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Abstract

Expressed sequence tags (ESTs) provide researchers with a quick and inexpensive route for discovering new genes, data on
gene expression and regulation, and also provide genic markers that help in constructing genome maps. Cacao is an important
perennial crop of humid tropics. Cacao EST sequences, as available in the public domain, were downloaded and made into
contigs. Microsatellites were located in these ESTs and contigs using five softwares (MISA, TRA, TROLL, SSRIT and SSR
primer). MISA gave maximum coverage of SSRs in cacao ESTs and contigs, although TRA was able to detect higher order
(>5-mer) repeats. The frequency of SSRs was one per 26.9 kb in the known set of ESTs. One-third of the repeats in EST-
contigs were found to be trimeric. A few rare repeats like 21-mer repeat were also located. A/T repeats were most abundant
among the mononucleotide repeats and the AG/GA/TC/CT type was the most frequent among dimerics. Flanking primers
were designed using Primer3 program and verified experimentally for PCR amplification. The results of the study are made
available freely online database (http://riju.byethost31.com/cocoa/). Seven primer pairs amplified genomic DNA isolated from
leaves were used to screen a representative set of 12 accessions of cacao.

[Riju A., Rajesh M. K., Sherin P. T. P. F.,, Chandrasekar A., Apshara S. E. and Arunachalam V. 2009 Mining of expressed sequence tag

libraries of cacao for microsatellite markers using five computational tools. J. Genet. 88, 217-225]

Introduction

Expressed sequence tags or ESTs provide researchers with a
quick and inexpensive way of discovering new genes, anal-
yse gene expression and regulation, and to construct genome
maps. Microsatellites or simple sequence repeats (SSRs) are
stretches of DNA containing tandem repeats of mono, di,
tri, tetra and above nucleotide units ubiquitously distributed
throughout the genome. SSRs originate from unequal cross-
ing over or replication errors resulting in the formation of un-
usual secondary structures such as hairpins or slipped strands
(Pearson et al. 1998). Molecular markers developed from
ESTs are known as genic markers, are highly useful in de-
veloping linkage maps and in marker assisted breeding pro-
grammes (Varshney et al. 2005; Yasodha et al. 2008).

Cacao (Theobroma cacao L.) is an important perennial
crop of the tropics and source of chocolates and confec-
tionery dishes. It is a shade loving companion crop in
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orchards, coconut and arecanut gardens. The cacao tree is a
diploid plant with a genome of 390 Mb (Couch et al. 1993)
in 10 pairs of chromosomes. EST-derived-SSR markers are
easily developed using computational methods and have ap-
plications in molecular genetics of plants for detecting poly-
morphism and /or linkage mapping (Tang et al. 2006). Link-
age maps of cacao (Pugh er al. 2004) were saturated with
many microsatellite markers that are obtained by enriching
genomic libraries for dimeric or trimeric repeats. Vast EST
resources from cacao plant (TIGR gene index; Quackenbush
et al. 2001; Verica et al. 2004) have been made available
in recent years. These could be harnessed to obtain a large
number of new microsatellite markers. So far ESTs of ca-
cao cover only a fraction of the cacao genome (0.0067%). In
this study, we have used five SSR mining tools (MISA, TRA,
TROLL, SSRIT and SSR primer) to maximize the chances of
locating microsatellites. SSR motifs are grouped into unique
classes based on the property of DNA base complementar-
ity. EST-SSR markers have shown potential in linkage map-
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ping (Borrone et al. 2007) and resistance breeding (Lima et
al. 2008) of cacao. EST-derived-SSR markers usually cross
amplify related taxa (Tang et al. 2006) and hence can be use-
ful in comparative genomics. Cacao belongs to Malvales, so
they could also be useful in related crops like cotton. The
main objective of the present work is to locate the SSRs in
6581 EST sequences of cacao by using five softwares, and to
design primers using the flanking sequences and verify them
by PCR amplification.

Materials and methods

ESTs of cacao were retrieved from dbEST (http://www.ncbi.
nlm.nih.gov/dbEST/) of NCBI (GenBank accession num-
bers AM 117760-AM 117768, DN 237949-DN 237957,
CK 144293-CK 144298, CF 972636-CF 974749 and CA
794213-CA 798660). These 6581 (dbEST release 012006)
tissue-specific cacao EST sequences were grouped into seven
tissues. Most of the cacao EST sequences were from Foras-
tero cacao cv. Comum (Verica et al. 2004). These EST
sequences were then processed to minimize sequencing er-
rors and avoid redundant sequences, and were grouped into
contigs. Contigs or assembled sequences are longer and po-
tentially contain more interpretable coding sequences than
their individual component ESTs. These virtual cDNA se-
quences may extend to the 5’ end of the mRNA, greatly fa-
cilitating cloning of genes in the laboratory. We used Phrap
(Ewing and Green 1998) to assemble the EST sequences into
contigs. Individual ESTs contain part of a few noncoding
regions including long stretches of poly A tails especially
in 3’UTR (untranslated regions). Phrap constructs the con-
tig sequence as a mosaic of the highest quality read seg-
ments and makes extensive assembly information to assist
in trouble-shooting assembly problems. We have manually
sorted the SSRs likely to correspond to poly A/T tails from
ESTs.

We identified three types of SSRs: (i) perfect SSRs, with
an exact repeat of any of the motif, e.g., (AT);s, (ii) imper-
fect repeats, those sequences having at least two or more
exact simple repeats separated by non-repeated nucleotides
varying in size, shown by (CGTAT)o-GATATA-(AGAAG);5
where GATATA nucleotides are notrepeated and (iii) com-
pound repeats, combinations of two or more repeated mo-
tifs with length 20 or more, e.g., (CA)is (TC);o. We lo-
cated SSRs from both individual ESTs as well as contigs.
For mononucleotides, although A, T, C and G are possible,
A and T are grouped into a single category, since an A re-
peat on a strand is the same as a T repeat on the opposite
strand, and a C on a strand is the same as a G on the opposite
strand, resulting in two unique classes of mononucleotides,
A/T and C/G (Katti et al. 2001). Similarly, all dinucleotide
motifs were grouped into the following four unique classes:
(i) AT/TA, (ii) AG/GA/CT/TC, (iii) AC/CA/TG/GT, and (iv)
GC/CG. The trinucleotide repeats are grouped into 10 unique
classes as per the SSR classification, for example the repeat
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group AAG/TTC contains AAG/AGA/GAA/CTT/TTC/TCT
SSRs (Jurka and Pethiygoda 1995; Katti et al. 2001).

Putative orthologs and functions of the contigs were iden-
tified using NCBI - blastx / tblastn (www.ncbi.nlm.nih.gov)
and tblastn from ExPASy (http:/expasy.org/tools/blast). Mi-
crosatellites located in this study were compared with the ex-
isting cacao microsatellites (Pugh er al. 2004; Araujo et al.
2007; Lima et al. 2008) using BLAST to check their unique-
ness.

We tried to assess the comparative efficiency of five soft-
ware tools viz. MISA (Perl script, Thiel et al. 2003), TRA
(visual C++ program, Bilgen et al. 2004), TROLL (Tcp/Tk
script, Martins et al. 2006), SSRIT (Perl script, Temnykh ez
al. 2001) and SSR primer (Perl script, Robinson et al. 2004).
We identified class 1, or hypervariable markers, consisting
of SSRs > 20 bp. Primer3 (Whitehead Institute, Cambridge,
USA) was used to design flanking primers for the detected
microsatellites.

Eleven SSRs (nine perfect and two imperfect) found in
contigs were verified by wet lab experiments (table 1). De-
tails of the cocoa accessions used in the present study are
given in table 2. These included seven cacao collections,
one improved cacao clone and four-biclonal hybrids of the
cacao gene bank at the Regional Station, Central Plantation
Crops Research Institute, Kasaragod, Vittal, South Kannara,
Karnataka, India. A duplicate set of these cacao collections,
clone and hybrids were evaluated at the experimental farm at
CPCRI Kasaragod, Kerala, India. DNA was extracted from
young leaves of 12 cacao accessions from the Kasaragod
farm using the DNeasy mini kit (Qiagen, Duesseldorf, Ger-
many). The annealing temperature for each primer pair was
determined first using gradient PCR. Once optimized, PCR
reactions were conducted in volumes of 20 ul. containing
35-ug genomic DNA, 0.2 uM each of forward and reverse
primers, 50 uM of each dNTPs (Bangalore Genei, Banga-
lore, India), 1x buffer (10 mM tris-HCI (pH 8.3), 50 mM
KCl, 1.5 mM MgCl,) and 0.3 unit of 7ag DNA polymerase.
PCR amplifications were performed on an Eppendorf gra-
dient thermal cycler (Eppendrof, Hamburg, Germany) with
a PCR profile of 94°C for 5 min followed by 30 cycles of
1 min at 94°C, 2 min at the different annealing temperatures
standardized for the individual SSR locus, and 2 min at 72°C,
with a final extension for 5 min at 72°C. After amplification,
a volume of 3 uL of loading buffer (98% formamide, 10 mM
EDTA, 0.005% each of xylene cyanol and bromophenol blue
as tracking dyes) was added to each amplified product and
the amplicons were separated on a 3% agarose gel and visual-
ized after staining with ethidium bromide. Each band gener-
ated by SSR primers was considered as an independent allele.
Clearly resolved, unambiguous bands were scored visually
for their presence or absence with each primer. The scores
were obtained in the form of a matrix with ‘1’ and ‘0’, which
indicate the presence and absence of bands, respectively in
each plant. Based on the number of polymorphic bands,
percentage polymorphism was calculated for each primer.
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Table 1. List of EST-SSR primers used in the present study, the repeat motif and expected
amplicon size.

Expected
Primer Amplified Repeat amplicon
set Sequence (yes/no) motif size
TH1 F: CCAACTTAATATCTCCGCCT
R: GGCTGGTTTCTTATTCACAG Yes €D 217
TH2 F: TCTTCGTAACTATCGGAAACA Y (AT) 391
R: CTAGACGTGGAACTTTGAGG ° "
TH3* F: TTTAAACAATCAGTTTAACCC
R: ATTGTTGGTCGGATTACAAG No TOu 254
TH4  F: AACTGGAGGTCAGAGTCAAA
R: CTTGTCGTCCTTCTTGTTTC Yes (GAA) 362
THS F: TCTCTTCTTCTTGATTGATCG
R: GTCGTAGTCGGAGTCAAGTC No (AAG)o 163
TH6 F: ACAATCGCAGTCGTAATCTC
R: CTCTCCAGTGAAATTGCTTC No (AAC) 372
TH7* F: AATTGGCACGAGTATCTTTG
R: GTCACTTGAACTCCGATCAT No (CTGy 247
THS  F: TCGACAACAACATTCTTTGA
R: TATTGCTGCTTCCTTCTTGT Yes (CTOCT 148
THY  F: GGATTTCTACTGCAAGCAAC
R: AACAAGATATCGAGGCAGAA Yes (ATAA)s 192
THI0  F: TTTGATCTCAAAGCAGGTTTA
R: GGTATGCATGTGCTAGTGTG Yes (GTAD: 208
THIl  F: CGAGGCTTAACTGAAACAGA
R: GCCGTTATTAGTGACCAAAG Yes (ACCAA) 109
*TH3 and TH7 were imperfect repeats.
Table 2. List of cacao accessions used in the present
study. -
PIC=1- 2,
Name of the ; i
S1. no accession Institute no. )
where f; is the frequency of the ith allele, n represents the
1 1-14 VTLC-1 number of alleles. The number of alleles refers to the num-
2 II-67 X NC-42/54 VTLCH-4 ber of scored bands. The frequency of an allele was ob-
3 1I-67 x NC-29/66 VILCH-3 tained by dividing the number of accessions where it was
4 1-36 VILC-11 found by the total number of accessions. We constructed
g Eg?é/ 2‘; 331:2561 the dendrogram using the binary data scored. The genetic
; NC-42; 04 x T35 VILCP '22 associations between varieties were evaluated by calculating
g Jera-n 1 Red A-xil VTLC 1 N the Dice (1945) similarity coefficient for pair-wise compar-
9 L. 67g VTLC-5 isons based on the proportions of shared bands produced by
10 1CS-6 VTLC-17 g]l; p;lm;rs. ? s1m1lar1ty. maztrlx Rweilslfgleneraterl(ilhum'ng'lthe
1 SCA-6 VTLC-22 ! SYS- C software, version 2.0 (Ro 998). e similar-
12 NC-23/43 x I1I-35 VTLCP-23 ity coefficients were used for cluster analysis and a dendro-

VTLC, CPCRI RS vittal cacao collection; VTLCC, vit-
tal cacao clone; VTLCH, vittal cacao hybrid; VTCP,

vittal cacao progeny.

The average polymorphism information content (PIC) was
calculated by applying the formula given by Powell et al.

(1996) and Smith e al. (1997).
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gram was constructed by the unweighted pair-group method
(UPGMA) (Sneath and Sokal 1973).

Results and discussion
Contigs from cacao ESTs

About 6581 EST sequences of cacao were retrieved from
dbEST, which are derived from different libraries and tis-
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sue and/or conditions such as bean and leaf, defense related
(leaves), differential display, immature zygotic embryo, ma-
ture zygotic embryo, young red leaves and somatic embryo.
The majority of ESTs belonged to bean and leaves. Phrap
was used to assemble ESTs to contigs and also to remove
redundant sequences. A total of 769 assembled sequences
(contigs) and 2015 singletons were generated after using
Phrap. The putative function of assembled contigs was in-
terpreted using the blastx and tblastn tools of NCBI and Ex-
PASy (table 3).

Frequency of SSRs in cacao ESTs and contigs

A total of 87 perfect, 10 imperfect and 37 compound repeats
were found in individual ESTs of cacao using all the five

Table 3. Blast results of contigs containing validated SSRs.

tools (table 4). The estimated frequency of SSRs in cacao
ESTs was one per 26.9 kb, based on the total size of the ex-
amined sequences (2616452 bp). The frequency of SSRs in
ESTs of other crops reported earlier were one per 11.8 kb in
rice; one per 23.8 kb in soybean, one per 17.24 kb in wheat
and one per 28.32 kb in maize (Gao et al. 2003) and one per
2.5 kb in eucalyptus (Rabello er al. 2005). But the SSR fre-
quency can follow a unique pattern in a plant species where
seven-fold variation was seen in 24 plants of widely differ-
ing taxa with a mean of 114.7 SSRs per Mb (von Stackel-
berg et al. 2006) with a standard deviation of +/— one per
60.1 Mb. They also noticed a very low frequency of mi-
crosatellites in onion and Pinus that have only 38.9 and 41.5
SSRs per Mb, respectively. The SSR frequency reported in

Primer Contig names Total Base-pair putative gene information E value
TH1 Beanandleaf.fasta.Contig320 (CT)iy HMGB?2 (HIGH MOBILITY GROUP B 6.00E-44
2) Arabidopsis thaliana
TH2 Beanandleaf.fasta.Contig284 (AT)yy LON peptidase N-terminal domain and 43
ring finger 2, isoform CRA_b Homo
sapiens
TH3 Defencerelated.fasta.Contig57 (TG)1o* No similar sequences found (in ncbi and
expasy)
TH4 Beanandleaf.fasta.Contig316 (GAA)g 0s10g0400200 Oryza sativa (japonica 4.00E-10
cultivar-group)
THS Beanandleaf.fasta.Contig314 (AAG) Nucleic acid binding Arabidopsis 2.00E-69
thaliana
TH6 Beanandleaf.fasta.Contig72 (AAC), 0s06g0306300 Oryza sativa (japonica 4.00E-14
cultivar-group)
TH7 Beanandleaf.fasta.Contig280 (CTG),* Hypothetical protein Lxx13950 43
(Leifsonia xyli subsp. xyli str. CTCBO07)
THS8 Beanandleaf.fasta.Contig376 (CTG)s 0s06g0574500 Oryza sativa (japonica 1.00E-43
cultivar-group)
THY9 Defenceralated.fasta.Contig262  (ATAA)s Nitrate/nitrite transporter-like protein 0.22
Salinispora tropica CNB-440
TH10  Defencerelated.fasta.Contig52 (GTAT)s 0s07g0179300 Oryza sativa (japonica 3.00E-62
cultivar-group)
TH11 Beanandleaf.fasta.Contig205 (CCAAA),* 050620247500 Oryza sativa (japonica 1.00E-41
cultivar-group)
Table 4. Type of simple sequence repeats located using five tools.
Tool Type Mono Di Tri Tetra Penta Hexa Abovedeca Compound
MISA ESTs 21 17 19 4 0 1 0 37
Contigs 2 3 3 2 0 0 6
TRA ESTs 21 19 22 0 1 2 1 -
Contigs 0 3 4 0 0 0 0 -
TROLL ESTs 20 17 15 0 1 0 0 -
Contigs 1 3 3 2 0 0 0 -
SSRIT ESTs - 10 16 2 0 4 0 -
Contigs - 3 3 0 0 0 0 -
SSR primer  ESTs - 10 20 4 2 0 0 -
Contigs - 3 4 2 1 0 0 -

SSRs located by different software are listed. SSRIT and SSR primer have no provision to detect
monomer repeats. TRA have detected maximum SSRs from ESTs and contigs except monomers.
TRA also detected one above decamer repeats. SSRIT detected higher number of hexanucleotide
repeats. Overall tri-35 nos (36%) mono-25 nos (25.7%) and di-21 nos (21.6%) reported in ESTs.
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the present study would change for cacao when more EST
sequences are made available. At present, it represents only
a fraction of the cacao genome.

Type of SSRs and motif groups in cacao ESTs and contigs

Results of the SSRs mined from EST libraries of cacao using
MISA, TRA and TROLL showed mononucleotide repeats as
the most abundant SSR type. Among mononucleotides, the
repeat A/T occurred 21 times (95% of the mononucleotide)
as identified by MISA as well as TRA. The program TROLL
detected 19 A/T repeats among the 20 monomeric repeats.
Only one C/G mononucleotide was seen. SSRIT, which is
designed to detect microsatellite dimers to decamers, showed
trinucleotide repeats as the most abundant repeats in EST
(50%), followed by dinucleotide (31.25%). SSR primer also
showed similar trends of abundance of trinucleotide repeats
(58.7%) followed by dinucleotide (21.74%, including imper-
fect repeats). SSR primer would also find perfect and imper-
fect repeats; we observed 10 imperfect repeats with length of
20 bp or more. We identified 134 SSRs (87 perfect, 10 im-
perfect and 37 compound repeats) by pooling the results of
all the five tools.

Imperfect repeats included one dinucleotide, seven trin-
ucleotide, one tetranucleotide and one pentanucleotide re-
peats. Pentameric and above repeats were detected only
by SSR primer. Among the 37 compound repeats, 24
compounds were formed with the combination of mononu-
cleotides and eight of them with trimeric repeats. Apart from
these 134 SSRs, 11 monomers were reported at either the
start or the end positions of a sequence. These were consid-
ered to correspond to poly A/T tails and hence were not used
for further studies like designing of primers. Trinucleotide
(35 nos) repeats (36%) were mainly seen followed by 25
mononucleotide (25.7%). Twenty-one dimer, six tetramer,
three pentmer, six hexamer and one above decamer (21 mer)
repeats were observed from this study. The mononucleotide
repeat A/T occurred 24 times and among the trinucleotide re-
peats, the AAG/AGA/GAA/CTT/TTC/TCT group was more
abundant than other classes (58.6%). Among dinucleotides,
the AG/GA/TC/CT group was the most prevalent (65%). The
frequency of cacao EST-SSRs classified by repeat unit size is
given in table 4, and the distribution of motifs in EST-SSRs
is given in table 5.

Five different tools detected a total of 12 unique perfect
SSRs, and two imperfect sites and six compound repeats in
769 contigs. The result of detected SSRs from cacao contigs
by MISA program showed the dinucleotide and trinucleotide
repeats as more abundant SSRs. Trinucleotide (57.14%)
and dinucleotide (42.86%) repeats were found as most fre-
quent when TRA was used. The most abundant motif was
AGG/GAG/GGA/TCC/CTC/CCT (42.86%). The program
TROLL could detect a total of nine SSRs in the contigs, din-
ucleotide and trinucleotide repeats were the most abundant
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Table 5. Type of motifs of SSRs in ESTs of
cacao.

Motif type No.

A/T 24
G/C 1
AG/GA/TC/CT 13
AT/TA 7
CA/AC/GT/TG 1
AAC/ACA/CAA/TTG/TGT/GTT 3
AAG/AGA/GAA/TTC/TCT/CTT 18
AAT/ATA/TAA/ATT/TTA/TAT 1
ACC/CCA/CAC/TGG/GGT/GTG 1
CAT/ATC/TCA/GTC/TCG/CGT 3
CTG/TGC/GCT/GAC/ACG/CGA 7
GCA/CAG/AGC/CGT/GTC/TCG 2
3
2
1
2
1
3
1
1
1
1

ATAA
GTAT

TTCT

(ACCAA)4

(ATAAC)4

(CATCAC)4

(CTCCCT)6

(GCACAC)4

(GTGATG)4
21(CAAATCTGGTGCTAATGCCTC)6

Total 97

types (33.33%). Among the trimerics, the most abundant re-
peat were of group AGG/GAG/GGA/TCC/CTC/CCT, which
were repeated twice (22.22%). The software tool SSRIT also
showed that dimeric and trimeric repeats were as equally dis-
tributed (50%) in cacao contigs with the most abundant mo-
tif being AGG/GAG/GGA/TCC/CTC/CCT (33.33%). One
pentameric repeat (ACCAA)4 was identified by using the
tool SSR primer and two tetranucleotide repeats (ATAAs and
GTATs) were located by using TROLL and SSR primer in
contigs.

The result of cocoa contigs by different software showed
that mono, di, tri, tetra and penta nucleotide constituted
16.66%, 25%, 33.33%, 16.66% and 8.3%, respectively. This
clearly shows that trinuleotide repeats are the most abundant
repeats in cocoa ESTs. Trinucleotide repeats were found
to be the most abundant SSR class recovered from plant
ESTs (Cardle et al. 2000; Temnykh et al. 2001; Kantety et
al. 2002; Varshney et al. 2002; Gao et al. 2003; Kumpatla
and Mukhopadhyay 2005). Among the trinucleotide re-
peats, AGG/GAG/GGA/TCC/CTC/CCT class were domi-
nant than other trinucleotide classes in cacao ESTs. The for-
mer class was found to be the most frequent in dicot plants
(Kumpatla and Mukhopadhyay 2005). Trimerics of type
AGG/GAG/GGA/TCC/CTC/CCT were found to be the most
frequent SSR in rice, barley, soybean (Gao et al. 2003) and in
Arabidposis ESTs (Cardle et al. 2000). The CCG/CGG type
of trimerics was the most abundant in cereals (Varshney et al.
2002). Most EST sequences consist of exonic regions which
are under strong selection against frame-shift mutations as
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they will be translated into proteins. As codons are func-
tional units of three nucleotides, indel mutations causing a
shift in three nucleotides will not perturb the current reading
frame of a given gene (Metzgar et al. 2000). For this reason,
trinucleotide repeats are expected to be the most abundant
SSR class found in ESTs. The distribution and frequency of
SSRs is a result of many factors such as mutation, selection
and DNA repair mechanisms (Sreenu ez al. 2007). The com-
putational ability of different tools used to find cacao contigs
and individual EST sequences is listed in table 4.

In the present study, we found trinucleotide repeats as the
most frequent repeat class in cacao ESTs (32.4%) as well as
contigs (33.33%). The most abundant repeat was the A/T
type and G/C repeats were rare. This is an agreement with
genomic DNA analysis of Arabidopsis (Lawson and Zhang
2006), where A/T motifs were abundant among the monomer
repeats in EST libraries. Similar results were also seen in eu-
calyptus (Rabello et al. 2005) and in many other crop species
(Gao et al. 2003). In mycobacterial genomes stretches of
long monomer repeats were noticed as they act as contin-
gency loci (Sreenu et al. 2007). Among the dimerics, the
AG/TC type was more common than other groups in cacao
ESTs. AG/TC was the predominant motif among the din-
ucleotide repeats in other dicot plants such as apple (New-
comb et al. 2006), coffee (Aggarwal et al. 2007) and euca-
lyptus (Rabello et al. 2005). But AC/GT was found abundant
in primitive plant forms such as mosses, algae and conifers
(von Stackelberg et al. 2006). Genomes of dicot plants such
as cacao are rich in A+T content, hence the microsatellite
motifs identified in these species are A+T rich (Kumpatla
and Mukhopadhyay 2005). In contrast the monocot plant
genomes are rich in G+C content hence the SSR motifs in
these plants are rich in G/C (Varshney et al. 2002). We have
also found three pentanucleotide repeats (one imperfect re-
peat included) by using TRA and SSR primer, six hexanu-
cleotide repeats (by using MISA, TRA, TROLL and SSRIT)
and one 21-mer repeat (CAAATCTGGTGCTAATGCCTC)g
using program TRA in cacao EST libraries. These rare re-
peats can be potential markers in detecting polymorphism
and mapping studies.

So far, SSR markers with motifs of compound repeats, di,
tri, tetra and one penta repeats have been found in cacao ei-
ther by genome enrichment (Araujo et al. 2007) or electron-
ically sorted from EST libraries (Borrone et al. 2007; Lima
et al. 2008). Among the experimentally tested microsatellite
motifs, most of those with (AAG)n show potential in link-
age mapping in cacao (Borrone et al. 2007) and (AG)n re-
peats and (CAA)n repeats show polymorphism (Araujo et al.
2007). The definition of SSR varies by size and type of re-
peat and some authors do not consider monomer repeats as
SSRs. Many authors target class II SSRs also with size of
10 bp and above. Few authors consider only SSR if the re-
peat motif larger than 20 bp (Varshney et al. 2002). Hence
comparisons of SSR size and type of repeat are difficult to
discuss. Kumpatla and Mukhopadhyay (2005) targeted four
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classes of repeats (viz. mono, di, tri and tetra) with a default
settings for repeat as 15 for mono nucleotides and five for di-,
tri-, or tetra-nucleotides. Our study found trimeric repeats to
be predominant in individual ESTs followed by monomeric
repeats, because we looked mainly for SSR that are larger
than 20 bp.

Among the five tools used, MISA program gave the max-
imum coverage of SSRs in both ESTs and contigs. It is pow-
erful to detect mono to hexa repeats and compound repeats,
but it is limited by its inability to detect above hexamer re-
peats. SSR primer shows both perfect and imperfect repeats.
It is useful for finding SNPs in microsatellite and automated
primer designing. We found TRA highly useful to molecu-
lar biologists interested in locating hexamer and above sized
repeats, even minisatellites. However, those interested in lo-
cating maximum repeats but less than hexamer size should
use the MISA Perl script.

We identified putative functions of the ESTs using blastx,
tblastn tools of NCBI and ExPASy servers. The tblastn was
used in the case where blastx analysis gave no similarity. Six
frames were created with NCBI ORF finder http://www.ncbi.
nlm.nih.gov/gorf/gorf.html and lengthy sequence was chosen
to perform tblastn. The tool has blast options like blastp and
tblastn. The database selected was non-redundant sequence
database of Viridiplantae (taxid: 33090). Putative func-
tions such as PGK (phosphoglycerate kinase), gibberellin
20-oxidase 1, flavanone 3-hydroxylase, DNA-directed RNA
polymerase II subunit RPB2 (RNA polymerase II subunit
B2, RNA polymerase II subunit 2, DNA-directed RNA poly-
merase II 135-kDa polypeptide) etc. were identified with
blast E value exactly O (table 3).

The resulting microsatellites were compared with exist-
ing cocoa microsatellites (Pugh et al. 2004; Araujo et al.
2007; Lima et al. 2008) but no similarity could be found.
Hence, the present study gives additional set of microsatel-
lites from ESTs for use in cacao genome analysis. We in-
tended to test all the designed primers from cocoa contigs be-
cause we could design only 11 primer pairs from the 20 SSRs
reported. The remaining nine SSRs were either at the begin-
ning or the end of the contig sequences and, consequently,
we did not further design primers for them. Eleven primers
were tested for amplification of cacao genomic DNA using
PCR. Nine of these primers (viz. TH1, TH2, TH4, TH6,
TH7, THS8, TH9, TH10 and TH11) produced amplification
(figure 1). Out of nine EST-SSR markers, only seven mark-
ers (viz. TH1, TH2, TH4, TH8, TH9, TH10 and TH11) pro-
duced amplicons of the expected size. Two of the primers
viz. TH6 and TH7 produced amplicons, that were larger
than the expected size. The outcome that some of the ob-
tained amplicons were larger than expected size could be ex-
plained by indels (insertion/deletions; Yu et al. (2004)) or
the incorporation of small introns (Thiel et al. 2003). EST
sequences do not include the intron(s) and we have used the
genomic DNA for validation of primers. When the sequences
contain very large introns, the expected amplicon size
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Figure 1. EST-SSR marker profile of cacao samples.

including introns also might get larger than that calculated
based on EST sequence. Sometimes such large amplicons,

if exceeding 2-kb size, are not obtained in normal PCR reac-
tions. Nonamplification for the two primers (TH3 and THS)
could be the result of presence of large introns. Another rea-
son for nonamplification problems could be the result of in-
correct sequence assembly especially in contig 57 (table 3).
The primer TH3 designed from this contig did not give any
amplification. This contig has no match with any known
gene (table 3).

The seven markers selected were used to screen a repre-
sentative set of 12 cocoa accessions to test their level of poly-
morphism detection. The seven EST-SSR markers produced
27 polymorphic alleles in the 12 cocoa accessions ranging
from two to six alleles per locus with an average of 3.85 al-
leles per locus (table 6). The TH2 primer pair was observed
as the most polymorphic, with six alleles per locus, whereas
the least polymorphic EST-SSR marker was TH1, with two
alleles per locus. The average PIC value, calculated from the
average frequency of polymorphic bands across all genotype
was 0.57. The primer THS generated the greatest PIC value
of 0.802 and the lowest was observed in TH4 with PIC value
0.156 (table 6).

A similarity index, based on the Dice (1945) coefficient,
was obtained after pair-wise comparison among 12 cocoa ac-
cessions. The highest similarity index of 0.80 was observed
between accessions I-14 and VTLC-1, and lowest similarity
index (0.111) was observed between NC42/94X III 35 and
VTLCC-1. The dendrogram (figure 2) generated separated
the 12 cocoa accessions into two major clusters at 35% sim-
ilarity level. The first major cluster had five sub-clusters and
included nine accessions. Accessions I-14 and VTLC-1 ex-
hibited 80% similarity. The second major cluster had two
sub-clusters. VTLCC-1 formed a distinct accession.

In the present study, five computational tools were com-
pared for their efficiency in locating microsatellite repeats
in ESTs and contigs of cacao. MISA software tool gives
the maximum coverage of SSRs detected. It is a widely
used tool by many researchers for the purpose. SSR primer
gives both perfect and imperfect repeats. It is useful for
finding SNPs in microsatellite and automated primer design-
ing. We found TRA highly useful for molecular biologists

Table 6. Name of the primer with polymorphic bands, per cent polymorphism

and polymorphism information content.

Total
number of

bands Polymorphic Per cent PIC
Primer produced bands polymorphism value
TH1 3 3 100 0.569
TH2 6 6 100 0.760
TH4 3 3 100 0.156
THS 5 5 100 0.802
THO 3 3 100 0.642
TH10 5 5 100 0.753
THI11 2 2 100 0.277
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Figure 2. UPGMA dendrogram of the 12 cacao accessions based on Dice co-efficient.

interested in locating specifically large size (hexamer and
above) repeats. SSRs are found at a frequency of one per
26.9 kb in expressed sequences of cacao plant. One-third
of repeats are trimers protecting the frame shift mutations in
coding regions. Our study has practical implications in us-
ing appropriate tools for analysing EST resources for marker
development. Seven primer pairs designed from contigs of
EST-SSR amplified a representative set of 12 cacao acces-
sions. These seven unique polymorphic SSR loci identified
in the study are useful in analysing the cacao genome. We
provide the results of the study as a public domain database.

Database availability

The result of the study is compiled as a public domain
database (http://riju.byethost31.com/cocoa/). User can use
query for different SSR finding tools to access the SSRs in
cacao ESTs. The database also gives all the experimentally
validated primers, including those from this study, and other
supplementary information.
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