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Abstract

Expressed Sequence Tags (ESTs) of three tomato species were computationally mined for simple sequence repeats
(SSRs). A total of 4,490, 291 and 1,270 simple sequence repeats identified in analyzed non-redundant ESTs of
Solanum lycoperisicum, Solanum pennellii and Solanum habrochaites, respectively. In S. lycopersucum, 416
sequences contained more than one SSR and 264 motifs were present in compound formation. 24 and 137 EST
sequences contained more than one SSR, and 16 and 93 motifs were found in compound formation in S. pennellii and
S. habrochaites, respectively. The frequency of repeats within all retrieved S. lycopersicum EST sequences were
7.6%, whereas this number was corresponded to 6.5% in S. pennellii and 9% in S. habrochaites.  An average density
was one SSR per 9 kb in S. lycopersicum, per 7.9 kb in S. pennellii and per 9.4 kb in S. habrochaites. AT/AT, AG/CT
and AAG/CTT motifs, considering sequence complementary, detected more frequently among all types of identified
repeats.
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1. Introduction

The Lycopersicon section of Solanum contains
domesticated tomato (Solanum lycopersicum L.) and
its 12 closest wild relatives, that all native to western
South America [21]. A cultivated tomato (S.
lycopersicum L.) is an important vegetable crop with a
worldwide production of around 162 million tons in
2012 (FAOSTAT, 2012). However, cultivated tomato
is genetically poor than those of wild species, due to
population bottlenecks [1, 23]. Hence, wild tomato
species harboring many valuable genes are frequently
used in cultivated tomato breeding programs [22].

Solanum pennellii Corell. and Solanum
habrochaites S. Knapp & D.M. Spooner have both
self-incompatible and self-compatible populations and
they are considered valuable species for improvement
of cultivated tomato germplasms. S. pennellii is an
important donor for its extreme stress tolerance [3, 8].
S. habrochaites possess many important traits for
disease resistance, cold tolerance and etc. [8].

All of the 13 species of Lycopersicon section
have been proposed for sequencing by the SOL-100
project
(http://solgenomics.net/organism/sol100/view). S.

lycopersicum cv. Heinz 1706 and S. pimpinellifolium
LA1589 already have been sequenced and assembled
by the International Tomato Genome Sequencing
Consortium [27]. Furthermore, whole genome re-
sequencing and transcriptome sequencing of
cultivated and several wild tomato species carried out
by different researchers [3]. Such projects generate
large amounts of sequence information that are stored
in different databases and extensively used for mining
useful genes and molecular markers [12].

This work represents an attempt on
computationally mining and examining of abundance
and types of SSRs in ESTs of cultivated and two wild
species of tomato, retrieved from the GenBank at the
National Center for Biotechnology Information
(NCBI).

2. Materials and Methods

EST sequences of S. lycopersicum, S. pennellii
and S. habrochaites species of tomato deposited at the
NCBI (http://www.ncbi.nlm.nih.gov/) were retrieved
and assembled with the CAP3 assembler for
identification of non-redundancy using the default



Sharifova S. et al., 2016

value [11]. The non-redundant unigene sequences
were screened for the presence of EST-SSR motifs
using the MIcro SAtellite identification tool (MISA)
(http://pgrc.ipk-gatersleben.de/misa) [26]. SSR
detection criteria was fixed at 7, 5, 4, 3, and 3 repeat
units for di-, tri-, tetra-, penta-, and hexanucleotide
motifs respectively. Mononucleotide repeats were not
included in the SSR search criteria. For compound
repeats the maximum default interruption length was
set at 100 bp.

3. Results and Discussions

300,422 EST sequences of S. lycopersicum,
10,946 of S. pennellii and 26,019 of S. habrochaites
were used to computational analysis of frequency and
types of EST-SSRs. The total size of examined

sequences was 157,531,085 bp, 4,910,677 bp and
18,854,172 bp, respectively. Since, random
sequencing within cDNA libraries usually results in a
high proportion of redundant ESTs, we performed
SSR search after elimination of redundancy. All of the
downloaded EST sequences were assembled with the
CAP3 sequence assembly program resulting in
production of 59,466 unigens including 21,354
contigs and 38,112 singletons in S. lycopersicum,
4,486 unigens consisted of 1,163 contigs and 3,323
singletons in S. pennellii, and 14,104 unigens
comprising 3,194 contigs and 10,910 singletons in S.
habrochaites, respectively (Table 1). The total size of
unigens was 40,559,149 bp, 2,309,828 bp and
11,926,425 bp after sequence assembly.

Table 1. Results of microsatellite search in three tomato species

Parameters

Plant species

Solanum
lycopersicum

Solanum
pennellii

Solanum
habrochaites

Total number of sequences examined: 300422 10946 26019

Total number of non-redundant sequences: 59466 4486 14104

Total number of identified SSRs: 4490 291 1270

Total number of SSR containing sequences: 3989 264 1037

number of sequences containing more than  1 SSR: 416 24 137

number of SSRs present in compound formation: 264 16 93

dinucleotide motifs: 843 37 222

trinucleotide motifs: 2071 143 399

tetranucleotide motifs: 216 11 55

pentanucleotide motifs: 611 24 440

hexanucleotide motifs: 749 76 154

A total of 4,490 EST-derived simple sequence
repeats within 3,989 sequences were identified after
mining of 59,466 non-redundant unigens of cultivated
tomato (S. lycoperisicum L.). 416 sequences contained
more than one SSR and 264 motifs were found in the
compound formation (Table 1). A total of 291 SSRs
within 264 unigens were identified in 4,486 non-
redundant sequences of S. pennellii, while 1,270 SSR
repeats were found in 1,037 different unigens among
of 14,104 sequences of S. habrochaites. 24 and 137
sequences were carrying more than one SSR and 16
and 93 motifs were found in the compound formation
in S. pennellii and S. habrochaites, respectively
(Table 1).

Development of molecular markers from the
transcribed part of genome becomes simple and cheap
approach recent years, which allow to track coding
regions of genome [28]. Especially, in silico mining of
sequence data accumulated in public databases make
this approach much more handy and powerful [9]. In
this research, we tried to mine and examine
abundance and types of SSRs in ESTs of cultivated
and two wild species of tomato and compare their
presence in transcribed parts of genome.

The frequency of simple sequence repeats in
ESTs reflects the density of SSRs in the transcribed
regions of the genome. The frequency of mentioned
repeats within all retrieved S. lycopersicum EST
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sequences in our research was 7.6%, while this
number was corresponded to 6.5% in S. pennellii and
9% in S. habrochaites. Only a small fractions of
screened non-redundant ESTs (5.2% in S.
lycopersicum, 9.5% in S. pennellii and 12% in S.
habrochaites) from the respective species contained
SSR repeats, giving an average density of one SSR
per 9 kb in S. lycopersicum, per 7.9 kb in S. pennellii
and per 9.4 kb in S. habrochaites species. In other
reports, an EST-SSRs have been observed to be
correspond to one every 11.1 kb in tomato, 3.8 kb in
pepper, 14.7 kb in lettuce, 13.8 kb in Arabidopsis
thaliana, 3.4 kb in rice, 8.1 kb in maize, 7.4 kb in
soybean, 20.0 kb in cotton and 14.0 kb in poplar [4,
13, 30, 31].

The observed variations in the frequency and
density among different studies were considered
mainly due to the criteria used to identify SSRs, size
of data set, database mining tools and EST sequence

redundancy removal criteria [28]. Several authors
show that, differently sized genomes may also
contribute to affecting repetitiveness of microsatellites
[2, 10, 32].

We classified all repeat types, taking sequence
complementarity into account, and examined their
occurrence (Figure 1). Trinucleotide repeats in our
survey were the most abundant class of microsatellites
in S. lycopersicum and S. pennellii species which
constituted 46.1% and 49.1% of all detected SSRs
respectively. The most abundant trinucleotide motifs
were followed by dinucleotide in cultivated tomato
(18.8%) while the second most frequent repeat types
in S. pennellii were hexamers (26.1%). The most
common type of repeat in S. habrochaites was the
pentamers, which constituted 34.6% of all SSRs
detected, followed by trimers (31.4%), dimers
(17.5%), hexamers (12.1%) and tetramers (4.3%)
(Figure 1).

Figure 1. Frequency of SSRs in ESTs of three tomato species

Varshney and et al. reported that, trinucleotide
repeats in plants were the most common, followed by
either dimers or tetramers [29]. Other researches have
shown that triplet motifs predominantly associated
with the coding regions [18]. However, the reference
genome of tomato (Heinz 1706) were mined for
microsatellite repeats by Suresh and et al. and much
more abundance of dinucleotide repeats (60.18%)
than that of trimers (19.56%) and other repeats found
[25]. In the present study, we found that the dominant
type of EST-SSR repeat units was trimers in S.
lycopersicum and S. pennellii, whereas the most
common type was pentamers in S. habrochaites. The

second common motifs were dimers, hexamers and
trimers, respectively.

It is considered that SSRs within genes are
subjected to stronger selective pressure than other
genomic regions. However, expansion or deletions of
trinucleotide and hexanucleotide repeats in coding
region do not perturb reading frames and therefore
less frequency of other repeat types in coding regions
should be a result of negative selection against
frameshift mutations [15, 18].

Identified repeats in S. lycopersicum were
contained 11 different types of dinucleotides, 60 types
of trinucleotides, 73 types of tetranucleotides, 211
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types of pentanucleotides, and 411 types of
hexanucleotide motifs. Among all types of repeats
identified in S. lycopersicum ESTs, AT/AT, AG/CT,
AAG/CTT and AAT/ATT units, considering sequence
complementary, were detected more frequently than
other motifs. AT/AT, AAG/CTT, AAT/ATT,
AAAT/ATTT, AAAAT/ATTTT and AAAAAT/
ATTTTT motifs comprised the 49%, 31.2%, 14.1%,
24%, 18% and 7% of all identified dimers, trimers,
tetramers, pentamer and hexamers, respectively.

We observed 8 types of dinucleotides, 44
different types of trinucleotides, 10 different types of
tetranucleotides, 21 different types of
pentanucleotides and 66 different types of
hexanucleotide motifs in examined S. pennellii ESTs.

The most abundant repeat classes among all
types of identified motifs in S. pennellii, when
considering sequence complementary, were
AAG/CTT (16%), AT/AT (9%) and AGC/CTG (7%).
Frequency of AAG/CTT and AGC/CTG motifs
among the trinucleotides were 34% and 15%, while
this number was equal to 70% and 22% for the most
frequent dimers AT/AT and AG/CT. The
AAAT/ATTT (45%) was the most frequent among
tetramers, whereas AAAAT/ATTTT (29%) and
AAAAAT/ATTTTT (5%) were the most dominant
among penta and hexamers, respectively.

S. habrochaites, EST-SSRs were contained 10
types of dinucleotides, 48 different types of
trinucleotides, 28  different types of tetranucleotides,
98 different types of pentanucleotides and 113
different types of hexanucleotide motifs. Dominant
types of motifs among all were AG/CT (9.8%),
AAG/CTT (7.6%), and ACC/GGT (7.5%).  The
AG/CT (56%) and AT/AT (38%) motif comprised the
majority of the dinucleotide repeats. In term of
trinucleotide motifs, the most common types were
AAG/CTT and ACC/GGT, each representing 24% of
all trimers. AATT/AATT (24%), AAAT/ATTT
(22%), and AGGG/CCCT (22%) had the highest
occurence among identified types of tetramers,
whereas AATAT/ATATT (45%), AAAAAG/
CTTTTT (8.4%) and AAAAAT/ATTTTT (8%) were
the most commons among penta and hexamers.

Among trinucleotide repeats, AAG/CTT made
up the highest proportion in all three species examined
in our study, which is in agreements with other
researches, since several authors had been identified
that AAG/CTT were the most frequent trinucleotide
motif in majority of plants [14]. According to Lopez

and et al., trinucleotide repeats abundance in exons
might be useful in evolutionary and conservation
studies [17].

The dinucleotides AG/CT and AT/AT also were
the most abundant microsatellites in EST sequences,
which is consistent with previous surveys. For
example, the higher frequency of AG/CT (27,7%) and
AAG/TTC (17.37%) have been observed in cultivated
peanut and its wild species [16]. High frequency of
ACC/GGT (24.7%), AAC/GTT (5.9%), AAG/CTT
(17.4%), AAT/ATT (13.3%) trinucleotide repeats
were found in lettuce (Lactuca sativa L.) [24].
Besides, these motifs were the dominant motifs
(AG/CT, 33.8%, AAG/CTT, 13.9%) identified in
Chinese cabbage ESTs [7]. The AG/CT and AT/AT
motifs were the most common dinucleotide repeats in
citrus with 54.4% and 22.3%, respectively [20].
Several researchers observed higher frequency for
GA/CT repeat than that of AT repeats in exons and
ESTs of Arabidopsis thaliana and cereals [13, 19] and
seem to be characteristic of the plant genomes [5, 6].
We observed such a result in S. habrochaites where
AG/CT repeats made up 56% of all dinucleotide
motifs identified. It was also observed that AT-rich
repeat patterns were the most abundant among penta-
and hexanucleotides in all three species.

The expressed sequence tags (ESTs) databases
are important resources to develop functional SSR
marker. The availability of a number of EST-SSRs
and other functional markers contribute to the
functional diversity analysis, comparative mapping,
marker-assisted selection and etc. Obtained results on
survey of simple sequence repeats demonstrate their
abundance in expressed parts of genome and potential
of ESTs for development of microsatellite markers by
mining of available tomato databases. Nevertheless,
since the conserved nature of the EST-SSRs might
limit their polymorphism, experimental validation
both the polymorphic nature and transferability of
identified SSRs should be confirmed in future
laboratory researches.
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