the number of
polymorphic loci and the relatedness of genotypes
analyzed. However, in this study, the allelic diversity
and gene diversity index showed that there was a higher
level of genetic diversity in Odisha peanut cultivars than
landraces, which was consistent with the results reported
inrice (Zhangetal. 2011; Zhao et al. 2009), wheat (Chen
et al. 2012) and soybean (Li et al. 2010). Thus, it is
necessary to introduce more peanut germplasm into
Odisha peanut cultivars to broaden their genetic
diversity.

Validation of cross-genera amplicons

Cross-species/genera transferability of SSR markers
has been previously reported (Davierwala et al. 2001).
The results of amplification of expected products by
30 EST-SSRs in eight peanut cultivars and four related
species and inter-genera provided clear evidence for
the conservation and transferability of the EST-SSR
markers in A. hypogaea. It also supported the fact that
SSR markers can be obtained through transfer ampli-
fication (Varshney et al. 2005). However, compared to
the RefEST, insertions and deletions were detected in
the regions of SSR motifs in intra-species, inter-
species and inter-genera, while point mutations or
deletions in flanking regions were found more often in
inter-genera and less in inter-species. Gutiérrez and
Goyache (2005) found that the variations in the
sequences in Medicago truncatula are mainly due to
the diversification of the number of repeat motifs in the
SSR region combined with insertions and base
substitutions. Xie et al. (2006) showed that allelic size
variation in almond resulted exclusively from differ-
ences in the structures of repeat motifs which involved
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interruptions or occurrences of new motif repeats in
addition to varying numbers of AG/CT repeats. Guo
et al. (2006) reported that no correlation was found
between the repeat motif type and cross-species
amplification. No positive pattern of allelic variation
and transferability and their definite relationship to the
repeat motif type for the number of repeats was
confirmed in our study.

Population structure of peanut cultivars/breeding
lines in Odisha

To identify the true optimal number of subsets (K) in
STRUCTURE, LnP(D) and AK were chosen (Chen
et al. 2012; Patzak et al. 2012). The K value that
provides the maximum likelihood, called LnP(D) in
STRUCTURE, is generally considered to be the
optimal number of subdivisions (Pritchard et al.
2000). In this study, the distribution of L(K) did not
show a clear mode for the true K in Odisha peanut
cultivars. Thus, another ad-hoc quantity (AK) was
used to overcome the difficulty in interpreting the real
K values (Evanno et al. 2005). The highest value of
AK for the 40 peanut accessions is AK = 2. Clustering
bar plots with K = 2 are shown in Supplemental
figure S13. At K = 3, 4 and 5, all 40 accessions are
divided into three. Four and five subpopulations in
which more or fewer breeding accessions made
various subgroups and thus there was genetic differ-
entiation in the breeding lines with various level
admixtures. Analysis of these data identified the major
substructure groups when the number of populations
was set at two with the highest value of AK, which was
inconsistent with the clustering results based on
genetic distance (Fig. 3). As shown in Fig. 3, most
of the accessions were clearly classified into one of the
three subpopulations. PCA based on the marker
genotypes revealed three distinct clusters for the
entire population (Supplemental figure S15). Further-
more, the neighbor-joining tree showed three clusters
within the peanut cultivars, which was fairly consis-
tent with the structure-based membership assignment
for most of the cultivars.

A moderate genetic base had been reported for peanut
cultivars in Odisha, probably because of high selection
pressure for good grain quality and repeated use of the
same-origin parents with proven yield ability in the
breeding program, resulting in significant genetic
erosion of the local peanut gene pool (Yu 2010, 2011).

Conclusions

The results of this study reveal that the peanut
accessions analyzed are closely related despite the
high level of molecular variation detected using SSR
markers. The genetic diversity is greater in cultivars
than in breeding lines. The present study showed the
utility of EST-derived microsatellite markers for the
detection of polymorphisms among cultivated peanut
and breeding line accessions and for genetic relation-
ship analysis between A. hypogaea accessions. A total
of 782 novel EST-SSR markers were developed and
added to the public domain for genetic analysis of
peanut. The number of polymorphic markers among
accessions of A. hypogaea was still low, corroborating
the notion that cultivated peanut presents a relatively
reduced variation at the DNA level. However, a set of
informative EST-SSR markers in the present study
detected considerable levels of genetic variability in
the Odisha peanut cultivar and uncharacterized breed-
ing line collections. Based on this data, the genetic
background of breeding lines could be assessed. The
identification of similarity groups could be useful for
the selection of parental plants to be used in the
breeding programs. The 30 newly developed EST-
SSRs from Arachis spp. showed ~97 % amplification
in C. arientinum, ~93 % in pigeon pea, and ~86 %
in C. pulcherrima and P. sativum (Fig. 3). A maxi-
mum of ~97 % cross-genera transferability was seen
with C. arientinum followed by pigeon pea and C.
pulcherrima (Fig. 3). Marker transferability ranged
from 97 % (C. arientinum) to 86 % (C. pulcherrima)
in different genera, while it was not all checked in
other species of Arachis. The possibility of using
microsatellite markers developed for one species in
genetic evaluation of other species greatly reduces the
cost of the analysis, since the development of
microsatellite markers is still expensive and time-
consuming. The EST-SSR markers developed in this
study could be very useful for genetic analysis of wild
and allied species of Arachis, including comparative
genome mapping, population genetic structure and
phylogenetic inferences among species.
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