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Abstract Expressed sequence tags (ESTs) from turmeric
(Curcuma longa L.) were used for the screening of type
and frequency of Class I (hypervariable) simple sequence
repeats (SSRs). A total of 231 microsatellite repeats were
detected from 12,593 EST sequences of turmeric after
redundancy elimination. The average density of Class I
SSRs accounts to one SSR per 17.96 kb of EST. Mono-
nucleotides were the most abundant class of microsatellite
repeat in turmeric ESTs followed by trinucleotides. A
robust set of 17 polymorphic EST-SSRs were developed
and used for evaluating 20 turmeric accessions. The
number of alleles detected ranged from 3 to 8 per loci. The
developed markers were also evaluated in 13 related spe-
cies of C. longa confirming high rate (100%) of cross
species transferability. The polymorphic microsatellite
markers generated from this study could be used for
genetic diversity analysis and resolving the taxonomic
confusion prevailing in the genus.
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Introduction

The genus Curcuma belonging to the family Zingiberaceae
has a widespread occurrence with a global representation
of more than 80 species [1]. Turmeric (Curcuma longa L.),
a perennial rhizomatous herbaceous plant of the genus is
cultivated extensively in the tropics for its rthizomes, which
are widely used for flavoring food preparations as a spice
since time immemorial. By virtue of its medicinal prop-
erties, it is also widely used in the Indian (Ayurvedic,
Unani, Siddha) and Chinese systems of medicine. Modern
biomedical research also attests the medicinal value of
turmeric in a variety of ailments [2]. Use of molecular
markers in characterizing C. longa has been very limited
and confined to isozyme studies [3], RAPD/ISSR analysis
of cultivars [4, 5] and genetic stability analysis of micro-
propagated plants by RAPD [6-8]. As taxonomic confusion
is reported to be prevailing in the genus which is often
difficult to be discriminated based on conventional taxo-
nomic tools [2], DNA marker studies offer a viable adjunct
to the conventional classificatory studies of the genus in
addition to effective bioprospecting [9]. The development
of a highly reliable and reproducible molecular marker for
assessing the genetic diversity within the germplasm
accessions could also help to facilitate the crop improve-
ment programme through molecular breeding.
Microsatellites or Simple Sequence Repeats (SSRs) are
one of the most widely used molecular markers in plant
breeding, agricultural genetics, mapping, marker assisted
selection, and genetic diversity studies [10, 11]. They are
stretches of DNA consisting of tandemly arranged units of
1-6 bp in length [12, 13], characterized by the relative
abundance, hypervariable, locus specific, codominant, and
multiallelic nature [10, 12]. SSRs are ubiquitous in the
coding and non-coding regions [14, 15] of prokaryotes and
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eukaryotes. Based on the length of SSR tracts and their
potential as genetic markers, microsatellites are catego-
rized into two groups—Class I or hypervariable markers
(perfect SSRs >20 bp) and Class II or potentially variable
markers (SSRs >12 and <20 bp) [16]. The standard
method of microsatellite development involves the creation
of a small insert genomic library, subsequent hybridization
with tandemly repeated oligonucleotides and its capture
followed by sequencing of candidate clones, thus making
the entire process a time consuming and laborious one [13].
With the rapid increase in the deposition of nucleotide
sequences in the public databases and with the advent of
bioinformatics tools, it has become a cost effective and fast
approach to scan for microsatellite repeats and exploit the
possibility of converting it into potential genetic markers.
One such source of nucleotide sequences are expressed
sequence tag (EST) databases. ESTs are short and single
pass sequence reads from mRNA (cDNA) [17], repre-
senting a snapshot of genes expressed in a given tissue and
or at a given developmental stage. EST databases have
been proven to be a valuable source of polymorphic SSRs
(EST-SSRs or genic SSRs) in a number of plant species
including barley [13], grape [18], and coffee [19]. EST-
SSR markers are credited with the following advantages:
easy identification by electronic sorting, presence in the
gene rich regions of the genome, relative abundance, and
easy transferability to related species [20]. So far no SSR
markers have been reported in Curcuma, though a related
work on the development of eight SSR markers is reported
in ginger, a member of the same Zingiberaceae family [21].
The present study aims at scanning ESTs deposited in the
public domain for the presence of hypervariable repeats
and generating a robust set of polymorphic markers for
turmeric (C. longa L.) and related Curcuma species.

Materials and Methods
EST Database and Sequence Retrieval

A total of 12,593 C. longa L. EST sequences were
downloaded from the dbEST database hosted in
GenBank (National Centre for Biotechnology Information,
http://www.ncbi.nlm.nih.gov/dbEST/) using the keyword
“Curcuma longa”.

Sequence Analysis and Detection of SSRs

In a preliminary step, poly A and poly T-stretches of the
ESTs corresponding to the poly A tails of eukaryotic
mRNA were removed using TRIMEST program of
EMBOSS suite using the parameters described by Kum-
patla and Mukhopadhyay [22]. The sequences were

KU
3. Humana Press

assembled into contigs for creating a non-redundant dataset
using EGassembler [23]. The identification of Class I
(hypervariable) microsatellite repeats [16] in the generated
non-redundant EST dataset were calculated using MSAT-
COMMANDER [24]. When two SSRs were present close
to each other in one EST, they were counted as individual
SSRs rather than compound SSRs [25].

Designing of Primers

Primers were designed only for Class I SSR containing
EST sequences by using Primer 3 [26] and also manually.
The quality of the designed primers was validated using
NetPrimer (http://www.premierbiosoft.com/netprimer/index.
html). Primers having a score of more than 75 as evidenced
by the absence of self dimer and or primer dimer and or
cross dimers were selected for synthesis. A selected set of
45 primers were synthesized at Sigma Technologies,
Bangalore, India. These primers were tested for function-
ality and polymorphisms against a panel of 20 C. longa
accessions. Functional primers were validated for its
effective transferability in 13 Curcuma species. The puta-
tive functions of sequences containing polymorphic EST-
SSRs were detected using BLAST X [27] by comparing
against the non-redundant protein database.

Plant Materials and DNA Isolation

Twenty diverse turmeric accessions collected from different
geographical locations (states) of India and maintained at the
Indian Institute of Spices Research (IISR) Experimental
farm, Peruvannamuzhi, Calicut, Kerala were used in the
present study to validate the SSR markers. High quality
genomic DNA was isolated from the fresh rhizomes fol-
lowing the protocol of Syamkumar et al. [28]. The concen-
tration and quality of the genomic DNA was assessed using
spectrophotometer and agarose gel electrophoresis.

For cross species amplification studies, DNA was isolated
from 13 Curcuma species (C. amada Roxb., C. aromatica
Salisb., C. aeruginosa Roxb., C. caesia Roxb., C. comosa
Roxb., C. ecalcarata Sivarajan & Indu., C. haritha Mangalay
& Sabu, C. montana Wall., C. malabarica Vela. et al.,
C. pseudomontana Grah., C. raktakanta Mangalay & Sabu,
C. sylvatica Val., and C. zedoaria Rosc).

PCR Amplification and Electrophoresis

Amplification of microsatellite repeats were carried out in a
25.0 pl reaction mixture containing 1x buffer with
1.5 mM MgCl, (Sigma, USA), 0.2 mM dNTP’s (Banga-
lore Genei, Bangalore, India), 5.0 pmols each of primers,
50 ng genomic DNA, and 1 U Tag DNA polymerase
(Sigma, USA). The amplification was performed in a
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thermal cycler (Eppendorf, Mastercylcer Gradient S) pro-
grammed at an initial denaturation at 94°C (3 min) fol-
lowed by a 35 cycle reaction profile programmed at 94°C
(30 8), T,°C (45 s, T, varied for individual primers), 72°C
(1 min), and a final extension of 72°C (10 min).

After PCR amplification, 3.0 pl of PCR products were
mixed with an equal volume of loading buffer (98%
formamide, 10 mM EDTA [pH 8.0], 0.05% xylene cyanol,
0.05% bromophenol blue), denatured at 94°C for 5 min,
and snap-cooled using ice. Samples were resolved on 10%
denaturing polyacrylamide gel (7 M Urea; 1x TBE buffer)
at a constant power of 220 V for 4-6 h using the Mini-
Protean system (Biorad, USA). The gels were silver stained
[29]. The fragment size of the amplified products was
compared against 50 bp DNA ladder (New England Bio-
Labs) or 10 bp DNA ladder (Invitrogen, USA). The gel
was documented using the Kodak MI Logic 200 system
and allele sizes were scored using the inbuilt KODAK MI
software. The variability at each locus was characterized in
terms of number of alleles.

Results
Frequency and Distribution of Class I EST-SSRs

The 12,593 redundant EST sequences retrieved from NCBI
represented approximately 8.3 Mb of C. longa transcrip-
tome. A total of 389 Class I SSRs were detected in this
redundant dataset corresponding to 1.0 SSR per 21.54 kb.
Trimming of poly A and poly T tails resulted in the
removal of 0.40% of this dataset. These sequences were
clustered and assembled into a non-redundant dataset of
5,041 unique gene sequences (3,037 contigs and 2,004
singletons). Scanning of Class I microsatellites in this non-
redundant dataset revealed a total of 231 unique SSRs. This
accounts to a frequency of one SSR per 17.968 kb of
C. longa transcriptome (Table 1).

Among the Class I microsatellite repeats detected,
mononucleotides were the most abundant (39.8% of 231)
followed by trinucleotides (23.81% of 231). The most
abundant repeat motif was (A/T) in mononucleotides,
(AG/CT) in dinucleotides, (AAG/CTT) in trinucleotides,
(AAAC/GTTT) in tetranucleotides, (AAGAG/CTCTT) in
pentanucleotides, and (AGCAGG/CCTGCT) in the hexa-
nucleotides. The mononucleotide (A/T; 34.6% of 231) and
the trinucleotide (AAG; 8.2% of 231) repeat motif con-
stituted the major individual repeat motifs in turmeric
ESTs. The dinucleotide (CG/GC) and trinucleotide (ACT/
AGT) repeat motifs were not detected within the dataset.
The distribution of individual Class I microsatellite repeats
in the non-redundant dataset based on repeat motifs and
number of repeat units are summarized in Table 2.

Table 1 Summary of EST-SSRs developed from the EST database
of Curcuma longa L

Parameter Value
Total number of ESTs searched 12593
(8366842 bp)
Total number of SSRs identified 389
including poly A & poly T
Length of ESTs after poly A/T tail removal 8332776 bp

Total number of unigenes 5041 (4150834 bp)
3037 (2750907 bp)

2004 (1399927 bp)

Total number of contigs
Total number of singletons

Total number of unique Class I SSRs 231
Frequency of Class I SSRs in turmeric EST 1 per 17.968 kb
Number of sequences suitable for primer 163
designing
Number of primers designed and tested 45
Functional polymorphic markers developed 17

Development of EST-SSRs

Primers could be designed only for 163 repeats (70.56%
of 231). Designing of primers failed in the remaining
sequences due to lack of sufficient flanking sequences or
non-compatibility with the standard primer designing cri-
teria. Forty-five of these sequences representing repeat
motifs (dinucleotides to hexanucleotides) were short listed
for primer designing and conversion to EST-SSRs. Out of
the 45 primers (27.6% of 163) shortlisted for amplification
studies, nine did not generate any amplicons. Six primers
produced smearing pattern and thus were eliminated from
further studies. Successful amplification indicated by the
presence of prominent bands was observed for 30 loci, of
which 17 revealed considerable level of polymorphism in
the 20 turmeric accessions tested. The generated polymor-
phic markers were assigned the prefix CLEST SSR
(Curcuma longa EST derived Simple Sequence Repeat).
The number and range of the amplified alleles were deter-
mined across the tested individuals. All the primers together
could detect a total of 79 alleles across 20 turmeric acces-
sions ranging from 3 to 8 alleles per locus. Only clear
prominent bands were considered for the determination of
alleles. One marker (CLEST SSR-11) generated amplicons
larger than the expected size deduced from the EST
sequence. The details of the polymorphic EST-SSR mark-
ers and other related information are listed in Table 3.

Transferability of EST-SSR Markers
Transferability of the 17 EST-SSR markers was examined

by testing for its amplification in 13 Curcuma species. All
the 17 markers could generate prominent bands in the
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Table 2 Occurrence of unique Class I SSRs in 12593 C. longa L. ESTs

SSR motif Number of repeats Total
number
of repeats

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 >20

A/T - - - - - - - - - - - - - - - - 8 72 80
G/C - - - - - - - - - - - - - - - - 12
AC/GT - - - - - - 1 1 2
AG/CT - - - - - - 3 5 1 1 2 1 1 16
AT/AT - - - - - - 2 2 3 1 2 1 1 14
AAC/GTT - - - 1 1
AAG/CTT - - - 9 2 1 3 3 1 19
AAT/ATT - - - 4 3 1 1 9
ACC/GGT - - - 1
ACG/CGT - - -
AGC/GCT - - -
AGG/CCT - - -
ATC/GAT - - -
CCG/CGG -
AAAC/GTTT -
AAAG/CTTT -
AAAT/ATTT -
AAGG/CCTT -
AATT/AATT - 1
AGAT/ATCT - 2 1
AGCC/GGCT -

AGGG/CCCT - 1
ATCG/CGAT - 4
AAAAC/GTTTT 1
AAAAT/ATTTT 1
AAAGG/CCTTT 1

AACAG/CTGTT

AAGAG/CTCTT 2

AATGG/CCATT 1
ACCGG/CCGGT
AGAGG/CCTCT
AAAATG/CATTTT
AAATCT/AGATTT
AACGCC/GGCGTT
AAGAGG/CCTCTT
AATGGG/CCCATT
ACCATC/GATGGT
ACCCCC/GGGGGT
ACCTCC/GGAGGT
AGATCG/CGATCT
AGCAGG/CCTGCT
AGGCGG/CCGCCT 1
AGGGCG/CGCCCT
ATCGGC/GCCGAT 1
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Table 2 continued

SSR motif Number of repeats Total
number
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 >20 ¢ repeats
NNN - - - 30 9 1 3 7 4 55
NNNN - 15 5 1 22
NNNNN 6 3 9
NNNNNN 16 4 1 21
Total repeat number 22 22 5 31 11 1 6 12 7 2 1 4 2 5 1 2 16 81 231

(-) repeat frequencies not included in the analysis

tested species indicating high transferability efficiency
(100%) of the developed EST-SSR markers.

Discussion
Frequency and Distribution of Class I Microsatellites

Random sequencing of clones within the cDNA library
often enables the representation of a stretch of nucleotides
in one or more reads during sequencing, thereby leading to
the deposition of redundant sequences in the database.
Refining the original dataset reduces the data size and
redundancy for frequency analysis and primer designing.
Estimation of the frequency of SSRs in non-redundant
ESTs accurately reflects the density of SSRs in the tran-
scribed portions of the genome [20]. Assembled ESTs also
facilitated the designing of primers in certain cases when
SSR motifs were located close to the end of an individual
EST.

Though frequency analysis of microsatellite repeats
have been reported in different plant species [13, 19, 22,
25, 30-39, 41], it was observed that the parameters/limits
for SSR detection for frequency calculations varied in all
the studies. However, the limits used for SSR identification
in the present study is similar to that of Gao et al. [33]
with exceptions in limits (TNR = >7, HNR = >4) for
retrieving SSRs >20 bp. Thus, the average density of non-
redundant EST-SSRs in turmeric (1 SSR/17.96 kb) is
almost on par with that of wheat (1 SSR/17.42 kb), higher
than soybean and maize (23.80 and 28.32 kb, respectively),
but lower than rice (11.81 kb).

Mononucleotides formed the major category of micro-
satellite repeats identified from turmeric ESTs. The relative
abundance of mononucleotide repeats even after trimming
of terminal poly A/T tracts clearly indicates their occur-
rence in the turmeric transcriptome. The abundance of
mononucleotide repeats are also reported in the ESTs of
Citrus [35, 36], Medicago truncatula [37], and Hevea
brasiliensis [38]. The second most abundant repeat in
turmeric ESTs were the trinucleotides, which is reported to

be the most frequent repeats in a majority of different plant
ESTs [13, 30-34, 39], due to the negative selection against
frameshift mutations in the coding regions [40]. Dinucle-
otides constituted the third most abundant microsatellite
repeat in turmeric ESTs, which is also reported to be the
major repeats in ESTs of certain plants [19, 22, 41].

When compared with the earlier reports [13, 19, 22,
30-34, 39, 41], the relatively low level of trinucleotide and
dinucleotide representations observed in the present study
could be due to the application of stringent limits used for
SSR identification and variation in the quantity of sequence
data analyzed. The frequency analysis described in the
present study offer insights into the distribution of different
classes/types of microsatellite motifs in the turmeric tran-
scriptome. This could also facilitate the designing of suit-
able SSR probes for the effective targeting and isolation of
genomic microsatellite markers from turmeric.

Development of EST-SSRs

The present study could generate 17 polymorphic EST-
SSR markers from a total of 45 primers tested. The non-
amplification of the nine primers might be due to the usage
of questionable or chimeric sequence information for pri-
mer designing [13]. The increase in the product size of
CLEST SSR-11 than expected from the EST sequence
might be due to the amplification of a small intron. During
validation of the markers, the strongest bands were
assigned to be alleles because of the possibility of the
associated lighter bands being stutters arising due to the
slippage of Taq polymerase during PCR [42, 43] and
prevalence of staining artifacts.

Though intraspecific variability in chromosome number
and assignment of a new ploidy status have been recently
reported in C. longa [44], the study does not negate the
earlier reports on the triploid nature of turmeric [45, 46].
The polymorphic SSR markers generated in the present
study also revealed three or less alleles in most of the
turmeric accessions analyzed, which is probably an indi-
cation of the triploid status of the plant. Hence, considering
the allelic banding pattern observed in the present study
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and triploid status of the plant [45, 46], the traditional
measures for analyzing genetic variability (Ho, He, tests of
Hardy—Weinberg, and linkage disequilibrium) were not
carried out. More extensive study of these loci will be
needed for estimating these parameters. The polymorphism
generated by the markers by revealing variable number of
alleles (3—8) offers possibility for their future utilization in
revealing the genetic diversity of turmeric.

Cross Species Transferability

The high rate (100%) of cross species transferability of the
generated SSR markers might be due to the sequence
conservation in the ESTs of related Curcuma species. Thus,
the EST-SSR markers generated in the present study offer
potentiality for its future use in characterization and genetic
diversity analysis of related Curcuma species. Moreover,
the transferability efficiency indicates that the approach of
utilizing EST sequences distributed in the public databases
would help to generate reliable markers for comparative
mapping in crops whose genetic/molecular information is
little known.

Conclusion

In the present work, a robust set of 17 polymorphic markers
were developed, showing that EST databases would be a
useful source for the generation of genic SSR markers in
turmeric. This study gives an insight into the frequency,
type and distribution of Class I SSRs in turmeric tran-
scriptome. The developed EST-SSR loci were able to
generate sufficient polymorphism to ensure their use as
molecular markers for genetic investigations in turmeric.
The high transferability rate (100%) obtained by the
amplification of markers in 13 Curcuma species confirm
the scope of exploiting these markers for the effective
fingerprinting of related Curcuma species and species
delimitation studies. This study is the first to utilize the
turmeric ESTs distributed in public databases for the
identification of SSRs and generation of a robust set of
microsatellite markers in turmeric.
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