
SUMMARY : SSRs or microsatellites are tandem repeats of 2-8nt units of DNA and are ubiquitous in all
genomes studied so far. SSR markers have many advantages over the other marker systems. The first
advantage is their high reproducibility, which would be the most important in genetic analysis. The
second advantage of the SSR marker system is the polymorphic genetic information contents. The
third advantage has to do with the co-dominant nature of SSR polymorphisms. The fourth advantage
of the SSR marker system is their abundance and distribution in genomes. A fifth advantage of the SSR
marker system is that SSRs are preferentially associated with non-repetitive DNA. This review focuses
on some of the reasons for SSR mutations that occur due to replication or repair process which may
depend on not only the motif size but also the nucleotide composition of each motif as well as orientation
of repeats or position with reference to replication origin. In this review tools for SSRs available are
given with their advantages and disadvantages.
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BACKGROUND AND OBJECTIVES

SSRs or microsatellites are tandem
repeats of 2-8nt units of DNA and are
ubiquitous in all genomes studied so far. SSR
have varying density and motif distribution that
may be species specific even in genomes with
low SSR density. For example, among
eukaryotes, bivalves have one of the lowest
SSR densities but molluscan specific repeat
density variations are reported (Cruz et al.,
2005). Similarly, variations are seen in SSRs
in mitochondrial DNA of Procypris rabaudi
(Tchang) (an endemic fish species in China),
(Zhang et al., 2009). These species specific
variations can be explained on the basis of
differences in repair systems (Pérez et al.,
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2005) or mutation rates.
SSRs have functional roles in gene

regulation, chromatin modeling, recombination,
evolution, development of new genes, evading
host immune response in pathogens,
adaptation, resistance to environmental
stresses, binding of regulatory proteins to RNA
structure by formation of hairpin loop, affect
efficiency of exon splicing, protein functions
etc. whether they are present in coding or
non-coding or intragenic regions (Amador et
al., 2004; Kashi and King, 2006; Mrázek,
2006; Sreenu et al., 2007 and Coil et al.,
2008). In primates, repeats like ATn could be
involved in segmental duplications that can
mediate evolutionary rearrangements
(Kehrer-Sawatzki and Cooper, 2008). AT-rich
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repeats affect replication dynamics by possibly blocking
replication, decrease the efficiency of nucleosome
assembly and DNA supercoiling (Yamakoshi et al., 2005;
Mrázek, 2006 and Lukusa and Fryns, 2008). However,
all SSRs may not function as contingency loci or
recombination hot spots (Mrázek, 2006).

Despite several functions attributed to repeats, it is
also known that mutations in SSRs can be source of
disorders including cancer and neurodegeneration
(Hancock et al., 2001; Hancock and Santibanez-Koref,
1998 and Bacolla and Wells, 2009). SSRs have high
mutation rates which are more in intergenic sequences
compared to coding sequences. These mutation rates
within a genome may differ depending not only on the
motif types but also on length of repeats (Jacob and
Eckert, 2007 and Eckert and Hile, 2009). Repeat
expansion or deletion can happen due to replication
slippage which is considered as one of the main reasons
for SSR mutations. The other reasons that cause repeat
instability have been attributed to faulty repair/
recombination processes. However, as gleaned from other
studies, repeats also expand or contract independent of
errors during replication, repair or recombination events.
This review focuses on some of the reasons for SSR
mutations that occur due to replication or repair process
which may depend on not only the motif size but also the
nucleotide composition of each motif as well as
orientation of repeats or position with reference to
replication origin. This review does not focus on details
of mechanisms of SSR mutations.

Biological functions of SSRs :
SSRs were generally deemed to be evolutionarily

neutral. However, numerous lines of evidence have
demonstrated that SSRs are not distributed randomly in
the genome (Morgante et al., 2002 and Tóth et al., 2000).
It is estimated that 14 per cent of the genes in eukaryotic
species contain repeated sequences, approximately three
times more than in prokaryotes (Marcotte et al., 1999).
Incorporation of repeat sequences in eukaryotic genomes
may confer an evolutionary advantage of adaptability to
new environments (Marcotte et al., 1999; Wren et al.,
2000). Debates on the functional role (s) of the SSRs on
species adaptation and survival have been well
documented (Li et al., 2002 and 2004). However, the
findings of expansion and contraction of the SSR motifs
within genes have encouraged the assignment of a

biological role to SSRs. Thus, far, the best known cases
of SSRs with phenotypic effects are the human loci of
Huntington’s disease and fragile-X (Cummings and
Zoghbi, 2000). SSRs on the UTR regions may also be
involved in the regulation of expression of nearby genes
as shown by a GT repeat in the Tilapia prolactin 1 gene
in fish, in response to a salt-challenged environment
(Streelman and Kocher, 2002). Intronic SSRs can
regulate gene expression by influencing mRNA splicing
or by translocation of mRNA to cytoplasm, as shown by
the CCTG repeat in the first intron of the human zinc
finger protein 9 (ZNF9), in which an expansion of the
repeat causes one intron splicing to fail, thus, leading to
myotonic dystrophy (Liquori et al., 2001). Although
biological roles for SSRs in plants have not been reported
as yet, similar roles are expected for these molecular
markers in plant genes.

If some SSRs are functional and confer an adaptive
advantage, are these functional SSRs suitable in the
assessment of biodiversity and ecological conservation
of endangered species? Most of the molecular markers
that have been utilized in population genetics have not
undergone selection and, therefore, have been essentially
neutral. In neutral theory, the frequency of alleles is
determined by molecules, purely stochastic processes (Li
and Graur, 1991). In conservation biology, neutral
molecular markers may be useful in providing
fundamental information about the types of mating in a
population, gene flow and the population history of a
species (Ennos, 1996). However, there was a large
discrepancy between genetic divergence as measured
by neutral RAPD markers and that measured by
quantitative genetic traits of the monkey puzzle tree
(Araucaria araucaucana), a vulnerable tree endemic
to southern South America (Bekessy et al., 2003). Van
Tienderen et al. (2002) contend that gene-targeted
functional markers can contribute to ex-situ management
of genetic resources, studies on ecological diversity and
conservation of endangered species. Holderegger et al.
(2006) proffer a theory on the adaptive versus neutral
diversity for landscape genetics in which the diversity
measured by neutral markers is well suited for the study
of processes of gene flow within landscapes, whereas
diversity assessed by quantitative genetic experiments
using functional markers is best suited for measuring the
evolutionary or adaptive potential of a population or
species. They concluded that ecologists must recognize
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these differences between neutral and adaptive genetic
variation when interpreting the results of landscape
genetic studies. However, it should be remembered that
variation in functional genes might reflect the past
influence of selection, which can be variable in each gene
and can affect the profiles of variation from the history,
migration and drift (Holderegger et al., 2006). While
genomic SSR markers are mostly neutral, genic SSRs
from EST’s or cDNAs may retain some adaptive roles.
This duality in selection and adaptation ascribes another
advantage to the utilization of SSRs in characterizing the
genetic diversity of the resources that are preserved in
different germplasm institutes.

Cross-species applications :
If SSRs are isolated for which primers can be

designed, there is no doubt that the SSR marker system
has many advantages over other marker systems. If the
sequence information is insufficient to develop SSR
markers, it may be advantageous to utilize primer
sequences identified for one species in the analysis of
other closely related species, given the high cost of
developing useful SSR markers. SSRs from non-coding
regions were not successful in cross-species
amplifications due to the sequence variation surrounding
SSR motifs, whereas SSRs from coding regions were
successful in a wide range of species. In the most
extensive cases, 17 SSRs were able to amplify across
fish, which diverged about 470 million years ago (mya)
(Rico et al., 1996); six SSRs isolated from marine turtles
amplified freshwater turtles, which diverged about 300
mya (Fitz Simmons et al., 1995). Peakall et al. (1998)
demonstrated that although 31 per cent of soybean SSR
loci were transferable to other legume species, the useful
transferability was restricted to congeners. In grass
species, Chen et al. (2002) selected 11 SSR markers
from Oryza sativa with the following criteria: (i) high
allelic variation in O. sativa cultivars, (ii) a variety of
perfect and compound SSR motifs, and (iii) minimal
stutter bands. The 11 SSR loci were all amplifiable among
the Oryza species having the same A genome, whereas
73 per cent (8/11) of primers amplified Oryza species
having the other genomes B and C, and 27 per cent (3/
11) amplified species in other genera. Transferability of
EST-SSR markers is high. Gupta et al. (2003)
demonstrated that 43 of 78 EST-SSR markers exhibited
transferability from Triticum to Hordeum, indicating that
the sequences flanking SSR motifs were conserved not

only within a single genus but also between related genera
in the Poaceae family. However, SSR markers derived
from genomic SSR-enriched library showed poor cross-
species amplification between species from a different
genus. Only two of eleven SSR markers from an
enrichment library of Swietenia humilis showed
amplification across the Meliaceae family (White and
Powell, 1997). Regardless, it can be concluded that SSR
primers from a SSR-enrichment library are still useful in
the analysis of species within a genus. Recently, we
isolated 12 SSR loci from Amaranthus hypochoriacus
and were able to demonstrate cross-amplification of these
SSR markers to 18 other wild species in the genus
Amaranthus (Lee et al., 2008). Similar results were
obtained with the SSRs isolated from the common
buckwheat (Fagopyrum esculentum) in cross-species
amplifications with other species in the genus Fagopyrum
(Ma et al., 2009).

One should be cautious in using transferable SSR
markers for assessing species relationships since the
maintenance of allele sizes among species is complex.
The complexity of the mutation process in SSRs as well
as size homoplasy may complicate the interpretation of
SSR variations. Size homoplasy was frequently detected
among cross-species amplified SSR markers between
species. In the study of cross-species amplifications in
Oryza species Chen et al. (2002) demonstrated that
mutations occurred not only in the repeat units but also
in the flanking regions to show allele size homoplasy as
well as cryptic alleles. Similar results have been reported
in studies with Pinus species (Kostia et al., 1995) as
well as legume species (Peakall et al., 1998). Therefore,
it is recommended that inferences vis-a-vis species
relationships using SSRPs be accompanied by the
information underlying sequences.

Advantages of SSR analysis :
SSR markers have many advantages over the other

marker systems. The first advantage is their high
reproducibility, which would be the most important in
genetic analysis. While reproducibility of the SSR profile
is as robust as it is with RFLPs, experimental procedures
for SSR analysis are much simpler and require only a
small amount of template DNA. Since SSR analysis does
not require restriction with enzymes, it can reproduce
the same profiles regardless of the state of the template
DNA. It also does not require template DNA to be
ultrapure, which is a requirement in AFLP analysis since
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contaminated or impure DNA is often recalcitrant in
restriction enzyme digestions to produce nonspecific
spurious bands. This is a real benefit when one is dealing
with specimens that are dry, contaminated, mummified
or even in fossilized form in the wild (Manen et al., 2003
and Boder et al., 2006).

The second advantage of the SSR marker system
is the polymorphic genetic information contents. The
hyper-variable nature of SSRs produces very high allelic
variations even among very closely related varieties. A
literature survey showed that the number of alleles varied
from 1 to 37 with diversity indices of 0.29–0.95 in major
crop species (Powell et al., 1996). The level of genetic
variation detected by SSRPs analysis was almost two
times higher than that detected by RFLPs, with 61
soybean lines (Morgante et al., 1994). In a comparative
study of the utility of RFLP, RAPD, AFLP and SSR
marker systems for germplasm analysis, SSRs showed
the highest expected heterozygosity, while AFLPs had
the highest effective multiplex ratio (Powell et al., 1996).

The third advantage has to do with the co-dominant
nature of SSR polymorphisms. Although homoplasious
bands can be misleading in scoring SSR profiles, the SSR
bands produced from the same set of primers are
intuitively orthologous (a more detailed discussion of
homoplasy is provided in the ensuing section). The
multiple bands generated from RAPD and AFLP analyses
do not permit their designation as allelic or orthologous
bands until they are converted into STS markers after
sequencing. The co-dominant nature of SSRPs is suitable
for genetical analysis in segregating F

2
 populations or

parentage analysis in hybrids (Scott et al., 2000 and
Slavov et al., 2005).

The fourth advantage of the SSR marker system is
their abundance and distribution in genomes. As more
and more genomic sequences are being identified in
various eukaryotic species, it is becoming increasingly
evident that SSRs are truly abundant in almost all species,
and are well distributed throughout their genomes (Wang
et al., 1994; Varshney et al., 2005 and Tóth et al., 2000).
Genetic analysis is often frustrated by the fact that large
numbers of anonymous RAPD or AFLP markers are
clustered in specific locations of chromosomes or linkage
maps (Vuylsteke et al., 1999 and Kwon et al., 2006). In
search of SSRs longer than 12 bp in a 57.8 Mb, publicly
available rice (Oryza sativa L.) sequence, Temnykh et
al. (2001) showed that many kinds of SSRs are present
every 16 kb. In another survey of SSRs in different

eukaryotic genomes (Tóth et al., 2000) reported that
coding and non-coding regions differed significantly in
SSR distribution and characteristic differences also
existed between intergenic regions and introns in
eukaryotes from yeasts to mammals to plants. Like the
early findings in plants by Wang et al. (1994) tri- or hexa-
nucleotide SSRs were predominantly present in coding
regions, in the study by (Tóth et al., 2000).

A fifth advantage of the SSR marker system is that
SSRs are preferentially associated with non-repetitive
DNA (Varshney et al., 2005; Morgante et al., 2002 and
Andersen and Liberstedt, 2003). Genomic sites of SSR
markers, derived from genomic libraries, fall into either
the transcribed region (genic SSRs) or the non-
transcribed region (genomic SSRs). The SSRs, derived
from ESTs or cDNAs, are mostly genic SSRs, which
have the potential for application in such areas as gene
function characterization (Ronning et al., 2003),
association analysis for gene tagging (Szalma et al., 2005;
Shin et al., 2006 and Crossa et al., 2007) and QTL
analysis (Buerstmayr et al., 2002; Breseghello and
Sorrels, 2006 and Zeng et al., 2009). However, this last
advantage can only be applied to those species with large
amounts of EST or cDNA sequences that are freely
accessible to public.

Tools for SSR/ microsatellite detection :
The tool simple sequence repeat identification tool
(SSRIT) (Table 1 and 2) :

(http://www.gramene.org/db/searches/ssrtool,
Temnykh et al., 2001) uses Perl script to find perfect
SSR repeats (2 to 10 bp in length) within a sequence.
Kantety et al. (2001) used SSRIT to mine SSR in ESTs
from barley, maize, rice, sorghum and wheat. Singh et
al. (2011) used SSRIT to mine SSRs in wheat rust
Puccinia sp.

Another SSR identification tool is TROLL :
(Tandem repeat occurrence locator, Castelo et al.,

2002) which draws a keyword tree and matches it with
a technique adapted from bibliographic searches, based
on the Aho-Corasick algorithm. One of the major
disadvantages of TROLL is that it cannot handle very large
sequences and cannot process large batches of sequences
as the tree takes up large amounts of memory.

The microsatellite (MISA) tool :
(http://pgrc.ipk-gatersleben.de/misa/) identifies
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perfect, compound and interrupted SSRs. It requires a
set of sequences in FASTA format and a parameter file
that defines unit size and minimum repeat number of each
SSR. The output includes a file containing the tables of
repeat found, and a summary file. MISA can also design
PCR amplification primers either side of SSR. The tool
is written in Perl and is therefore platform independent,
but it requires as installation of Primer3 for primer search
(Thiel et al., 2003). MISA has been applied for SSR
identification in coffee (Aggarwal et al., 2007), barley
(Thiel et al., 2003 and Kota et al., 2001), wheat (Yu et
al., 2004), rye (Khlestkina et al., 2004) and peanut (Liang
et al., 2009).

Another SSR search tool called as ‘Repeat Finder’
(Volfovsky et al., 2001) (http://www.cbcb.umd.edu/
software/Repeat Finder/) finds SSRs in four steps. The
first step is to find all exact repeats using Repeat Match
or REPuter. The second step merges repeats together
into repeat classes and the third step includes merging
all of the other repeats that match those already merged,
into the same classes. Finally, step four matches all
repeats and classes against each other in a non-exact
manner using BLAST. The input is a genome or set of
sequences, and the output is a file containing the repeat
classes and number of merged repeats found in each
class. Repeat Finder can finds repeats of any length.
Also it finds perfect, imperfect and compound repeats
and runs on Unix or Linux.

SSRPrimer combines Sputnik and the PCR primer
design software Primer3 to find SSRs and associated
amplification primers (Robinson et al., 2004 and
Jewell et al., 2006) :

 It takes multiple sequences in FASTA format as
input and produce lists of SSRs and associated PCR
primers in tabular format. SSRPrimer has been applied
to a wide range of species including shrimp (Perez et
al., 2005), citrus (Chen et al., 2006), mint (Lindqvist et
al., 2006), strawberry (Keniry et al., 2006), Brassica
(Batley et al., 2007; Burgess et al., 2006; Hopkins et
al., 2007; Ling et al., 2007), Sclerotinia (Winton et al.,
2007) and Eragrostis curvula (Cervigni et al., 2008).

Maia et al. (2008) came with an interesting tool for
SSR discovery integrated with primer design and PCR
simulation called SSR Locator (http://www.ufpel.
edu.br/).

SSR locator detects SSR and minisatellite motifs
between 1 and 10 bp, design primer for each locus found,
amplify fragments with different primer pairs from a
given set of FASTA files, produce global alignment
between amplicons generated by the same primer pair
and estimates alignment scores and identities between
amplicons thus generating information on primer
specificity and redundancy

CID :
Cid is a tool based on the collection of input data

and parameters that are defined by the user, for the
external tools. Both processes are submitted to the model
layer and after processing, the final results are presented
through the interface to the user. It is freely available on
http://www.shrimp.ufscar.br/cid/index.php  and
constitutes a simple tool of easy manipulation that
responds in a very efficient manner to its proposed use:
processing cloned sequences, identifying microsatellites
and automating the establishment of flanking primer pairs.

SAT :
SAT searches for SSRs and keeps the sequences

containing an SSR motif. Users may choose between
two different programmes to perform the SSR search:
the SSRIT programme (Amador et al., 2004), which
allows the choice of the minimal number of repeats for
each pattern of di, tri or tetra nucleotide; or the Sputnik
software [9], which is offered as an alternative because
it presents the advantage of reporting imperfect SSR.

GMATo :
The soft GMATo was written in Perl and Java

language. Java was used for developing graphic interface.
Perl was used to discover the microsatellite and perform
statistical analyzing. In GMATo DNA sequences are
formatted first and the long DNA sequence is chunked
to small segments at several Mb for easy processing. All
microsatellite motifs consisting of A, T, G and C nucleotide
of DNA at user controlled length are generated using
Perl met characters and regular expression pattern. All
motifs are searched greedily through each DNA chunk
using Perl powerful pattern matching function. The
returned values are used to generate SSR loci information
at each chunk and the final SSR loci data at a
chromosome after merging data from chunks. This
method allows microsatellite discover efficiently in any
genome with any size theoretically. Statistical
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classification and summarization were performed at four
levels i.e. motif length, motif composition, grouped
complementary motifs and chromosome/ scaffold.

SciRoKo :
The SciRoKo SSR-search module is based on a

scoring system, which considers the length of a
microsatellite. Since a previous study identified this
characteristic as to be the most informative variable
describing microsatellites (Dieringer and Schlötterer,

2003). Five search modes are available, three for perfect
and two for mismatched SSR search.

G-IMEx :
The algorithmic details of IMEx have been reported

elsewhere (Crossa et al., 2007). For the sake of
continuity we reiterate the method. IMEx scans the input
sequence and looks for two consecutive exact repeat
units or two alternate exact repeat units and considers
them as the ‘candidate’ microsatellite repeat tract. The

Table 1 : Tools for SSR/ microsatellite detection
Sr. No. Programmes/ tools Website

1. Microsatellite (MISA) http://pgrc.ipk-gatersleben.de/misa/

2. SSR locator http://www.ufpel.edu.br

3. CID http://www.shrimp.ufscar.br/cid/index.php.

4. SAT http://sat.cirad.fr/sat

5. Sputnik http://espressosoftware.com/pages/sputnik.jsp

6. Tandem repeat occurrence locator (TROLL) http://wsmartins.net/webtroll/troll.html

7. SSR identification tool (SSRIT) http://www.gramene.org/db/searches/ssrtool

8. SSR poly http://acpfg.imb.uq.edu.au/ssrpoly.php

9. Tandem repeat finder (TRF) http://tandem.bu.edu/trf/trf.html

10. Repeat finder http://www.cbcb.umd.edu/software/RepeatFinder/

11. SciRoKo www.kofler.or.at/Bioinformatics

12. GMATo http://sourceforge.net/projects/gmato/files/?source=navbar

13. G-IMEx http://www.cdfd.org.in/imex

Table 2 : Databases for SSR/microsatellite
Sr. No. Database name Organism name Web link

1. MMDBJ Mouse http://www.shigen.nig.ac.jp/mouse/mmdbj/top.jsp

2. Satellyptus Eucalyptus https://doaj.org/article/e03bfa80e0854b95a9fc729979d16be1

3. SilkSatDb Silkworm http://210.212.212.7:9999/PHP/SILKSAT/index.php
4. InsatDb Fruit-fly, honeybee, malarial mosquito,

red-flour beetle and silkworm
http://cdfd.org.in/INSATDB/home.php

5. SNPSTR Human, mouse, rat, dog and chicken http://www.sbg.bio.ic.ac.uk/~ino/SNPSTRdatabase.html

6. TPMD Human http://www.ncbi.nlm.nih.gov/pubmed/15608171

7. CMD Cotton http://www.mainlab.clemson.edu/cmd/

8. FishMicrosat Fishes
9. Microsatellite database Human http://www.microsatellites.org/db_search.php

10. MICAS Prokaryotes http://210.212.212.7/MIC/index.html
11. Microsatellites

Repeats(MRD)
Prokaryotes and Eukaryotes http://www.ccmb.res.in/mrd/

12. Pipemicrodb Pigeonpea http://cabindb.iasri.res.in/pigeonpea

13. VMD Viral genome http://www.mcr.org.in/vmd.

14. CicArMiSatDB Chickpea http://cicarmisatdb.icrisat.org/

15. CmMDb Cucumis melo L. http://65.181.125.102/cmmdb2/index.html

16. EuMicroSatdb Eukaryotes http://ipu.ac.in/usbt/EuMicroSatdb.htm
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‘candidate’ tract is expanded on both sides by allowing
few mismatches in each individual repeat unit (‘k’ -
imperfection limit/ repeat unit) such that the percentage
of imperfection of the entire tract does not cross the
threshold set by the user. The expansion is also terminated
if a repeat unit with more than ‘k’ mismatches is
encountered. The program further collates and clusters
equivalent microsatellite repeats into families. It also has
an option to identify compound microsatellites, which are
regions containing more than one microsatellite tract
separated by a certain distance as defined by the user.

Tandem repeats finder :
Tandem Repeats Finder (TRF) (Benson, 1999)

(http://tandem.bu.edu/trf/trf.html) can find very large
SSR repeats, up to a length of 2000 bp. It uses a set of
statistical tests for reporting SSRs, which is based on
four distributions of pattern length, the matching
probability, the indel probability and the tuple size. TRF
finds perfect, imperfect and compound SSRs and is
available for Linux. TRF has been used for SSR
identification in cowpea (Chen et al., 2007).

SSRPoly :
SSRPoly (http://acpfg.imb.uq.edu.au/ssrpoly.

php) is currently the only tool which is capable of
identifying polymorphic SSRs from DNA sequence data.
The input is a file of FASTA format sequences. SSRPoly
includes a set of Perl scripts and MySQl tables than can
be implemented on UNIX, Linux and window platforms.
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