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Abstract: During the last decade microsatdlites or SSRs (simple sequence
repeats) have been proven to be the markers of choice in plant genetics research
and for breeding purposes because of their hypervariability and ease of
detection. However, development of these markersis expensive, labour intensive
and time consuming, in particular, if they are being developed from genomic
libraries. In the context of large-scale sequencing and genomics programmes in
various cereal species at different laboratories, alarge set of expressed sequence
tags (ESTs) is being generated, which can be used to search for microsatellites.
Keeping in view the importance of such type of SSRs, available ESTs of some
cereal species like barley, maize, odts, rice, rye and wheat were investigated for
a study of abundance, frequency and distribution of various types of
microsatellites. SSRs were present in about 7% to 10% of the total ESTs in the
investigated cereal genomes. On the basis of surveying EST sequences
amounting to 75.2 Mb in barley, 54.7 Mb in maize, 43.9 Mb inrice, 3.7 Mb in
rye, 41.6 Mb in sorghum and 37.5 Mb in wheat, the frequency of SSRs was
1/7.5 kb in barley, 1/7.5 kb in maize, 1/6.2 kb in wheat, 1/5.5 kb in rye and
sorghum and 1/3.9 kb in rice. The overall average SSR frequency for these
species is 1/6.0 kb. Trimeric repeats are the most abundant (54% to 78%) class
of microsatellites followed by dimeric repeats (17% to 40%). Among the
trimeric repeats the motifs CCG are the most common in al the cases ranging
from 32% in wheat to 49% in sorghum. When dl these SSRs were analysed for
assessing their potential to develop new markers, unique primer pairs could be
designed for 30% to 70% of the total non-redundant microsatellites which are up
to 3% of total ESTsin the studied species.
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INTRODUCTION

Microsatellites, or simple sequence repeats (SSRs), are stretches of DNA,
consisting of tandemly repeated short units of 1-6 base pairsin length. They are
ubiquitous in eukaryotic genomes and can be anaysed through PCR technology.
The sequences flanking specific microsatellite loci in a genome are believed to
be conserved within a particular species, across species within agenus and rarely
even across related genera. These flanking sequences, therefore, have been used
to design primers for individual microsatellite loci and the techniqueis described
as Sequence Tagged Microsatellite Site (STMS) analysis [1] or as Simple
Sequence Length Polymorphism (SSLP) [2]. The STMS or SSR markers reveal
polymorphisms due to variation in the lengths of microsatdlites at specific
individual loci; they are therefore, polyallelic and co-dominant in nature, thus
proving to be very informative. Consequently, they have been used extensively
not only for mapping SSR loci in many cereal species, but also for tagging a
number of genes and for diversity studiesin these crops[3].

However, development of SSR markers is expensive, labour intensive and time
consuming, in particular, if they are being developed from genomic libraries.
Even though, due to importance of microsatdlites, they have been developed in
alarge number of plantsincluding major cereal species such as barley [4], maize
[5], oats[6], rice[7, 8], rye[9], sorghum [10] and wheat [11, 12]. Dueto current
emphasis on functional genomics, ESTs (expressed sequence tags) are fast
accumulating in EST databases of a large number of crop species. These EST
databases can be mined for SSR containing ESTs that would serve for designing
locus specific primers. Following this procedure, SSR markers can be obtained
a significantly reduced costs, as EST derived SSRs are free by-product of the
currently expanding EST databases. While EST-derived SSRs have been shown
to be less polymorphic than those derived from genomic sequences [13], they
have some intrinsic advantages: they are quickly obtained by electronic sorting,
are unbiased in their repeat type, are present in gene rich regions of the genome,
and are ill abundant [14]. Since they represent the transcribed part of the
genome, EST-based SSR markers lead to the direct mapping of genes. Such
types of markers are being used presently in only a few crops, as these markers
are accessible only in those species for which a sufficient number of ESTs exist
in public databases. For instance, the utilization of such type of markers has
already been demonstrated in grape [15]. They have been successfully used for
genetic diversity studies in wheat [16] and pedigree andysis in barley [17].
Further, compared to SSR markers derived from genomic DNA sequences those
based on ESTs have a higher level of transferability among related species as
they are located in more conserved regions of the genome. This higher
transferability has been demonstrated in grape [15] and sugarcane [18] at
different taxonomic levels. For instance, when the ESTS genomic DNA derived
SSR markers from sugarcane (Saccharum spp.) were used to related genera such
as erianthus (Erianthus spp.) and sorghum (Sorghum spp.), EST-derived SSRs
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were found to be more superior in terms of transferability [18]. Due to this
atractive feature, the EST-derived SSR markers from hexaploid wheat have
been successfully used for genotyping the A and B genomes of wheat [19].

In the present study, EST databases of seven mgjor cereal species were mined
for the presence of SSRs and assessed their potential for the development of
markers. In this context, an in silico analysis on the frequency and distribution of
microsatellites, and their possible use for the development of genetic markers are
presented.

MATERIAL AND METHODS

Sequence data sour ces

The EST sequences available in the public domain for different cerea species
namely barley (Hordeum wulgare), maize (Zea mays), oats (Avena sativa), rye
(Secale cereale), rice (Oryza sativa), sorghum (Sorghum bicolour) and wheat
(Triticum aestivum) were acquired through a Sequence Retrieval System (SRS
verson 6.1.3 release 28 December, 2001) search of the EMBL database in
January 2002. In addition, we also used data from the barley EST-database (B-
EST) of the IPK (http://pgrc.ipk-gatersieben.de/) presently containing 41,600
ESTsfrom avariety of different tissues.

Sear ching of microsatellites

EST sequences less than 100 bp in length were not included in our anaysis.
Long sequences were shortened at their 3'end to 700 bp due to an expected drop
in sequence quality at the end of these sequence reads. The identification and
localization of microsatellites was carried out by a Perl5 script (named as
MicroSAtellite, MISA; Thiel et al., unpublished results; the MISA script is
available from the IPK website http://pgrc.ipk-gatersieben.de/misa), which is
capable to identify both perfect microsatellites as well as compound
microsatellites (interrupted by a certain number of bases). While classifying the
microsatellites into different repeat types or category, sequence complementary
was aso considered eg. repeat motifs AG, GA, TC and CT were put in the same
class.

For searching SSRs by the MISA script, microsatellites were considered to
contain motifs that are between 1 and 6 nucleotides of size. Therefore a
microsatellite was defined as being dinucleotide units repeated 6 times and
trinucleotide, tetranucleotide, pentanucleotide, and hexanucleotide units repeated
5 times. Once SSR containing ESTs were identified, flanking primers were
designed using PRIMERS3 software (Whitehead Institute, USA) in a batch modus
manner with the help of Perl5 interface modules. To force the picking of
flanking primers, the TARGET option was used representing the position of the
respective microsatellite enlarged by 3 positions at each side. All other options
were left on default value.
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For selecting a set of non-redundant SSRY primer pairs, repetitive sequences
were masked and the Stack Pack clustering system [20] was used in order to
develop unique markers so that non-redundant genes (or unigenes) may be
mapped.

RESULTS AND DISCUSSION

Occurrence and frequency of microsatellites

A large set of EST data representing 55.1 Mb in barley, 54.7 Mb in maize, 43.9
Mb in rice, 3.7 Mb in rye, 41.6 Mb in sorghum and 37.5 Mb in wheat was
procured from the EMBL database. These EST sequences along with the ESTs
of IPK (representing 21.3 Mb) were used for mining microsatdlites. The details
on mining and analysis of the microsatellites are given in Table 1. We found
microsatellites in a range of 6-11% of the total EST sequences from al the
cereal species studied except for oats (0.4%) where only a very small dataset
was available for analysis. In specific, the frequency of SSRs amounted to 1/7.5
kb in barley, 1/7.5 kb in maize, /3.9 kb in rice, 1/5.5 kb in rye and sorghum and
1/6.2 kb in wheat. While calculating the frequency of SSRs, mononucleotides
were not taken into account. The estimate of total SSR frequency calculated here
indicates the similarity across cereal species and suggests that SSRs occur at the
frequency of every 4-8 kb in cerea species. The overall average of SSR
frequency for these speciesis 1/6.0 kb resulting in 42,851 SSRsin atota of 258
Mb of sequence. The highest frequency of one SSR every 3.9 kb was observed
in rice which is in close agreement with earlier studies [21, 22]. The frequencies
of SSRs in the other species are comparable to earlier results [21] with slight
differences. This difference may be explained due to a variation in the quantity
of sequence data analysed and differences in defining the criteria for SSR
mining in the EST databases.

However, above-mentioned SSR frequencies are based on a redundant set of
ESTs. Thus it does not provide a true picture on the frequency of SSRsin the
expressed portion of the genome. In the barley genome, for instance, we have
demonstrated that the frequency of non-redundant SSRs is 1/ 17.2 kb in the
expressed portion of the barley genome on the basis of the identification of 1240
non-redundant SSRs in a set of 41600 ESTs (representing 21.6 MB). The
observed 2.2-fold redundancy (17.2 kb/7.5 kb) is expected to increase with the
growth of the individual EST databases and needs to be taken into account
before the development of markers for a given genome.

Distribution of microsatellite classes

The proportion of the SSR unit size was not evenly distributed in al the cereal
species. The trinucleotide repeats, in the range of 54% to 78%, are the most
abundant class of microsatellites in the EST sequences of dl the species (Figure
1). The dinucleotide, tetranucleotide and pentanucleotide repeats are represented
in decreasing proportions of 17.1-40.4%, 2.6-6.6%, and 0.4-1.3%, respectively.
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Fig. 1. Distribution of microsatellites (excluding monomeric repeats) in cereal genomes.
In all species trimeric repeats are most frequent followed by dimeric and tetrameric
while penatmeric and hexameric repeats never exceed 1% of the total number of
microsatellites.

The hexanucleotide repeats were least frequent (always <1%). These findings
are in consistency with previous observations about differences in abundance of
SSR unit size classes[21]. Intotal, it can be concluded that the trimeric SSRs are
highly abundant in the EST sequences. This dominance of trimeric SSRs over
di-, tetra-, and pentameric SSRs may be explained on the basis of the
suppression of non-trimeric SSRs in coding regions due to the risk of frameshift
mutations that may occur when those microsatellites alternate in size of one unit
[23].

For all species and every class of microsatellites (i.e. di-, tri-, tetra-, penta- and
hexameric) the frequency of microsatellites decreases with increasing repeat
length (data not shown). In maize, for instance, the single category of SSRs
consisting of six repeat units represents 56.9% of the total number of dimeric
SSRs and among the trimeric SSRs the category with five repeat units shares as
much as 64.5% of the total class (Figure 2). If al microsatellites of different
types are classified into two categories of <10 and >10 repeat units, we observe
that the category of >10 repeat units contributes only as much as 25% to the total
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number of microsatellites (Table 2). In afew cases, especidly in the tetrameric,
pentameric and hexameric microsatellites all the microsatellites (100%) fal into
the category of <10 repeat units.

3000

%]
£ 2500 -
2 —6—NN
T 2000 -
o ——NNN
2 1500 1 —A—NNNN
s —@— NNNNN
= 1000 -
2 —— NNNNNN
E 500 -
P4

0 4

5 6 7 8 9 10 >10
Repeat units

Fig. 2. An example of the distribution of microsatellites of different repeat unitsin ESTs
of maize. The number of microsatellites in a particular class (like NN, NNN, etc)
decreases with the increasing number of repeat units.

Among the dimeric repeats, the motifs AG are the most common (38% to 59%)
followed by the motifs AC (20% to 34%) in all the species except of rye. In
rye these frequencies are 50% for AC and 37.9% for AG, respectively. The least
common motifs are CG in all species (1.7% to 9.0%) except in barley where AT
are least common with 8.4%. Overall, the results in the present study are in
contrast to earlier studies where the motifs AT were reported to be dominant in
plant genomes [8, 24, 25]. However, in some other studies the deficiency of CG
and AT motifs has been reported in Arabidopsis [21], rice [7] and maize [26].
Our reaults are based on EST-derived SSRs, they may differ with those SSRs
derived from genomic DNA as there might be a systematic bias in the repeat
motifs between these two categories.

Among the trimeric repeats, the motifs CCG are the most common in al the
cases ranging from 32% in wheat to 49% in sorghum. The abundance of CCG
repeats is a specific feature of monocot genomes, which may be due to their
increased G+C content [27]. Second to this are AGC (13% to 30%) in barley,
maize, rice and sorghum and AAC in rye (16%) and wheat (27%), respectively.
The third most frequent motifs in barley, rice, rye and sorghum are AGG while
in wheat and maize, they are AGC and AAC, respectively. The abundance of
particular trimeric motifs has also been reported for rice [7], maize [26] and
sugarcane [18]. Regarding the monocot species investigated for SSRsin ESTsin
this study, CCG motifs were the most abundant and AAT motifs the least
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common (<1%). This may be explained by the fact that TAA-based variants
code for stop codons that have a direct effect on protein synthesis [26].
However, among the tetrameric, pentameric or hexameric microsatellites no
specific trend was observed in relation to the abundance of a particular motif
class.

For the IPK barley ESTs, we compared the distribution and abundance of a
particular class/ repeat motifs of microsatelites in redundant and non-redundant
SSRs (Table 3). In both cases, the distribution of different types of
microsatellites is comparable. The trimeric repeats, for instance, is the most
common class of microsatellites and followed by the dimeric and tetrameric
ones. Also the abundance of the AG, CCG and ACGT repeat motifs in the
dimeric, trimeric and tetrameric SSRs is similar in both cases. The detailed
analysis suggests that, apart from minor deviations, there is no significant
difference in the distribution and abundance of microsatellites in the redundant
and non-redundant set of barley ESTSs.

Tab. 3. Comparative analysis of redundant and non-redundant SSRsin barley ESTs of
IPK

Non-redundant SSRs' Redundant SSRs?

Tota number of SSRs 1240 (3%) 3154 (7.6%)
Distribution of microsatellites (%)

Dimeric 314 (25.3%) 744 (23.6%)
Trimeric 824 (66.4%) 2183 (69.2%)
Tetrameric 79 (6.3%) 195 (6.2%)
Pentameric 12 (1%) 16 (0.5%)
Hexameric 11 (1%) 16 (0.5%)
Abundance of repeat type

Dimeric AG (54.1%) AG (44.9%)
Trimeric CCG (39.3%) CCG (44.8%)
Tetrameric ACGT (12.7%) ACGT (19.5%)

'SSRs identified in non-redundant set of ESTs, selected after clustering; “SSRs
identified in total set of ESTs (41600).
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Marker development

For the development of microsatellite markers, we designed primer pairs for al
the identified microsatellites. Thus primer pairs could be designed for 53% to
71% of the total microsatellites in the analysed cereal species (Table 1). For the
remaining microsatellites, primer pairs could not be designed for one of the
following reasons. (a) EST sequences containing microsatellites are too short,
(b) microsatellites are too close to the cloning site of the EST, or (c) the flanking
sequences are not unique. Thus in total up to 7% of the total EST sequences
have a potential for the design of primer pairs in the datasets analysed. These
figures are in agreement with earlier studies on EST-derived SSRs in sugarcane
[18]. To exclude the development of multiple markers for the same gene, unique
primer pairs were identified for non-redundant SSRs by cluster analysis of the
corresponding ESTs. Thus, up to 3% of EST sequences can be expected to yidd
informative SSR markers in the datasets analyzed (Table 1).

CONCLUSION

Using the MISA-software tool EST databases can be systematically searched for
SSRs for the development of microsatellite markers, which are associated with
transcribed genes. This approach saves both costs and time, given a sufficient
amount of available EST sequences. However, EST-derived SSR markers are
generaly less polymorphic in comparison to genomic SSRs as the former are
situated in more conserved regions of the genome. Nevertheless, this demerit
may be compensated by their higher potentia of transferability to related species
sometimes even at different taxonomic levels [13, 18]. The use of EST-derived
SSRs in genetic diversity studies is a novel tool that reveals variation in
transcribed genes. Findly, the in silico identification of homoeologous EST
sequences in related grass genomes will provide a powerful approach to study
marker synteny [28].
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Tab.1. Abundance of microsatellitesin ESTs of different cereal species

Barley (IPK) Barley (Public) Oats Maize Rice Rye Sorghum Wheat
Tota number of sequences examined 41600 87205 4388 119158 101727 8034 87216 75247
Tota length of examined sequences (bp) 21,336,720 55,084,874 144,258 54,691,836 43,928,218 3,719,623 41,570,568 37,528,718
Number of ESTs containing SSRs 3285 20135 7 36152 54453 660 8607 9825
Number of identified SSRs (excluding monomers) 3154(7.6%) 7001(8.0%) 2(0.4%) 7307(6.1%) 11086(10.9%) 672(8.4%) 7619(8.7%) 6010(8%)
Number of primer pairs for redundant SSRs 2083(70.3%) 4521(64.6%) 1(50%) 4969(68.0%) 6855(61.8%) 362(53.9%) 5381(70.6%)  3475(57.8%)
Number of primer pairs for non-redundant SSRs* 914(43.8%) 1839(40.7%) 1(100%) 1453(29.2%) 2589(37.8%) 246(67.9%) 1779(33.1%)  1343(38.6%)
Unique primer pairs for total EST sequences (%) 2.2 2.1 0.2 1.2 25 3.1 21 1.8

*Primer pairs for development of unique markers for mapping non-redundant genes (unigenes). Primer sequences are available from the corresponding author on request.

Tab. 2. Distribution of SSRsinto different classesin different cereal species

Barley Maize Rice Rye Sorghum Wheat
Repeat length NN NNN NNNN NN NNN NNNN NN NNN NNNN NN NNN NNNN NN NNN NNNN NN NNN NNNN

<10 unit 81.97 9956 98.85 89.27 99.57 100 83.4 99.68 99.16 87.93 99.42 100 8336 99.33 9649 7453 9511 98.11
>10 unit 18.03 0.44 115 10.73 0.43 0 16.6 032 0.84 12.07 0.58 0 16.64 0.67 351 2547 489 1.89




