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Abstract In recent years, molecular markers have

been utilized for a variety of applications including

examination of genetic relationships between individ-

uals, mapping of useful genes, construction of linkage

maps, marker assisted selections and backcrosses,

population genetics and phylogenetic studies. Among

the available molecular markers, microsatellites or

simple sequence repeats (SSRs) which are tandem

repeats of one to six nucleotide long DNA motifs,

have gained considerable importance in plant genetics

and breeding owing to many desirable genetic

attributes including hypervariability, multiallelic nat-

ure, codominant inheritance, reproducibility, relative

abundance, extensive genome coverage including

organellar genomes, chromosome specific location

and amenability to automation and high throughput

genotyping. High degree of allelic variation revealed

by microsatellite markers results from variation in

number of repeat-motifs at a locus caused by repli-

cation slippage and/or unequal crossing-over during

meiosis. In spite of limited understanding of the

functions of the SSR motifs within the plant genes,

SSRs are being widely utilized in plant genome

analysis. Microsatellites can be developed directly

from genomic DNA libraries or from libraries

enriched for specific microsatellites. Alternatively,

microsatellites can also be found by searching public

databases such as GenBank and EMBL or through

cross-species transferability. At present, EST dat-

abases are an important source of candidate genes, as

these can generate markers directly associated with a

trait of interest and may be transferable in close

relative genera. A large number of SSR based

techniques have been developed and a quantum of

literature has accumulated regarding the applicability

of SSRs in plant genetics and genomics. In this review

we discuss the recent developments (last 4–5 years)

made in plant genetics using SSR markers.
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Introduction

The importance of genetic variations in facilitating

plant breeding and/or conservation strategies has long

been recognized (Sehgal and Raina 2008). Molecular

markers are useful tools for assaying genetic variation

and provide an efficient means to link phenotypic and

genotypic variation (Varshney et al. 2005a). In recent

years, the progress made in the development of DNA

based marker systems has advanced our understand-

ing of genetic resources. These molecular markers are

classified as: (i) hybridization based markers i.e.

restriction fragment length polymorphisms (RFLPs),

(ii) PCR-based markers i.e. random amplification of

polymorphic DNAs (RAPDs), amplified fragment

length polymorphisms (AFLPs), inter simple

sequence repeats (ISSRs) and microsatellites or

simple sequence repeats (SSRs), and (iii) sequence

based markers i.e. single nucleotide polymorphisms

(SNPs) (Varshney et al. 2007; Sehgal and Raina

2008). Majority of these molecular markers have been

developed either from genomic DNA library (e.g.

RFLPs or SSRs) or from random PCR amplification of

genomic DNA (e.g. RAPDs) or both (e.g. AFLPs)

(Varshney et al. 2007). Availability of an array of

molecular marker techiques and their modifications

led to comparative studies among them in many crops

including soyabean, wheat and barley (Powell et al.

1996; Russell et al. 1997; Bohn et al. 1999). Among

all these, SSR markers have gained considerable

importance in plant genetics and breeding owing to

many desirable attributes including hypervariability,

multiallelic nature, codominant inheritance, repro-

ducibility, relative abundance, extensive genome

coverage (including organellar genomes), chromo-

some specific location, amenability to automation and

high throughput genotyping (Parida et al. 2009). In

contrast, RAPD assays are not sufficiently reproduc-

ible whereas RFLPs are not readily adaptable to

high throughput sampling. AFLP is complicated as

individual bands are often composed of multiple

fragments mainly in large genome templates (Varsh-

ney et al. 2007). The general features of DNA markers

are presented in Table 1.

Microsatellites (Litt and Luty 1989), variously

known as Short tandem repeats (STRs, Edwards et al.

1991), Simple sequence repeats (SSRs, Jacob et al.

1991) or Simple sequence length polymorphism

(SSLP, Tautz 1989) are tandem repeated motifs of

1–6 bp which have a frequent occurrence in all

prokaryotic and eukaryotic genomes analyzed to date

(Zane et al. 2002). The existence of microsatellites

was demonstrated by Hamada et al. (1982) in various

eukaryotes ranging from yeasts to vertebrates. Sub-

sequent studies by Delseny et al. (1983) and Tautz and

Renz (1984) confirmed the abundance of microsatel-

lites in plants and in many other eukaryotes. Plants are

rich in AT repeats, whereas in animals AC repeat is

the most common. This appears to be the general

feature distinguishing plant and animal genomes

(Powell et al. 1996). SSRs are present in both coding

and noncoding regions and are distributed throughout

the nuclear genome. These can also be found in the

chloroplastic (Provan et al. 2001; Chung et al. 2006)

and mitochondrial (Soranzo et al. 1999; Rajendraku-

mar et al. 2007) genomes. SSRs are characterized by a

low degree of repetition per locus (5–100), random

dispersed distribution of about (104–105) per genome

(Tautz 1993) and high degree of length polymorphism

(Zane et al. 2002). The high length polymorphism is

due to different number of repeats in the microsatellite

regions, therefore they can be easily and reproducibly

detected by polymerase chain reaction (PCR). These

markers are amenable to high throughput genotyping

Table 1 Important features of different types of molecular markers

Features Molecular markers

EST–SSRs SSRs RFLPs RAPDs/AFLPs/ISSRs

Need for sequence data Essential Essential Not required Not required

Level of polymorphism Low High Low Low-moderate

Dominance Co-dominant Co-dominant Co-dominant Dominant

Interspecific transferability High Low-moderate Moderate-high Low-moderate

Utility in Marker assisted selection High High Moderate Low-moderate

Cost and labour involved in generation Low High High Low-moderate
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and have proven to be an extremely valuable tool for

paternity analysis, construction of high density

genome maps, mapping of useful genes, marker-

assisted selection, and for establishing genetic and

evolutionary relationships (Parida et al. 2009). A large

number of microsatellite markers are now available

for completely sequenced plant genomes such as rice

(http://rgp.dna.affrc.go.jp/IRGSP/, IRGSP 2005) and

Arabidopsis thaliana (http://www.arabidopsis.org/,

Arabidopsis Genome Initiative 2000).

Microsatellites have been variously classified

depending upon their size, type of repeat unit and

its location in the genome. Depending upon the

number of nucleotides per repeat unit, SSR’s have

been classified as mono-, di-, tri-, tetra-, penta- or

hexanucleotides (Table 2). Depending upon the

arrangement of nucleotides in the repeat motifs,

Weber (1990) used the terms perfect, imperfect and

compound microsatellites for classification while

Wang et al. (2009a) classified microsatellites as

simple perfect, simple imperfect, compound perfect

or compound imperfect. Perfect repeats are tandem

arrays of a single repeat motif, while in imperfect

repeats, perfect repeats are interrupted by non-repeat

motifs at some locations. In compound microsatel-

lites, two basic repeat motifs are present together in

various configurations. Jarne and Lagoda (1996)

coined the terms pure and interrupted for perfect or

imperfect repeats, respectively as shown in Table 2.

Most of the genomic SSRs are nuclear SSRs,

however, microsatellites are also distributed in mito-

chondria and chloroplasts. Based on their location in

the genome, microsatellites can be classified as

nuclear (nuSSR), mitochondrial (mtSSR) or chloro-

plastic SSRs (cpSSR). Weising and Gardner (1999)

discovered (cpSSR) in Nicotiana, while mtSSR were

discovered by Soranzo et al. (1999) in Pinus species.

In recent years, cpSSRs have been extensively used

to study genomic variations in plants and gene flow in

natural populations (Provan et al. 2001) due to their

uniparental inheritance. In addition, a comparison of

the patterns of variability detected with biparentally

(nuSSR) and uinparentally (organellar i.e. cpSSR and

mtSSR) transmitted markers can also provide com-

plimentary information for population and evolution-

ary biologists (Powell et al. 1996).

Microsatellite evolution: mutational mechanism

of SSR variation

The SSR evolution i.e. any change in SSR resulting

in increase or decrease in repeat number, is associated

with its mutation rate. Microsatellite genesis is an

evolutionarily dynamic process and has proven to be

exceedingly complex (Ellegren 2004; Pearson et al.

2005). Possible explanations for microsatellite gene-

sis include single-stranded DNA slippage, double-

stranded DNA recombination (unequal crossing over

and gene conversion), mismatch/double strand break

repair, and retrotransposition. During DNA replica-

tion, slipping of DNA polymerase III on the DNA

template strand at the repeat region can cause the

newly created DNA strand to expand or contract in

the repeat region if the mismatches are not repaired

(Wang et al. 2009a). Slip-strand mispairing errors are

corrected by mismatch repair (MMR), thus SSR

stability depends upon a balance between the DNA

slippage and effectiveness of MMR system. When

MMR gene mutates or become defective, SSR

instability increases. Li et al. (2002) reviewed the

relationship between SSR instability due to defective

MMR and human cancer. Furthermore, DNA damage

caused by external stress such as UV-irradiation,

c-irradiation and oxidative stress etc. can induce

slippage mutations and increase mutation rates in

Table 2 Classification of microsatellites

(A) Based on the number of nucleotides per repeat

Mononucleotide (A)n

Dinucleotide (CA)n

Trinucleotide (CGT)n

Tetranucleotide (CAGA)n

Pentanucleotide (AAATT)n

Hexanucleotide (CTTTAA)n (n = number of variables)

(B) Based on the arrangement of nucleotides in the repeat

motifs (Weber 1990; Jarne and Lagoda 1996; Wang et al.

2009a)

Pure or perfect or simple perfect (CA)n

Simple imperfect (AAC)n ACT (AAC)n ? 1

Compound or simple compound (CA)n (GA)n

Interrupted or imperfect or compound imperfect

(CCA)n TT (CGA)n ? 1

(C) Based on location of SSRs in the genome

Nuclear (nuSSRs)

Chloroplastic (cpSSRs)

Mitochondrial (mtSSRs)
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SSRs (Jackson et al. 1998; Chang et al. 2002; Li et al.

2002; Trifonov 2003). A balance between slippage

and point mutations is also important for equilibrium

distribution of SSRs (Kruglyak et al. 1998; Ellegren

2002). Replication slippage favors growth, whereas

point mutation breaks down a long repeat array into

two or more shorter ones. Thus, changes in relative

frequencies of slippage and point mutations might

have direct effect on distribution of SSRs in a

genome (Li et al. 2002), and a higher relative rate of

slippage giving rise to longer SSRs (Kruglyak et al.

1998). The interaction of slippage and recombination

could also affect SSR stability (Li et al. 2002).

Retrotransposons are repetitive DNA fragments,

which are inserted into chromosomes after they had

been reverse-transcribed from any RNA molecule.

Microsatellite generation was found to be accompa-

nied by retrotransposition events by analysis of a

portion-sequenced human and rice genome DNA

(Nadir et al. 1996; Temnykh et al. 2001). Parida et al.

(2009) reported that 23.1% of the microsatellite

containing sugarcane genomic sequences had signifi-

cant sequence homology to retrotransposons and

suggested the potential use of retrotransposon associ-

ated SSR-motif sequences as a source to develop

polymorphic class of genetic markers. Abundant distri-

bution of Copia and Gypsy types LTR retrotransposons

was reported in sugarcane (36%, Rossi et al. 2001),

maize (32%, Bennetzen 2000), and rice (13%, IRGSP

2005) genomes. The insertion and accumulation of

retrotransposons between the genes possibly have

played a major role in plant genome expansion

(Bennetzen 2000). In wild emmer wheat, interaction

between mean repeat length and SSR locus distance

from the centromere was reported to have a strong

effect on the number of alleles and variation in repeat

size at SSR loci (Li et al. 2000). It was suggested that

this effect might reflect the possible influence of

replication slippage during recombination-dependent

DNA repair.

Distribution of SSRs within genes and their effects

Numerous lines of evidence have demonstrated that

SSRs constitute a large fraction of non-coding DNA.

However, recently many reports have verified that a

large number of SSRs are located in transcribed

regions of the genomes (Fig. 1), including protein

coding genes and expressed sequence tags (ESTs),

although, repeat number of SSRs in these regions are

comparatively low (Morgante et al. 2002; Li et al.

2004). For instance, in cereals (maize, wheat, barley,

sorghum and rice), only 1.5–7.5% SSRs are located in
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ESTs (Kantety et al. 2002; Thiel et al. 2003). The

dinucleotide repeats are most common in many

species, but are much less frequent in coding region

than in non-coding regions (Li et al. 2002; Wang et al.

1994). In many species, exons have more triplet SSRs

than other repeats (Morgante et al. 2002; Li et al.

2004). Such dominance of triplets over other repeats in

coding regions may be explained on the basis of the

suppression of non-trimeric SSRs in coding regions

possibly due to change in reading frame with increase

or decrease in number of repeat units. In plants, the

most frequent triplet is AAG (Li et al. 2004), although,

in cereals, most common triplet is CCG (Cordeiro et al.

2001; Varshney et al. 2002; Thiel et al. 2003). The

abundance of CCG repeat is a specific feature of

monocots and it may be due to their increased GC

content (Morgante et al. 2002) or may be related to

high frequencies of certain amino acids. The general

frequency of microsatellites is inversely related to the

genome size in plants, but the percentage of repetitive

DNA appeared to remain constant in coding regions

(Morgante et al. 2002) with dicots having more

mononucleotide repeats and monocots having more

trinucleotide repeats (Lawson and Zhang 2006).

The location of SSR in the genome determines its

functional role (Fig. 1). These have the potential to

affect all aspects of genetic functions including gene

regulation, development and evolution. A microsatel-

lite located in a coding region can affect the activation

of a gene and therefore, the expression of a protein. If

located in a noncoding or genic region, e.g., the

50-untranslated regions (UTRs) or introns, the micro-

satellite may impact gene regulation or gene tran-

scription (Lawson and Zhang 2006). According to

available large scale database in wide range of

organisms, UTRs (50-UTR, 30-UTR and introns) have

more SSRs than the coding regions. Majority of

intronic SSRs are monomeric and/or dimers in differ-

ent taxonomic groups (Li et al. 2004). The 50-UTRs

contained more triplets than the 30-UTRs in Arabid-

opsis (Morgante et al. 2002) and barley (Thiel et al.

2003). In contrast to 50-UTR, monomers are more

common in 30-UTRs in Arabidopsis (Morgante et al.

2002). Presence of SSRs in the 50-UTRs are required

for expression of some genes and variations in SSRs

could regulate expression of these genes by affecting

transcription and translation. The SSR expansions in

30-UTRs cause transcription slippage and produce

expanded mRNA, which can disrupt splicing and other

cellular functions. Intronic SSRs can also regulate gene

transcription and translation. In addition, it can also

behave as a co-regulator for gene expression alongwith

SSRs in the 50-UTR. SSR expansion in introns and

30-UTRs can lead to gene silencing or a loss of function.

All these effects caused by SSR expansion or contrac-

tion within gene can ultimately lead to phenotypic

changes (Li et al. 2004); these unusual phenotypic

variations cause several diseases in humans. There are

more than 40 neurological, neurodegenerative, and

neuromuscular disorders associated with human dis-

eases, which are ultimately caused by tandem repeat

instability (Orr and Zoghbi 2007). As a diagnostic

technique, microsatellite markers have been developed

for identifying these neurological, neurodegenerative,

and neuromuscular disorders. SSR expansion and/or

contraction in exon can lead to a gain or loss of gene

function via frame shift mutation or expanded mRNA

toxicity (Li et al. 2004). However, the function of genes

that contain SSRs and the role of these SSR motifs in

plant genes are less studied and poorly understood

(Varshney et al. 2005a). Fujimori et al. (2003)

suggested that microsatellites located at high frequency

in the 50 flanking regions of plant genes can potentially

act as factors in regulating gene expression. In rice,

amylose content was correlated with variation in the

number of GA or CT repeats in the 50 UTR of the waxy

gene (Bao et al. 2002). In another example, it was found

that (CCG)n in the 50 UTR of ribosomal protein genes

of maize was involved in the regulation of fertilization

(Dresselhaus et al. 1999).

Development of microsatellite markers

In spite of wide applicability of SSR markers in plant

genetics, their development remains a major bottle-

neck in majority of the species especially the minor

crops. This is due to the fact that these need to be

isolated de novo from most of the species being

examined for the first time. In addition, relatively low

frequency of microsatellites in plant genomes com-

pared to animal genome causes technical problems for

their large scale isolation (Powell et al. 1996).

Microsatellites are usually found in both coding and

non-coding regions, however, nucleotide substitution

rate is high in non-coding regions. Traditionally,

microsatellite loci were isolated from partial genomic

libraries of the species of interest by screening several
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thousands of clones through colony hybridization with

repeat containing probes. This method although

relatively simple, especially for microsatellite rich

genomes, can turn out to be extremely inefficient for

species with low microsatellite frequencies (Zane

et al. 2002). Conventional genomic library construc-

tion and subsequent screening is cumbersome, tedious

and cost intensive process which requires high level of

expertise. However, once developed, the running cost

of these markers is low enough. AT dinucleotide,

which are the most abundant type of SSR in plants, are

difficult to isolate from libraries because they are

palindromic (Powell et al. 1996). Therefore, several

alternative strategies have been devised in order to

reduce the time invested in microsatellite isolation

and to significantly increase yield of microsatellite

loci (Fig. 1). These methods involve identification of

SSR sequences in RAPD amplicons, screening of

available sequenced EST databases and transferability

of markers from related species.

Development of microsatellites through enriched

small insert genomic library construction

Two methods have been developed for microsatellite

loci isolation from genomic libraries: (i) selective

hybridization (Karagyozov et al. 1993; Armour et al.

1994; Kandpal et al. 1994; Hamilton et al. 1999) and

(ii) primer extension enrichment (Ostrander et al.

1992; Paetkau 1999). The isolation of microsatellite

loci by different methods has been reviewed in detail

by Zane et al. (2002). The selective hybridization

strategy based microsatellite enrichment technique is

a relatively simple, robust, reproducible and cost-

effective approach for isolating large number of

microsatellites from diverse plant species with higher

efficiency. In the first step of selective hybridization

approach, fragments generated by sonication or

endonuclease digestion of genomic DNA are ligated

to a known sequence, a vector or an adaptor.

Following the fragmentation-ligation step, DNA is

denatured and hybridized with the repeat containing

probes. The probes can be bound to a nylon

membrane (Karagyozov et al. 1993; Armour et al.

1994) or biotinylated and captured on streptavidin

coated beads (Kandpal et al. 1994; Kijas et al. 1994).

After the hybridization step and several washes with

buffer to remove nonspecific binding, the probe

bound DNA is eluted and recovered by PCR

amplification. Finally, the recovered fragments are

cloned and screened for microsatellites by southern

blotting, PCR or direct sequencing (Zane et al. 2002).

Enrichment rates range from 10 to 22% in many

crop plants, particularly in the graminaceous species,

namely sugarcane (Cordeiro et al. 1999; Parida et al.

2009), rice (Chen et al. 1997), wheat (Pestsova et al.

2000), maize (Sharopova et al. 2002), and sorghum

(Bhattramakki et al. 2000). Hindrances are usually

observed during the construction of enriched genomic

library (Ramsay et al. 2000; Bhattramakki et al.

2000). Cordeiro et al. (1999) reported that only 27%

of the total microsatellite containing genomic clones

identified from the sugarcane enriched library had

primer designing potential. In several other studies

the primer designing potential of enriched genomic

clones containing microsatellites varied from 51% in

wheat (Pestsova et al. 2000) to 66% in sorghum

(Bhattramakki et al. 2000) and 90% in sugarcane

(Parida et al. 2009). Failure to design primers for all

the SSR motifs is due to different factors such as

failure of sequencing past the microsatellite motifs

and/or location of repeat-motif tract too near to the

clone insertion sites, thus offering little or no flanking

regions for designing primers (Parida et al. 2009). In

spite of these hinderances, this method is widely

applicable and is being used in the isolation of

microsatellites in a number of plants (Table 3).

Two protocols were proposed to produce genomic

libraries that were highly enriched for specific micro-

satellite repeats using a primer extension reaction

(Ostrander et al. 1992; Paetkau 1999). Both methods

rely on the construction of a primary genomic library,

in which fragmented genomic DNA is inserted into a

phagemid or a phage vector in order to obtain a single

strand DNA (ssDNA) library. ssDNA is then used as a

template for a primer extension reaction, primed with

repeat-specific oligonucleotides, which generates a

double stranded product only from vectors containing

the desired repeat. During the primary library pro-

duction step, for practical reasons, only a limited

portion of the investigated genome is cloned, there-

fore, the population of inserts undergoes a severe

bottleneck that results in loss of rare repeat motifs.

Moreover, it is unclear whether the primer-extension

approach is effective for tri- and tetranucleotide repeat

motifs also. The Ostrander protocol has not been

tested for tri- or tetranucleotide repeat enrichment,

whereas the Paetkau protocol produced 0–25%
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positive clones when using a tetranucleotide repeat

primer in the extension step. These protocols involve a

rather large number of steps, which might explain

their limited application (Zane et al. 2002).

Development of microsatellites through screening

of RAPD amplicons

To avoid library construction and screening, some

authors proposed modifications of the RAPD

approach for the amplification of unknown microsat-

ellites, by either using repeat-anchored random

primers (Wu et al. 1994) or using RAPD primers

and subsequent southern hybridization of polymerase

chain reaction (PCR) bands with microsatellite

probes (Cifarelli et al. 1995; Richardson et al.

1995). Although not useful for single-locus analyses

as no information on microsatellite flanking regions is

obtained, these methods inspired alternative strate-

gies for the identification of single microsatellite loci.

Table 3 Some recent reports on the development of SSRs through genomic library construction

Plant species Description References

Adiantum reniforme Developed and characterized fourteen polymorphic

microsatellite loci using the FIASCO protocol

Kang et al. (2006)

Amaranthus hypochondriacus,

A. cruentus, and A. caudatus
Production and characterization of microsatellite markers from

three microsatellite-enriched libraries

Mallory et al. (2008)

Arachis hypogaea Constructed a microsatellite-enriched library from the

genotype TMV2

Cuc et al. (2008)

Aucoumea klaineana Nineteen microsatellite loci were isolated using enrichment

protocol

Born et al. (2006)

Ficus montana and Ficus septica Microsatellite markers were developed using genomic libraries

enriched for di-, tri- and tetranucleotide repeats

Zavodna et al. (2005)

Hevea brasiliensis Identified 67 microsatellites in genomic libraries of two clones

using enrichment method

Roy et al. (2004)

Hippophae rhamnoides Developed 26 microsatellite loci using biotin capture method

of which 9 were polymorphic among different species

Wang et al. (2008a)

Incarvillea mairei Developed 13 microsatellite markers using a modified biotin-

streptavidin capture method

Ai et al. (2009)

Mangifera indica Fifteen microsatellite loci were isolated using an enrichment

protocol

Schnell et al. (2005)

Michelia coriacea Developed 12 microsatellite loci using modified biotin–

streptavidin capture method

Zhao et al. (2009)

Pinus resinosa Isolated and characterized 13 nuclear microsatellite loci by

screening a partial genomic library

Boys et al. (2005)

Prunus armeniaca EST–SSRs were developed from cDNA libraries using an

enrichment procedure for GA and CA repeats

Decroocq et al. (2003)

Psidium guajava Constructed (GA)n and (GT)n microsatellite-enriched library

and characterized 23 nuclear simple sequence repeat (SSR)

loci

Risterucci et al. (2005)

Saccharum sp. Enriched 6,318 clones from genomic libraries of two hybrid

sugarcane cultivars with 18 different SSR repeat-motifs to

generate 4.16 Mb high-quality sequences

Parida et al. (2009)

Setaria italica Developed microsatellite markers from two genomic libraries

enriched for (GA)n and (CA)n

Jia et al. (2009)

Solanum melongena Constructed simple sequence repeat (SSR)-enriched genomic

libraries and sequenced more than 14,000 clones

Nunome et al. (2009)

Sonneratia caseolaris Microsatellite loci from an enriched (AG)n library were

isolated using the FIASCO protocol with minor modifications

Chen et al. (2008)

Vitis vinifera EST–SSRs were developed from cDNA libraries using an

enrichment procedure for GA and CA repeats

Decroocq et al. (2003)
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Based on the observed abundance of repeat regions in

RAPD amplicons, isolation of microsatellite regions

was achieved simply by means of southern hybrid-

ization of RAPD profiles with repeat containing

probes, followed by the selective cloning of positive

bands (Ender et al. 1996), or through the cloning of

all the RAPD products and screening of arrayed

clones (Lunt et al. 1999). Other non-library PCR-

based strategies rely on the use of repeat-anchored

primers to isolate and then sequence one (Fisher et al.

1996) or both regions (Lench et al. 1996; Cooper

et al. 1997) flanking microsatellite repeats. All these

methods provide, if successful, a quick alternative to

laborious and time-consuming library screening, but

their use has not been that frequent (Zane et al. 2002).

Development of microsatellites from EST

sequences (genic or EST–SSRs)

Expressed sequence tags (ESTs), obtained by partial

random sequencing of cDNA libraries, are 300–500

nucleotide long single read mRNA sequences from

many of the genes expressed in a sample from an

organism and they represent a snapshot of gene

expression in a specific organ or tissue at a specific

developmental stage. A wealth of sequence data of

ESTs has been generated as a result of sequencing

projects for gene discovery from several plant

species, giving scientists the flexibility to access

many full-length cDNA clones and characterized

genes. These sequences are usually available in

online databases in public domain, and can be

downloaded and scanned for identification of SSRs.

These identified SSRs are usually referred to as EST–

SSRs or genic microsatellites. In this approach, SSR

identification software tools are used to screen the

sequence data of ESTs (Varshney et al. 2007).

Several search modules or programmes like MISA

(MIcroSAtellite), SSRfinder, Sputnik, SSRIT (SSR

Identification Tool), SSRSEARCH, TRF (Tandem

Repeat Finder) etc. have been developed for recog-

nition of SSR patterns in the sequence files. The

generation of genic SSR markers is relatively easy

and inexpensive because they are the byproducts of

the sequence data from genes or ESTs that are

publicly available (Varshney et al. 2005a). Recently,

Tang et al. (2008) developed PolySSR, a new

pipeline to identify polymorphic SSRs which

includes PCR-primer designing for the putatively

polymorphic SSR markers taking into account the

Single Nucleotide Polymorphisms (SNPs) in the

flanking regions thereby improving the success rate

of the potential markers. They identified a large

number of polymorphic SSRs using publicly avail-

able EST sequences of potato, tomato, rice, Arabid-

opsis, Brassica and chicken.

EST–SSRs offer advantages over genomic SSRs

because they detect variation in the expressed portion

of the genome, so that gene tagging should give

‘‘perfect’’ marker-trait associations and once devel-

oped, these markers, unlike genomic SSRs, may be

used across a number of related species (Gupta et al.

2003). Microsatellites have been isolated for a

number of plant species using this strategy (Table 4).

Greater DNA sequence conservation in transcribed

regions, however, leads to lower polymorphism in

genic SSRs making them less efficient compared to

genomic SSRs for distinguishing the closely related

genotypes. Therefore, genomic SSRs are superior

over genic SSRs for fingerprinting or varietal iden-

tification studies. In addition, the development of

genic SSRs is restricted to only those species for

which there are sufficient sequence data available

(Varshney et al. 2005a). A major drawback of the

EST-derived microsatellites is the sequence redun-

dancy that yields multiple sets of markers at the same

locus (Parida et al. 2006). To circumvent the problem

of redundancy in EST databases, a non-redundant

unigene EST data set (random EST sequences

assembled into unique gene sequences called unig-

enes) should be used. The main advantage of

unigene-based microsatellite markers (UGMS) is

the accurate reflection of density of SSRs in the

transcribed regions of the genome. Furthermore, with

the availability of large unigene databases, it is

possible to systematically search for microsatellites

in the unigenes (Parida et al. 2006).

Development of microsatellite through

interspecific or intergeneric transferability

Comparative genetics has revealed that gene content

and order are highly conserved among closely related

species. Sequence data obtained from several crop

plants indicate sufficient homology existing between

genomes of two or more closely related genera/

species. Thus, primer pairs designed on the basis of

the sequences obtained from one species could be
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used to detect SSRs in related species and even in

other genera of the same family. The ability to

effectively transfer SSR markers across the taxa,

which is commonly known as ‘‘transferability’’, has

been successfully demonstrated in many species

(Ellis and Burke 2007; Varshney et al. 2007). Both

genic and genomic SSR markers can be transferred

across species, however, genic SSR markers are

expected to have a high transfer rate due to conser-

vation of transcribed regions among related species.

Results of many studies have clearly indicated that

EST–SSRs can be transferred not only to species

within a genus, but in some instances even to multiple

genera within a family (Ellis and Burke 2007). The

transfer rate will correspond to the phylogenetic

distances and extent of sequence conservation

between the species under study. Cross transferability

of EST–SSRs has been demonstrated in many crops

(Table 5). Transfer of EST–SSRs from finger millet

(Eleusine coracana) to pearl millet (Pennisetum

glaucum) with an average transfer rate of 64.7%

was reported recently by Arya et al. (2009). Parida

et al. (2009) tested the cross-transferability potential

of sugarcane genomic microsatellites (SEGMS) in

other Saccharum species and five cereal species.

Transferability rates of 93.2 and 25% of the SEGMS

markers designed from hybrid sugarcane cultivar

were obtained in other members of Saccharum

complex and cereals, respectively.

The extent of cross-transferability of a marker

system determines its suitability in comparative

genome mapping and phylogenetics. This method of

microsatellite detection is especially useful in minor

crops where neither sequence information nor the

genetic maps are available. Most of the diversity

studies and phylogenetic relationships which were

primarily based on morphological markers in minor

crops can now be assessed more robustly using

Table 4 Some recent reports on the development of SSRs through EST database mining

Plant species Description References

Arachis hypogea 881 SSRs were identified from 780 unique ESTs Liang et al. (2009)

Carthamus tinctorius Assembled 40,874 reads into 19,395 unigenes, of which

4,416 (22.8%) contained at least one SSR

Chapman et al. (2009)

Cicer arietinum MISA script used for microsatellite identification Varshney et al. (2009)

Cicer arietinum Identified 246 SSRs from 2,131 EST sequences Choudhary et al. (2009)

Citrus sp. Fourty one EST–SSR markers were produced and were

available for citrus genetic studies

Luro et al. (2008)

Coffea arabica and C. canephora Used MISA for microsatellite identification Aggarwal et al. (2007)

Eleusine coracana ssp. coracana Identified microsatellites using ‘‘SSR Primer’’ an integrated

program of SPUTNIK

Arya et al. (2009)

Eucalyptus spp. Used MISA for identification of microsatellites sequence

from Eucalyptus genome sequencing Project Consortium

Rabello et al. (2005)

Glycine max Microsatellite identified from soybean non-redundant ESTs

in public databases using the FindPatterns module from

the GCG software package

Hisano et al. (2007)

Lolium perenne Identified 955 SSR containing ESTs Studer et al. (2008)

Lycopersicon esculentum Developed nearly 700 SSR markers using BAC-end and

cDNA sequences

Ohyama et al. (2009)

Nelumbo nucifera Detected 71 unique SSRs from 125 ESTs Pan et al. (2010)

Phyllostachys pubescens Found 3, 241 SSR loci Tang et al. (2010)

Pinus taeda Identified 14 species-transferable microsatellite markers

from ESTs

Liewlaksaneeyanawin et al. (2004)

Rubus idaeus Developed 25 polymorphic EST–SSRs Woodhead et al. (2003)

Solanum tuberosum Sequence information obtained from Potato Gene Index

database using the BLAST search algorithm

Feingold et al. (2005)

Sorghum bicolor Sequence information obtained from SAMI (Sorghum

Assembled Genomic Island)

Li et al. (2009)
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Table 5 Some recent reports on interspecific or intergeneric transferability of EST–SSRs

Plant species (source taxon) Plant species (recipient taxon) References

Arachis hypogea 17 wild Arachis species Gimenes et al. (2007)

Athyrium distentifolium 3 Athyrium spp. Woodhead et al. (2003)

Bambusa oldhamii 25 species of Bambusoideae Sharma et al. (2009)

Capsicum annuum C. baccatum, C. chacoense, C. chinense,
C. frutescens and C. pubescens

Ince et al. (2010)

Carthamus tinctorius Eight other pant species of family Asteraceae Chapman et al. (2009)

Castanea sativa and C. crenata C. mollissima Blume, C. seguinii Dode,

and C. henryi (Skan.) Rehder & Wilson

Wang et al. (2008b)

Cereals (barley, maize, rice, sorghum,

wheat)

Lolium sp. (ryegrass) Sim et al. (2009)

Cereals (wheat, rice, sorghum, maize) Minor grasses (Eleusine coracana; Paspalum
vaginatum; and Cynodon dactylon)

Wang et al. (2005)

Citrus clementina Other Citrus species Luro et al. (2008)

Coffea sp. Psilanthus spp. Bhat et al. (2005)

Cucurbita sp. C. pepo, C. moschata,C. ecuadorensis Gong et al. (2008)

Curcuma longa 13 related species of C. longa Siju et al. (2010)

Eleusine coracana Pennisetum glaucum Arya et al. (2009)

Festuca arundinacea Wheat, rice Saha et al. (2004)

Festuca arundinacea Six grass species Saha et al. (2006)

Ficus insipida, F. racemosa and

F. rubiginosa
F. citrifolia and F. eximia Nazareno et al. (2009)

Gossypium arboreum 25 diploid accessions of Gossypium species Guo et al. (2006)

Helianthus annuus Helianthus angustifolius, H. verticillatus Pashley et al. (2006)

Hevea brasiliensis 12 H.brasiliensis varieties, 4 related Hevea species

and three intergeneric (Ricinus communis,

Mannihot utilissima and Phyllanthus emblica)

species

Feng et al. (2009)

Hordeum vulgare H. bulbosum, Triticum aestivum Thiel et al. (2003)

Secale cereale, Oryza sativa Varshney et al. (2005b)

H. chilense Castillo et al. (2008)

Legumes (Medicago, soyabean,

cowpea and groundnut)

24 different legume genera and species Wang et al. (2004)

Lolium perenne Festuca arundinacea Asp et al. (2007)

Medicago truncatula Three leguminous and three non-leguminous species Gupta and Prasad (2009)

Medicago truncatula Abelmoschus esculentus Sawadogo et al. (2009)

Malus 9 domestica Members of Rosaceae family, representing three

genera and 14 species

Gasic et al. (2009)

Olea europaea L. Other Olea species Rallo et al. (2003)

Oryza sativa, Saccharum sp. Bamboos Sharma et al. (2008)

Pinus taeda P. contorta ssp. latifolia, P. ponderosa,

and P. sylvestris
Liewlaksaneeyanawin et al.

(2004)

Pinus taeda and P. pinaster Six other pine species Chagne et al. (2004)

Prunus armeniaca Other Rosaceae members Decroocq et al. (2003)

Solanum melongena Other Solanaceae crops (potato, tomato and pepper) Stagel et al. (2008)

Triticum aestivum Hordeum vulgare, Oryza sativa and Zea mays Tang et al. (2006)

Vitis vinifera Other Vitaceae members Decroocq et al. (2003)

318 Euphytica (2011) 177:309–334

123



transferable SSR markers. Comparative mapping of

transferable SSRs from related species will help to

get a genetic map in minor species and better

enrichment of chromosomal regions with fewer

markers. Also, SSR marker from a gene with known

function can be used for homologous gene identifi-

cation and cloning in related species if the same is

transferable to the related species.

Fingerprinting techniques based

on microsatellites

A number of hybridization-based and PCR-based

techniques have been developed to exploit the

hypervariable nature of microsatellites for applica-

tions in plant genomics. In hybridization based

technique, labelled synthetic oligonucleotide probes,

complementary to microsatellite sequences are used

for in-gel hybridization of restriction digested and

electrophoretically separated DNA fragments on

agarose gels. The ploymorphism detected by this

method actually represents polymorphism due to

variation in the length of restriction fragments

carrying the microsatellites, even when there may

be no difference in the length of the microsatellites

that are carried by these fragments. The fragments

that hybridize with synthetic oligonucleotides range

from a few hundred base pairs to as many as 8–10 kb.

This technique produced high levels of polymor-

phism between related genotypes and has proved

useful for paternity testing, genotype identification

and population genetics (Weising et al. 1995).

However, the disadvantages like requirement of large

amounts of DNA, tedious and time consuming

protocols, non-amenablity to automation and labor

inputs associated with this approach limits its use.

A large number of PCR-based methods have also

been developed to study SSR based polymorphism in

different plant species. DNA polymorphisms can be

detected at individual loci by PCR either using locus

specific primers flanking the microsatellites (Tautz

1989; Weber and May 1989) or by using random

synthetic oligonucleotide primers complementary to

the repeat motifs (Meyer et al. 1993; Zietkiewitcz

et al. 1994; Wu et al. 1994).

The sequences flanking the microsatellite motifs in

the genome are conserved within the particular

species and often across the species within a genus

and even across related genera (Gupta and Varshney

2000). Therefore, these flanking sequences are used

for designing locus-specific primers to amplify indi-

vidual microsatellite loci and are known as sequence

tagged microsatellites sites (STMS) markers (Beck-

mann and Soller 1990). These markers show poly-

morphism due to variation in lengths of the

microsatellites at individual microsatellite loci.

STMS markers are locus specific co-dominant mark-

ers used for a variety of plant breeding purposes

(Nybom 2004). The differences between alleles are

resolved by high-resolution agarose or PAGE gels in

combination with ethidium bromide, silver staining

or radio-labeling of the primers. Automated detection

of microsatellite alleles is also possible using fluo-

rescent primers in combination with semi-automated

or automated DNA sequencer. The STMS markers

have been extensively used for high throughput

genotyping and genome mapping in plants. Devel-

opment of STMS markers requires identification of

microsatellites from the genome, cloning and

sequencing, making it cost and labor intensive

initially. However, once the locus specific primers

become available, its subsequent use becomes cost

effective.

Limitations with development of STMS markers

led to the development of several other approaches

which were PCR based but did not required sequence

information to detect polymorphism. Among these,

microsatellite-primed PCR (MP-PCR; Meyer et al.

1993) or Inter Simple Sequence Repeat (ISSR;

Zietkiewitcz et al. 1994) or Single Primer Amplifi-

cation Reaction (SPAR, Gupta et al. 1994) is a

method wherein arbitary synthetic olegonucleotides,

representing a specific microsatellite motif is used as

PCR primer. This technique targets the region

between two inversely oriented microsatellites within

an amplifiable distance. The primers based on tri-,

tetra- and pentanucleotide repeat motifs have been

found useful since primers representing dinucleotide

repeat motifs produce smears attributed to the

abundance of dinucleotide repeats in the genome. In

anchored ISSR, the di- or trinucleotide repeats are

anchored through 1–4-nucleotide repeats at either 50-
or 30-end. This technique targets the amplification of

a subset of regions that are amplified by MP-PCR and

therefore, lead to improvement in resolution and

reproducibility, a problem that limits the use of

MP-PCR.
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Random amplified microsatellite polymorphisms

(RAMPs; Wu et al. 1994), is another approach in

which amplification is performed using a 50-anchored

ISSR primer and a RAPD primer. The amplified

products resolve length polymorphism that may be

present either at the SSR target site itself or at the

associated sequence between the binding sites of the

two primers. The RAPD primer binding sites serve as

an arbitrary endpoint for SSR-based amplification

product. The amplified products may also be digested

with a restriction enzyme and are called as digested

RAMPs (dRAMPs, Becker and Huen 1995). Reverse

random amplified microsatellite polymorphism

(rRAMP, Min et al. 2008), allows the detection of

nucleotide variation in the 30 region flanking an SSR

using normalized anchored and random primer com-

binations. The reproducibility and frequency of poly-

morphic loci in rRAMP is vigorously enhanced by

translocation of the 50 anchor of repeat sequences to

the 30 end position and selective use of moderate

arbitrary primers. In Random amplified microsatellite

polymorphisms (RAMPO, Richardson et al. 1995) the

amplicons are generated using an SSR and a RAPD

primer as in RAMP followed by southern blotting and

hybrdization with labelled probes. In another approach

called Random amplified hybridization microsatellites

(RAHM, Cifarelli et al. 1995) the amplicons generated

through RAPD are hybridized with SSR-motif con-

taining probes after southern blotting.

Selective amplification of microsatellite polymor-

phic loci (SAMPL), combines the advantages of both

STMS and AFLP (Vos et al. 1995). The AFLP

comprises three steps: (1) restriction digestion of

genomic DNA with a frequent and a rare cutter, (2)

ligation of adaptors of known sequence at both 50-
and 30-ends of each fragment, and (3) selective

amplification of digested adaptor ligated genomic

DNA fragments with a primer complementary to

adaptor sequence with 1–3 selective nucleotide at its

30-end. The amplification may involve two steps, the

first involving pre-amplification with a selective

nucleotide and the second involving 1–3 selective

nucleotides at 30-end of one or both primers. In

SAMPL, one AFLP primer with three selected

nucleotides is used in combination with a SAMPL

primer that is complementary to a microsatellite

sequence, during the second amplification step. A

polymorphic band on SAMPL fingerprinting gel can

also be converted into a conventional, single locus

SSR marker by cloning and sequencing the flanking

regions. This method though complex, allows

researchers to detect microsatellite polymorphism

without prior sequence information.

Fast isolation by AFLP of sequences containing

repeats (FIASCO, Zane et al. 2002) protocol also

relies on the extremely efficient digestion-ligation

reaction of the AFLP. DNA is simultaneously

digested with MseI and ligated to MseI AFLP

adaptor. The digestion-ligation mixture is diluted

and directly amplified with AFLP adaptor-specific

primers. In this protocol, the amplification is per-

formed by mixing primers carrying all four possible

selective bases (MseI-N), thus allowing amplification

of all fragments flanked by MseI sites, providing only

that they have an appropriate size for PCR. Amplified

DNA is then hybridized with a biotinylated probe and

hybridized fragments are selectively captured by

streptavidin coated beads. The DNA separated from

the beads-probe complex is reprecipitated which

provides the best candidates for producing a highly

enriched microsatellite library.

In Retrotransposon Microsatellite Amplified Poly-

morphism (REMAP, Kalendar et al. 1999) an

anchored microsatellite primer is used in combination

with a primer based on LTR of a retrotransposon. The

primers are designed using di- and tri-nucleotide

microsatellite motifs with addition of a single selec-

tive nucleotide at 30-end.

Applications of microsatellites

Microsatellites have become a marker of choice for

an array of applications in plants due to hypervariable

nature and extensive genome coverage. These are

being used to assess genetic variation at molecular

level in a germplasm collection for making appro-

priate choice of parents for crosses (i.e. hybrid

breeding), mapping and tagging of genes or QTLs

(quantitative trait loci) for agronomic and disease

resistance traits, genome mapping, MAS of promis-

ing lines and marker assisted backcrossing (MAB)

during breeding programs, gender identification,

studying the population structure and taxonomic

and phylogenetic relationships (Fig. 1).

Diversity analysis, measurement of genetic simi-

larity or differences among plant species, is important

information in crop conservation and varietal
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development (Romero et al. 2009). Furthermore, the

information is also useful for characterization of

accessions in plant germplasm collections and taxo-

nomic studies. In recent years, microsatellite markers

have proved to be a powerful tool for estimation of

genetic diversity (variation in nucleotide sequence,

gene structure, chromosomes and whole genomes) and

phylogenetic relationships of species based on

sequence conservation due to its high efficiency, co-

dominant nature, reproducibility and high degree of

polymorphism. Microsatellites are useful in cultivar

identification and are also advantageous in pedigree

analysis as these represent a single locus. The multi-

allelism of these markers facilitates comparative

allelic variability detection reliably across a wide

range of germplasm (Joshi et al. 1999). Another

important application of microsatellites is in the

determination of hybridity, wherein the codominant

nature of microsatellites play a key role and allows the

allelic contribution of each parent to be detected in

sexual and somatic hybrids (Powell et al. 1996).

Table 6 summarizes some recent reports wherein

SSRs have been used for various applications in plants.

A small group of flowering plants are sexually

dimorphic where the female plants are commercially

valued for production of fruits (papaya, kiwi fruit,

dates, seabuckthorn, etc.) and seeds (pistachio, nut-

meg, black pepper, jojoba, etc.). However, sex of

most of the dioecious plants is not revealed morpho-

logically and the male and female plants cannot be

distinguished at seedling stage. This problem is

exacerbated in species where the sex of an individual

is revealed only after flowering which may take few

months (papaya, Coccinia) to several years (date

palm, nutmeg and jojoba). Sex linked microsatellite

markers have been described in several species like

hemp (Rode et al. 2005), wild strawberry (Spigler

et al. 2008), hop (Jakse et al. 2008), Carica papaya

(Parasnis et al. 1999) and Actinidia chinensis (Fraser

et al. 2009). Parasnis et al. (1999) used a microsat-

ellite probe (GATA)4 as a diagnostic marker in

papaya and demonstrated the sex-specific DNA

variation at any stage of the plant development.

Recently, Fraser et al. (2009) constructed gene-rich

female, male and consensus linkage maps of the

diploid species A. chinensis using 644 microsatellite

markers. They created genetic linkage maps defining

the 29 linkage groups of the haploid genome, revealed

the position and extent of the sex-determining locus

and also identified, through sex-linked markers,

putative X and Y chromosomes.

The development of organelle specific markers

(i.e. cpSSR and mtSSR) had a great impact on the

determination of structure and variation within a

natural population as well as phylogenetic relation-

ships. The uniparental mode of inheritance, conserved

gene order and lack of heteroplasmy and recombina-

tion of organelle genomes makes them an attractive

tool for evolutionary studies mainly patterns of

migration, population histories and levels of differ-

entiation (Provan et al. 2001). However, ESTs are also

being used for such analysis because in such studies,

one actually looks at the evolution of functional genes

(Joshi et al. 1999). Evaluation of genetic diversity and

phylogenetic relationships has resulted in identifica-

tion of some misclassified accessions that were

reclassified. Genetic diversity assessment and phylo-

genetic relationship construction will provide impor-

tant information for choosing parental lines for

breeding programs, classification of plant germplasm

accessions, and further curation and acquisition of

new plant germplasm accessions (Wang et al. 2009a).

Microsatellite markers have been efficiently

employed in determination of specific genomic

regions that are responsible for the expression of

important physiological and agronomic traits. Fur-

thermore, microsatellite markers can also be used in

analyzing quantitative trait loci (QTLs) which can

lead to the identification of candidate genes for the

trait of interest that are particularly vital for a

breeding program like yield, disease resistance, stress

tolerance, seed and fruit quality etc. (Neeraja et al.

2007; Romero et al. 2009). However, in contrast to

microsatellite markers developed from genomic

library, EST–SSRs can contribute to direct allele

selection because they have known or putative

functions and may be associated with targeted trait

(Varshney et al. 2005a). Association mapping which

refers to significant association of a molecular marker

with a phenotypic trait is especially useful for

implementing marker-assisted selection for quantita-

tive traits in plant breeding programs (Breseghello

and Sorrells 2006b). QTL mapping usually uses a

population from a bi-parental cross, while association

mapping uses a collection of individuals often with

varying ancestry. In recent years, genetic maps have

been prepared in several plant species including

rice, wheat, barley, cotton, ryegrass, white clover,
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Table 6 Some recent reports on application of microsatellites in plants

Plant species Application Reference

Genome mapping

Brassica rapa Constructed an SSR-based linkage map through

comparative genomics with Arabidopsis thaliana and

mapped QTLs for clubroot resistance through synteny

analysis

Suwabe et al. (2006)

Cereals Interspecific transferability and comparative mapping of

barley EST–SSR markers in wheat, rye and rice

Varshney et al. (2005b)

Festuca arundinacea Developed an SSR- and AFLP-based genetic linkage map Saha et al. (2005)

Glycine max Microsatellite discovery from BAC end sequences and

genetic mapping to anchor the soybean physical and

genetic maps

Shoemaker et al. (2008)

Glycine max Developed BAC-end sequence-based microsatellite

markers and placed them in the physical and genetic maps

of soybean

Shultz et al. (2007)

Glycine max Association mapping of iron deficiency chlorosis loci Wang et al. (2008c)

Pinus Cross-species transferability and mapping of genomic and

cDNA SSRs in other pines

Chagne et al. (2004)

Quercus Comparative mapping between Quercus and Castanea Barreneche et al. (2004)

Solanum melongena Gene-based microsatellite development for mapping and

phylogeny studies

Stagel et al. (2008)

Solanum tuberosum Used a probe derived from the tomato Verticillium

resistance gene (Ve1)and identified homologous

sequences (StVe1) in potato using linkage disequilibrium

mapping

Simko et al. (2004)

Spinacia oleracea Constructed a genetic map of Spinach in a classical back

cross population using 101 AFLP and 9 microsatellite

markers

Khattak et al. (2006)

Triticum aestivum Association mapping of kernel size and milling quality in

wheat cultivars

Breseghello & Sorrells (2006a)

Triticum aestivum Microsatellite mapping of adult-plant leaf rust resistance

gene Lr22a in wheat

Hiebert et al. (2007)

Triticum aestivum Enhanced the resolution of an existing linkage map and

identified putative functional polymorphic gene loci in

hexaploid wheat

Yu et al. (2004a)

Triticum aestivum and
Oryza sativa

Existing genetic linkage maps were enhanced using

orthologous loci amplified with 58 EST–SSR markers

obtained from both wheat and rice ESTs

Yu et al. (2004b)

Vitis vinifera Developed a reference integrated map from three crosses,

based on 283 SSR and 501 SNP-based markers

Vezzulli et al. (2008)

QTL tagging, marker assisted selection (MAS) and marker assisted backcrossing (MAB)

Glycine max Evaluated linkage drag for seed yield by using NILs with

introgressed quantitative trait loci conditioning resistance

to corn earworm and soybean looper

Warrington et al. (2008)

Hippophae L. Identified ISSR markers associated with dried shrink

disease

Ruan et al. (2009)

Hordeum vulgare Developed a SSR marker, QLB1, tightly linked to Rym4/

Rym5 locus conferring resistance to the barley yellow

mosaic virus which can be used efficiently in marker-

assisted selection

Tyrka et al. (2008)
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Table 6 continued

Plant species Application Reference

Oryza sativa A marker-assisted backcross approach for developing

submergence tolerant rice cultivars

Neeraja et al. (2007)

Oryza sativa SSR mapping of brown planthopper resistance gene Bph9

in Kaharamana, an Indica rice

Su et al. (2006)

Pisum sativum Developed microsatellite markers for powdery mildew

resistance

Ek et al. (2005)

Triticum aestivum Characterization of phytoene synthase 1 gene (Psy1)

located on chromosome 7A and development of a

functional marker

He et al. (2008)

Zea mays Identified QTL for resistance to maize streak virus disease

in maize genotypes used in hybrid development

Lagat et al. (2008)

Hybrid testing

Arachis hypogea Used SSR markers to differentiate between selfs and

hybrids

Gomez et al. (2008)

Brassica oleracea var.

botrytis
Purity testing of F1 hybrid seeds Astarini et al. (2008)

Capsicum annuum Hybrid identification and genetic purity testing in pepper Juhász et al. (2006)

Carthamus tinctorius Assessment of hybrid seed purity Naresh et al. (2009)

Juglans nigra 9 Juglans
regia

Identification of hybridogenic plants and parentage analysis Pollegioni et al. (2009)

Lycopersicon esculentum Seed genetic purity of two commercial hybrid cultivars Liu et al. (2007)

Oryza sativa Used SSRs for fingerprinting of rice hybrids and their

parental lines and used them in genetic purity assessment

of hybrid rice

Tamilkumar et al. (2009)

Oryza sativa Fingerprinting and genetic purity determination of hybrid

seeds

Hashemi et al. (2009)

Zea mays Compared two methods for choosing parental components

in early-generation hybrid testing and indicated that

selecting parental components based on molecular marker

data is advantageous for the performance of the hybrids

Chuanchai et al. (2010)

Gender determination

Actinidia chinensis Constructed the gene-rich female, male and consensus

linkage maps of the diploid species using 644

microsatellite markers. Created genetic linkage maps

defining the 29 linkage groups of the haploid genome, and

revealed the position and extent of the sex-determining

locus. Also identified, through sex-linked markers,

putative X and Y chromosomes

Fraser et al. (2009)

Cannabis sp. Identified sex-linked SSR markers Rode et al. (2005)

Fragaria virginiana Phenotypic and genetic mapping results supported a model

of gender determination with at least two linked loci (or

gene regions) with major effects

Spigler et al. (2008)

Humulus lupulus Identified a trinucleotide microsatellite repeat tightly linked

to male sex

Jakse et al. (2008)

Pseudocalliergon
trifarium (moss)

Identified Sex-Specific Marker and designed a primer pair

to allow the amplification of a 159-bp portion of the

female-specific DNA region

Korpelainen et al. (2008)

Spinacia oleracea Identified a small chromosomal region co-segregating with

sex determination in the species with a distance of 1.9 cM

to a microsatellite marker termed SO4

Khattak et al. (2006)
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Table 6 continued

Plant species Application Reference

Genetic diversity, cultivar identification, population genetics, taxonomic and phylogenetic relationships

Allium cepa Analysis of genetic variation in a cultivated onion

germplasm

McCallum et al. (2008)

Arachis hypogaea Genetic diversity of cultivated and wild-type peanuts

evaluated with M13-tailed SSR markers and sequencing

Barkley et al. (2007)

Arachis hypogaea Isolation and characterization of novel microsatellite

markers and their application for diversity assessment in

cultivated groundnut

Cuc et al. (2008)

Asparagus Genetic diversity evaluation among thirty-five cultivars and

cultivar identification

Caruso et al. (2008)

Bamboos Assessment of genetic diversity and phylogenetic

relationships of the temperate bamboo collection using

transferred EST–SSR markers

Barkley et al. (2005)

Castanea sp. Characterization in diverse Chestnut cultivars Inoue et al. (2009)

Citrus sp. Assessed genetic diversity and population structure in a

Citrus germplasm collection

Barkley et al. (2006)

Citrus sp. Studied the effectiveness of transferable EST–SSRs for

genetic mapping

Luro et al. (2008)

Crotalaria Genetic diversity of germplasm assessed through

phylogenetic analysis of EST–SSR markers

Wang et al. (2006b)

Cucumis sp. Molecular phylogeny of Cucumis species as revealed by

consensus chloroplast SSR marker length and sequence

variation

Chung et al. (2006)

Ficus carica Characterized fig germplasm in Morocco maintained in an

ex situ collection

Achtak et al. (2009)

Fragaria 9 ananassa Analysis of genetic diversity and population structure

among 92 selected cultivars

Gil-Ariza et al. (2009)

Glycine max Compared genetic diversity between Chinese and Japanese

soybeans using nuclear SSRs

Guan et al. (2010)

Lablab purpureus Evaluated genetic diversity of the USDA germplasm

collection

Wang et al. (2007)

Lespedeza EST–SSR markers derived from Medicago, cowpea and

soybean were used to assess the genetic diversity of the

USDA Lespedeza germplasm collection and clarify its

phylogenetic relationship with the genus Kummerowia

Wang et al. (2009b)

Olea europaea Genetic relationships within and between wild and

cultivated olives were examined and clarified in an

isolated and restricted area of the Mediterranean island of

Sardinia

Erre et al. (2010)

Olea europaea Identification of cultivars diffused in Southern-Italy Alba et al. (2009)

Oryza sativa Genetic analysis and genotyping Singh et al. (2010)

Oryza sp. Phylogenetic analysis of Oryza species, based on mtSSR

and cpSSR and their flanking nucleotide sequences

Nishikawa et al. (2005)

Paspalum vaginatum Characterized seashore paspalum germplasm by transferred

SSRs from wheat, maize and sorghum

Wang et al. (2006a)

Pisum sativum Assessment the genetic relations in Pisum Nasiri et al. (2009)

Prunus persica Analysis of genetic diversity in primary core collection Li et al. (2008)

Prunus amygdalus Genetic diversity analysis of 93 almond genotypes,

including 63 Spanish cultivars from different growing

regions

Martı́ et al. (2009)
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raspberry, potato, sorghum, etc. Once mapped, micro-

satellite markers could be employed in tagging

several individual traits that are particularly impor-

tant for a breeding program. Association mapping

using SSR markers has been successfully conducted

in many important crop species such as potato, maize,

wheat, and soybean (Wang et al. 2009a). Association

between a microsatellite marker and QTL for resis-

tance to Verticillium dahliae was identified in potato

cultivars which led to cloning of QTL for resistance

to V. dahliae (Simko et al. 2004). The correlation

between SSR markers and wheat kernel size was

detected by association mapping using elite germ-

plasm (Breseghello and Sorrells 2006a).

Furthermore, a large number of monogenic and

polygenic loci for various traits could be identified

and exploited for marker-assisted selection (Joshi

et al. 1999). Marker assisted selection can help

breeders bypass the traditional phenotype based

selections in the field thus expediting the breeding

programs. The rice variety Swarna could be effi-

ciently converted to a submergence tolerant variety in

three backcross generations, involving a time of two

to three years using marker assisted backcrossing

(Neeraja et al. 2007). Molecular variation within

defined genes underlying specific functions provide

candidate gene-based markers which show very close

association with the trait of interest and thus should

enable to design superior genotypes. For instance,

Srinivas et al. (2009) recently explored microsatellite

loci in a total of 9,892 subtracted drought stress ESTs

of sorghum available in the NCBI dbEST database

and suggested that it may be applicable in QTL

analysis for drought stress. In another study, Varsh-

ney et al. (2009) generated a total of 20,162 drought-

and salinity-responsive ESTs from ten different root

tissue cDNA libraries of chickpea. Generated set of

ESTs serves as a resource of high quality transcripts

for gene discovery and development of functional

markers associated with abiotic stress tolerance.

Transgenic approaches can also be combined with

marker-assisted selection for developing insect and

disease-resistant cultivars.

Genome mapping is another field where microsat-

ellites are being extensively used. Genome mapping

consists of genetic mapping, comparative mapping,

physical mapping, and association mapping. Genetic

mapping with microsatellite markers in plants were

first reported in tropical trees and then reported in

soybean, rice, etc. So far there are over 80 genetic

maps constructed involving the use of SSR markers

from many plant species. Comparative mapping has

been successfully conducted in many plant species,

including the Solanaceae family, grasses, crucifers,

legumes and other species (Wang et al. 2009a).

Comparative genomics of Arabidopsis relatives has

great potential to improve our understanding of

molecular function and evolutionary processes.

Recent studies of phylogenetic relationships within

Brassicaceae provide an important framework for

Table 6 continued

Plant species Application Reference

Prunus avium Assessment of genetic relationships among 126 accessions Lacis et al. (2009)

Rubus idaeus Reexamined the genetic diversity and population

differentiation

Graham et al. (2009)

Solanum lycopersicum Genetic variation in 216 tomato cultivars, hybrids, and elite

breeding lines

Chen et al. (2009)

Solanum tuberosum SSR genotyping of landraces supported a major

reevaluation of their gene pool structure and classification

Spooner et al. (2007)

Sorghum bicolor Studied cpSSR variation in 185 Chinese sorghum landraces

and 70 cultivated sorghum accessions

Li et al. (2010)

Sorghum bicolor Assessment of genetic diversity and relationship among a

collection of US sweet sorghum germplasm

Ali et al. (2008)

Spinacia oleracea Genic microsatellite markers for discrimination of spinach

cultivars

Khattak et al. (2007)

Triticeae Investigated genetic similarity between 150 accessions,

representing 14 diploid and polyploid species of the

Triticeae tribe using 73 common wheat EST–SSRs

Zhang et al. (2006)
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comparative genomics research. Comparative linkage

mapping and chromosome painting in the close

relatives of Arabidopsis inferred an ancestral karyo-

type of these species. In addition, comparative

mapping to Brassica identified genomic blocks that

have been maintained since the divergence of the

Arabidopsis and Brassica lineages (Schranz et al.

2007). Microsatellite markers have been used for

comparative mapping between Quercus robur (L.)

and Castanea sativa (Mill.) (Barreneche et al. 2004).

EST–SSR markers were used in comparative map-

ping in wheat, barley, rye and rice. The conservative

chromosome regions between wheat and rice and the

presence of orthologues of barley EST–SSRs in

different species have been confirmed and identified

(Yu et al. 2004b; Varshney et al. 2005b; Stein et al.

2007). SSR markers have also been used to construct

whole genome physical maps of model crop species.

SSR markers were used for anchoring and comparing

the frames of soybean genetic and physical maps

(Shultz et al. 2007; Shoemaker et al. 2008). A

physical map of a *2 Mb BAC contig in the region

around 80 cM of Arabidopsis thaliana chromosome 2

was constructed using SSR markers and BAC end-

sequences (Wang et al. 1997).

Advent of new technologies has not affected the

use of microsatellites due to their cost effectiveness

and use in large scale genotyping. Microsatellite

based markers are reliable and easy to use tools for

fingerprinting applications including varietal and

cultivar discrimination, marker assisted breeding,

map based cloning and studies related to gene flow.

Future of microsatellite based markers is promis-

ing in light of existence of diverse primary and

secondary gene pools in many species of plants.

Characterization of these gene pools is an immense

task, and microsatellite based markers are the only

cheap, reproducible and efficient methodology

which will be able to account for these character-

ization studies.

Concluding remarks

Ever since their development, microsatellites markers

are constantly being isolated and characterized in a

wide range of plants including cereals, legumes,

vegetables, forest trees, fruit plants, conifers and other

economically important plant species. Microsatellite

markers are involved not only in genetic diversity

studies, population genetics and evolutionary studies,

but are also being used in fundamental research like

genome analysis, gene mapping, marker-assisted

selection etc. SSR based association mapping holds

a great promise for exploiting genetic diversity,

characterizing accumulated phenotypic variation, and

associating markers with traits in plant germplasm.

However, there are several potential drawbacks

including the presence of stutter bands, null alleles

and heterologous amplicons. Special caution has to be

taken if some of the drawbacks are encountered in

research (Wang et al. 2009a). The microsatellite

markers associated with clear phenotypes can

definitely be used in plant breeding programs by

MAS to expedite the breeding process. Microsatellite

markers can facilitate comparative mapping and help

to identify ‘linkage blocks’, major gene syntenies,

chromosome rearrangements, and microsyntenies

among species (Wang et al. 2009a). However, the

need to isolate them de novo remains a major

bottleneck in application of microsatellites as marker

in species being examined for the first time. This

problem has been partially circumvented by exploiting

publicly available genome resources which has been

found to be inexpensive and significantly more trans-

ferable across taxonomic boundaries than are tradi-

tional SSRs (Ellis and Burke 2007). In recent years,

EST database is generated continuously for a variety of

crops and the trend is towards cross-referencing genes

and genomes using sequence and map-based tools

(Varshney et al. 2007). Development of transferable

SSR markers from sequence information being gener-

ated from major crops will provide the initial platform

for evaluation, characterization and genetic map

development in minor crops. Unigene derived micro-

satellite markers overcome the problem of redundancy

in EST database and have the advantage of assaying

variation in the transcribed regions of the genome with

unique identity and positions (Parida et al. 2006). A

vast amount of genetic diversity exists in plant

germplasm and more microsatellite markers will

become available as genomic information accumu-

lates. Steady progress and advancement in microsat-

ellites markers will make it more attractive for

molecular breeding and plant genetics and ultimately

help in major crop improvement.
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