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Abstract Unigene derived microsatellite (UGMS)
markers have the advantage of assaying variation in the
expressed component of the genome with unique iden-
tity and positions. We characterized the microsatellite
motifs present in the unigenes of five cereal species
namely, rice, wheat, maize, Sorghum and barley and
compared with those in Arabidopsis. The overall UGMS
frequency in the five cereal species was 1/7.6 kb. The
maximum UGMS frequency was in rice (1/3.6 kb) and
the lowest in wheat (1/10.6 kb). GC-rich trinucleotide
repeat motifs coding for alanine followed by arginine
and the dinucleotide repeat motif GA were found to be
abundant UGMS classes across all the five cereal spe-
cies. Primers could be designed for 95% (wheat and
barley) to 97% (rice) of the identified microsatellites.
The proportion and frequency of occurrence of long
hypervariable class I (=20 nucleotides) and potentially
variable class II (12-20 nucleotides) UGMS across five
cereal species were characterized. The class I UGMS
markers were physically mapped in silico on to the fin-
ished rice genome and bin-mapped in wheat. Compar-
ative mapping based on class I UGMS markers in rice
and wheat revealed syntenic relationships between the
two genomes. High degree of conservation and cross-
transferability of the class I UGMS markers were
evident among the five cereal species, which was vali-
dated experimentally. The class I UGMS-conserved
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orthologous set (COS) markers identified in this study
would be useful for understanding the evolution of genes
and genomes in cereals.

Introduction

Microsatellites or simple sequence repeats (SSRs) are
tandemly arranged repeats of 1-6 nucleotide long DNA
motifs that frequently exhibit variation in the number of
repeats at a locus. Microsatellite markers are reliable,
co-dominant, multi-allelic, chromosome-specific and
highly informative genetic markers well established for
genetic analysis in crop plants. These are amenable to
high-throughput genotyping and thus suitable for con-
struction of high-density linkage maps, gene mapping
and marker-assisted selection. The microsatellite linkage
maps have been developed in many plant species
including major cereals namely, wheat (Roder et al.
1998), rice (McCouch et al. 2002) and maize (Sharopova
et al. 2002).

In the past, the advantages of microsatellite markers
were partially offset by difficulties in the marker devel-
opment, as laborious iterations of genomic DNA library
screening with SSR probes and sequencing of a large
number of SSR positive clones (Panaud et al. 1996;
Chen et al. 1997) were involved. Availability of complete
genome sequence in rice has eliminated the above steps
and enabled the development of a large number of SSR
markers in silico (McCouch et al. 2002). Another source
of SSR markers is the expressed sequence tag (EST)
databases, which are continuously growing in size in
most crop species (http://www.ncbi.nlm.nih.gov). These
EST databases can be mined for microsatellite motifs
that would serve as locus-specific markers. Development
of EST-based microsatellite markers thus would involve
considerably lower cost and effort. Besides, such markers
being derived from the conserved expressed component
of the genome are expected to show greater cross-
transferability between species and genera (Varshney



et al. 2005). The unavailability of genomic and cDNA
sequences, thus would not limit the development of ro-
bust microsatellite markers and various marker-based
applications in related species and genera.

A major disadvantage of the EST-derived microsat-
ellites is the sequence redundancy that yields multiple
sets of markers at the same locus. However, more re-
cently the random EST sequences are being assembled
into unique gene sequences called unigenes (http://
www.ncbi.nlm.nih.gov) that circumvents the problem of
redundancy in EST databases. For example, 41,600 EST
sequences in barley have been assembled into just 1,240
unigenes. The unigene-based microsatellite markers
(UGMS markers) would therefore, have the advantages
of unique identity and positions in the transcribed re-
gions of the genome. With the availability of large uni-
gene databases, it is now possible to systematically
search for microsatellites in the unigenes. The UGMS
markers can be used for accurately assaying functional
diversity in the natural populations and the available
germplasm collections as well as for comparative map-
ping and evolutionary studies as anchor markers. In the
present study, unigene databases of five major cereal
species namely, rice, wheat, maize, Sorghum and barley
were mined for the presence of microsatellites. The
nature of these microsatellites was analysed and com-
pared with that based on the EST sequences in the
respective crops and in Arabidopsis thaliana. Primers
flanking these microsatellite motifs were designed for
genotyping applications. Physical and comparative
mapping of the UGMS markers with longer microsat-
ellite repeat motifs (=20 nucleotides) was carried out in
rice and wheat. In silico analysis of conservation and
cross-transferability of these markers was also carried
out to study their utility in comparative mapping of
genes and genomes.

Materials and methods
Accessing unigenes and mining of microsatellites

Unigenes comprising 48.8 Mb in rice (Oryza sativa),
34 Mb in Arabidopsis, 17.7 Mb in wheat (Triticum
aestivum), 13.3 Mb in maize (Zea mays), 9.5 Mb in
barley (Hordeum vulgare) and 5.8 Mb in Sorghum
(Sorghum bicolor) were acquired in bulk through a
FASTA sequence retrieval system from GenBank using
Batch Entrez (http://www.ncbi.nlm.nih.gov) along with
their constituent EST sequences. These sequences were
mined for microsatellites using a program MISA
(MIcroSAtellite) written in the Perl 5 scripting language
that locates microsatellite patterns in FASTA formatted
sequence files and reports the GenBank ID, microsatel-
lite motifs (monomers to hexamers), number of repeats
and sequence coordinates for each microsatellite. The
MISA script is available from the IPK website (http://
www.pgrc.ipk-gatersleben.de/misa), which is capable of
identifying both perfect and compound microsatellites.
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The compound microsatellites were categorized into
non-interrupting [e.g., (CTC)5(CT)17] and interrupting
[maximum 100 nucleotides interrupting two microsatel-
lites, e.g., [(CTC)SAGTCTACTGA(CT)17] groups.
While classifying the microsatellites into different repeat
categories, sequence complementarity was considered,
e.g., repeat motifs AG, GA, TC and CT were put in the
same class. Microsatellites were classified into class 1
(=20 nucleotides) and class II (12-20 nucleotides) based
on the length of the microsatellite motifs (Temnykh et al.
2000).

Primer design

The microsatellite (excluding monomers) containing
unigenes were used for designing primers employing
the microsatellite primer discovery tool (http://
www.hornbill.cspp.latrobe.edu.au) in a batch module
manner. Optimum and maximum primer sizes were 22
and 24 nucleotides, respectively, and the other options
were left on default mode. The software is capable of
designing both forward and reverse primers and
detecting their Ty,, GC (%) and pair complementarity
values at 3" and 5" ends.

Physical mapping of UGMS markers in rice and wheat

Class I microsatellite containing unigenes of rice were
subjected to a local BLASTN search (http://
www.192.168.1.12) against the International Rice
Genome Sequencing Project (IRGSP) pseudomolecule
databases of RGP (http://www.rgp.dna.affrc.go.jp/
IRGSP/Build3) to display the physical location (bp) of
each microsatellite marker in each of the 12 chromo-
somes of rice. Optimum settings of the BLAST search
options were used for analysis, since the default search
parameters being highly stringent were picking up only
short sequence stretches of high homology. Therefore,
advanced BLAST search parameters with optimized
value of open gap cost (G =5), extended gap cost (E=1),
penalty for a mismatch (¢=1), reward for a match (r=1)
and low complexity filter options were used for analysis
(Singh et al. 2004). Only top hits of the BLASTN search
results (e=0) were plotted on specific locations in the
rice chromosomes. Class I microsatellite containing
unigenes of wheat were BLAST searched against
GrainGenes databases (http://www.wheat.pw.usda.gov/
GG2/blast.html) of wheat EST sequences, bin-mapped
earlier using deletion stocks of c¢v. Chinese spring.
Optimized BLASTN search parameters (homology
filter of expectation value < le-15 and bit score 100)
were used to find the bin-mapped wheat EST sequences.
The matching microsatellite markers were then plotted
on specific bins of the wheat chromosomes. For
comparative mapping of wheat markers in rice, the
microsatellite containing wheat unigenes mapped to
homoeologous chromosome groups 1 and 3 (that carried
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more UGMS markers than other groups) were
used. These were analysed using a local BLASTN
search tool (http://www.192.168.1.12) against the rice
IRGSP pseudomolecule databases of RGP (http://
www.rgp.dna.affrc.go.jp/IRGSP/Build3). For compara-
tive mapping of rice UGMS markers in wheat, the
class I microsatellite containing unigenes of rice
were BLAST searched against GrainGenes databases
(http://www.wheat.pw.usda.gov/GG2/blast.html) of wheat.
Optimized BLAST search parameters as mentioned
above for wheat physical mapping were used for this
analysis.

Assessment of conservation and cross-transferability

To examine the conservation and cross-transferability of
microsatellite repeat motifs, the class I microsatellite
containing unigenes of a species were BLAST searched
against another using the local BLASTN search tool
(http://www.192.168.1.12) and the matches with e values
of < le-15, < le-141 and 0 were extracted to Excel
sheets using the Perl script “mblastex” (developed by V.
Dalal and N.K. Singh, unpublished). The putative
functions of these conserved motifs and physically
mapped markers in rice and wheat were determined
using BLASTX search tool (http://www.genome.ad.jp)
against the nr-protein databases. The BLASTX output
was annotated and extracted to Excel sheets using the
Perl script “annotate” (developed by V. Dalal and N.K.
Singh, unpublished). Optimized BLAST search para-
meters with a cutoff bit score 100 ( < le-15) were
considered for this analysis.

Results and discussion
Frequency of microsatellites

The EST databases of the five cereal species and
Arabidopsis were highly redundant with regard to the
size and the number of sequences analysed, and the
frequency of the microsatellites contained in these
sequences (Table 1). The overall frequency of the
microsatellites excluding monomers in the unigenes of
the five cereal species was 1/7.6 kb as against 1/6.4 kb in
the EST sequences. The discrepancy in the frequency is
due to the elimination of redundant sequences in the
unigenes. The estimated redundancy was least in rice
among the six species characterized. The unigene
sequences, therefore, more accurately reflected the den-
sity of microsatellites in the expressed component of the
genomes. It was maximum in rice (1/3.6 kb), followed
by Sorghum (1/5.9 kb), Arabidopsis (1/7.5 kb), barley
(1/8.9 kb), maize (1/9 kb) and wheat (1/10.6 kb). The
percentage of unigenes that contained microsatellites
excluding the monomers followed a similar trend as
above (Table 1). When the monomeric microsatellites
were included, the trend was altered with maize having
the highest proportion (69.5%) of unigenes carrying

microsatellites followed by wheat (65.5%), rice (58.8%),
Arabidopsis  (38.8%), barley (37%) and Sorghum
(21.5%). The compound microsatellites were maximum
in barley (8.6%), followed by rice (8.4%), wheat (5.9%),
Arabidopsis (4.6%), Sorghum (1.2%) and maize (0.6%)
(Table 1). These observations thus revealed considerable
variations in the microsatellite sequence organization in
the genic regions of the five cereal species and
Arabidopsis.

Distribution of UGMS classes

The trinucleotide repeat motifs were the most prevalent
class of microsatellites in the unigenes of the five cereal
species as well as in Arabidopsis. The proportion of tri-
nucleotide containing unigenes ranged from 60% in
maize to 80% in rice (Supplementary Table 1). Trinu-
cleotide motifs were followed by dinucleotide (17.6—
35.2%), tetranucleotide (0.65-6.1%), pentanucleotide
(0.15-1.2%) and hexanucleotide (0.27-0.6%) repeat
motifs (Supplementary Table 1). This is similar to the
earlier observations on the relative abundance of
trinucleotide motifs in the EST sequences of cereals
(Varshney et al. 2002; Kantety et al. 2002). Higher
frequency of the trinucleotide repeat motifs than the
other classes could be attributed to the selection against
frameshift mutations that limits expansion of nontriplet
microsatellites (Metzgar et al. 2000). Our analysis in rice
revealed that 85% of the trinucleotide repeats were
found within the ORFs, 12% in 5 UTRs and 3% in 3’
UTRs and that 26-37% of the trinucleotide repeat
containing genes across cereals were related to tran-
scription and signal transduction. Any alteration in the
sequence of these genes would have significant negative
consequences (Young et al. 2000). In contrast, the
dinucleotide repeats were more frequently observed in
the 5" (48%) and 3’ (30%) UTRs than the coding regions
(22%) in rice. Microsatellite repeat motifs found in the
5" UTRs could have the potential to function as factors
in regulating gene expression (Bao et al. 2002; Fujimori
et al. 2003).

Abundance of GA-rich dinucleotide and GC-rich
trinucleotide microsatellites

Among the dinucleotide repeats, GA was most common
that ranged from 15% in barley to 21.2% in rice while in
Arabidopsis it was 32.4% (Supplementary Table 1). The
least abundant dinucleotide motif was CG that ranged
from 2.5% in barley to 3% in rice; while in Arabidopsis it
was GT (1.7%). These results are in close agreement
with earlier studies, where the GA motif was reported to
be the dominant dinucleotide repeat in the EST-derived
microsatellites in cereals (Varshney et al. 2002). These
abundant dinucleotide repeat motifs are known to be the
best source of useful microsatellite markers possibly
because of their occurrence in regions with a balanced
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GC content (Temnykh et al. 2000; Cho et al. 2000) and
absence of any association with the transposable ele-
ments (Temnykh et al. 2001). In the unigenes of rice, we
also observed (GA), polynucleotides usually in regions
with balanced (40-50%) GC content, which favours
robust PCR amplification (Temnykh et al. 2001) and
therefore could be used for efficient genotyping appli-
cations.

Among the trinucleotide repeats, the motifs GCA/
GCC/GCG/GCT coding for amino acid alanine were
most abundant across all the cereal species (Supple-
mentary Table 2) that ranged from 16.6% in barley to
25.7% 1in rice. The next abundant trinucleotide motifs
were AGA/AGG/CGA/CGC/CGG/CGT coding for
arginine that ranged from 14.6% in wheat to 20.4% in
Sorghum. High frequency of (CCA/CCG/CCT) encod-
ing proline was also found in rice (13.8%), maize
(9.5%), Sorghum (11.8%) and barley (11.2%). The
abundance of GC-rich repeats in the monocot genomes
is reflected in their high GC content (Morgante et al.
2002) particularly in the coding sequences. In contrast,
we observed AGC/AGT/TCA/TCC/TCG/TCT (16.6%)
coding for serine as the most abundant motifs in
Arabidopsis, followed by glutamic acid (GAA/GAG,
12.3%) and leucine (CTA/CTC/CTG/CTT/CTC/TTA/
TTG, 10.9%) (Supplementary Table 2). The abundance
of small/hydrophilic amino acid repeat motifs like that
of alanine and serine in the unigenes of cereals and
Arabidopsis was perhaps because these are tolerated in
many proteins, while strong selection pressure possibly
eliminates codon repeats encoding hydrophobic/other
amino acids (Katti et al. 2001). This observation sug-
gested that considerable sequence divergence, since their
early separation about 200 million year ago (Wolfe et al.
1989), between monocot and dicot has led to differential
amino acid repeat motifs in the proteins, and that the
selection has played a significant role in greater retention
of those which are tolerated more.

Class I microsatellites in the unigenes

The frequency of class I UGMS was highest in rice
(1/17.1 kb), followed by Sorghum (1/21.4 kb), barley
(1/31.6 kb), Arabidopsis (1/37.8 kb), wheat (1/42.2 kb)
and maize (1/48.1 kb). The maximum number of class I
UGMS was found in rice (2,851), followed by
Arabidopsis (900), wheat (429), barley (300), maize (276)
and Sorghum (272). This correlated with the size of the
unigene database available in these species. In terms of
the proportion of the total number of microsatellites
found in the unigenes, it was highest in barley (30.2%),
followed by Sorghum (27.4%), wheat (25%), rice (21%),
Arabidopsis (19.5%) and maize (18.7%) (Table 2). The
class I trinucleotide repeats expressed as the percentage
of all the class I UGMS varied from 39.4% in wheat to
67.8% in rice. The proportion of class I dinucleotide
repeats ranged from 19.2% in rice to 35.3% in wheat. It
appeared that the potential of microsatellite expansion

Table 2 Proportionate distribution of class I and class IT UGMS motifs in five cereal species and Arabidopsis

Wheat Maize Sorghum Barley Arabidopsis

Rice

Repeat length

Class II Class 1 Class 11 Class 1 Class 11 Class 1 Class 11 Class 1 Class 11 Class 1 Class 11

Class 1

1,939 148 413 90 456 54 171 93 252 313

546

Dinucleotides

(34.8%)

544

(30.1%)

534

(31%)

129

Q21%)

614

(20%)
156

(36.1%)

770

(32.6%)

1

(30.8%)

872

(35.3%)

69

(17.6%)
8,937

(19.2%)
1,933

4

1

1

Trinucleotides

(62.5%)

23

(60.4%)

(63.8%)

(75.2%)  (43%)
31

(57.3%)

44

(61%)

7

(41.3%)

54

(65%)

6

(39.4%)

7

(81%)

169

(67.8%)

237

3

5

8

Tetranucleotides

(0.6%)

(3.3%)

(3.7%) QLT%)  (6%)

(16.1%)

(3%)

(19.6%)

12

(4.2%)

(20.3%)

17

(1.5%)

(8.3%)

68

0 0

0

Pentanucleotides

(0.8%)

3%)

(4.4%)

(4.3%)

(4%)

(2.4%)

67

Hexanucleotides

3,879

(0.7%)

900

836

(1.3%)

300

816

(2.2%)
272

1,263

(2.1%)

276

1,341

(2%)
429

(2.3%)
11,045

2,851

Total

(85.7%)  (274%)  (82.2%)  (30.2%)  (78.8%)  (19.5%)  (84.2%)

(18.7%)

(26%) (80%)

(81%)

Q21%)




in unigenes of five cereal species and Arabidopsis was not
corresponding to their genome size/ploidy. For example,
the diploid barley genome contained higher percentage
of class I microsatellites as compared to the hexaploid
wheat genome. The large diploid maize genome con-
tained lesser percentage of class I UGMS than the rice
genome, in spite of their closer evolutionary relation-
ship.

Development of UGMS markers for the cereal genomes

To develop UGMS markers, primer pairs (forward and
reverse) were designed from the flanking regions of the
identified microsatellites in all the five cereal species. We
designed 13,230 primer pairs in rice, 1,588 in wheat,
1,401 in maize, 952 in Sorghum and 1,009 in barley. The
primer sequences with their 7}, values and product sizes
constitute a table that is too large to be provided as
supplementary information, but are available with us
that can be provided on request. The primer pairs could
be designed for 95% in wheat and barley to 97% in rice
of the total microsatellites identified. Our failure to de-
sign primers for the rest was due to either short sequence
of the unigenes and/or lack of unique flanking se-
quences. Varshney et al. (2002) estimated that only 53—
71% of the total microsatellites in the ESTs of cereal
species had primer designing potential. The unigenes
being longer in higher quality sequences thus offered
advantages over the ESTs for the development of mi-
crosatellite markers. The designed primer pairs for the
class I UGMS markers in rice (2,780), wheat (429),
maize (273), Sorghum (266) and barley (297) have been
given in the Supplementary Excel sheet 1. The primer
pairs for the unigenes with known functions across all
the five cereal species have been given in the Supple-
mentary Excel sheet 2. On average these identified
functional genes in cereal genomes contained more of
trinucleotide microsatellite motifs and related mostly to
transcription and translation factors, signal transduction
genes and metabolic enzymes. In rice and wheat, the
class I UGMS markers were present in genes predicted
to have control over different structural, biochemical
and morphological traits. Among these, the predomi-
nant classes were metabolic enzymes (36% in rice, 33%
in wheat), structural proteins (34%, 30%), transcription
and translation factors (22%, 13%), signal transduction
genes (16%, 7%), cell growth and development factors
(8%, 6%) and disease resistance genes (6%, 2%). These
genic class I microsatellite markers would be useful for
connecting genetic maps with physical maps, genomic
sequences and ultimately with phenotypic variation.

Genome coverage and density of mapped class | UGMS
markers in rice

Out of 2,851 class I UGMS markers in rice, 2,622 (92%)
showed significant hit (e=0) on the rice chromosomes.
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The matches were considered absent when the bit score
was less than 100. Most of these markers (2,140) had
unique positions in the rice genome. Multiple locations
were observed for 174 markers of which six mapped to
all the 12 rice chromosomes. The physical positions with
details of BLAST results have been given in the
Supplementary Excel sheet 3.

The overall map density of class I UGMS markers for
the whole rice genome was estimated as 141 kb and thus
considered as a high-density physical map. The size of
the marker interval varied from 174 bp to 3.26 Mb
(Supplementary Table 3). Chromosome 3 had maximum
UGMS markers (364) and thus the highest average map
density (99 kb) followed by chromosome 1 (355 mark-
ers, 121 kb). It could be due to their greater physical size
(http://www.rgp.dna.affrc.go.jp/IRGSP/Build3), pres-
ence of least heterochromatinized sequences and least
transposon association as compared to the other rice
chromosomes. The least number of markers (128) was
placed on chromosome 11 (Supplementary Table 3)
giving the lowest map density (221 kb) that might be due
to higher transposon association, even though it had
larger physical size than chromosomes 9 and 10. Large
physical gaps (=1 Mb) present in the UGMS marker
based rice physical map can be attributed to the absence
of class I microsatellites in the genes present in these
intervals and/or lower frequency of the available unig-
enes corresponding to these regions.

We constructed a framework physical map of rice
genome (Supplementary Figure 1) consisting of 825 class
I UGMS markers, with an average interval of 500 kb.
The chromosome 10 framework map for instance, con-
sists of 56 well distributed markers at an average interval
of about 405 kb (Fig. 1). These markers would be of
immediate use in various applications including tagging
of useful genes, marker-assisted background as well as
foreground selection, germplasm characterization and
variety identification in rice.

Density and anomalies of mapped class I UGMS
markers in wheat-bins

Of the 429 class I UGMS markers developed in wheat,
157 (37%) mapped to wheat chromosome bins
(Supplementary Excel sheet 1), while the rest did not find
any significant homology with the bin-mapped ESTs.
Fifty-six (36%) wheat UGMS markers mapped to un-
ique chromosome bins and the rest mapped to two or
more bins revealing intra and inter chromosomal
duplications (Supplementary Table 4). A maximum of
47 (30%) UGMS markers were located on the group 3
homoeologous chromosome bins giving 94 loci with a
mean of 2.00 loci per bin (Supplementary Table 4). The
number of mapped loci, however, varied from chromo-
some to chromosome with an average of 1.96 loci
per bin across all the homoeologous chromosomes
(Supplementary Figure 2). There were anomalies in
terms of a lack of correspondence of the order of the
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mapped class I UGMS markers in the homoeologous
chromosome bins. A maximum of 17 such anomalies
was observed in the group 3 homoeologous chromosome

<

Fig. 1 A framework physical map of rice chromosome 10 based on
56 unigene derived class I microsatellite markers placed at an
average interval of 405 kb. The positions of the markers in kb are
indicated on the left side. The identities of the markers are given on
the right side that corresponds to the GenBank Unigene ID of
NCBI as given in the Supplementary Excel sheet 3. UGRM
UniGene derived Rice Microsatellites. The size of the chromosome

bins (Supplementary Figure 3), possibly due to the
presence of a greater number of mapped loci. Of these,
eight were between chromosome 3A and 3B, two were
between 3A and 3D and seven were between 3B and 3D.
These could be the result of actual biological events such
as chromosomal rearrangements, transposition and gene
duplications. There was also conservation of marker
order across homoeologous groups as in the case of
chromosomes 4, 5 and 7, which could be due to trans-
locations involving 4AL, SAL and 7BS chromosome
arms (Nelson et al. 1995). Another type of anomaly was
observed among 4AL, 4BS and 4 DS chromosome arms
that might be due to pericentric inversion in the chro-
mosome 4A reported earlier by Mickelson-Young et al.
(1995). These bin-mapped wheat UGMS markers
provide invaluable information for a targeted mapping
of genes for useful traits, comparative genomics and
sequencing of gene-rich regions of the wheat genome.

Comparative mapping using class I UGMS markers
between rice and wheat

Comparative mapping was done by evaluating the sig-
nificant homeology of mapped class I UGMS markers
between rice and wheat. Sorrells et al. (2003) compared
the bin-mapped ESTs of all homoeologous groups of
wheat with the predicted gene sequences of rice and
showed that 81% of the rice BAC/PAC clones were
matched by wheat ESTs. In the present study, analysis
of the BLASTN results for the wheat groups 1 and 3
chromosome bin maps against the rice genome
(Supplementary Excel sheet 4) indicated that the map-
ped markers in group 1 chromosome bins shared the
highest level of correspondence with rice chromosome 5
(65.4%), followed by chromosome 10 (32.4%), while the
mapped markers in the group 3 chromosome bins
revealed maximum correspondence with rice chromo-
some 1 (91.2%). Most of the UGMS markers in the
proximal two bins (1AS3-0.85-1.00 and 1AS1-0.47-0.85)
of the short arm and the distal two bins (1AL1-0.17-0.61
and 1AL3-0.61-1.00) of the long arm of chromosome 1A
of wheat showed correspondence with the short arm of
rice chromosome 5 in the same marker order, while the
two bins (C-1AS1-0.47 and C-1AL1-0.17) in the
centromeric region had correspondence with the long
arm of rice chromosome 10 (in the same marker order).
Markers in the 1B and 1D chromosome bins were
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Fig. 2 Validation of conservation and cross-transferability of
class I UGMS-COS markers designed from the unigenes for
sucrose phosphate synthase (a) and pf-tubulin (b) containing
(CGG); and (GATC)s microsatellite motifs, respectively. Two
varieties were used in each of the five cereal species. 4 rice
(1-IR64 and 2-IRBB60), B Maize (1-CA14509 and 2-CA14510),
C Sorghum (1-Pusa Chari6 and 2-Pusa Chari9), D Wheat

mostly homoeologous to rice chromosomes 5 and 10
(Peng et al. 2004), but the correspondence did not follow
a distinct pattern like chromosome 1A. The mapped
UGMS markers in the entire 3A and 3B chromosome
bins gave maximum synteny with rice chromosome 1.
Six (75%) mapped markers in the distally located bin
(3DL3-0.81-1.00) of the long arm of chromosome 3D
were syntenic to rice chromosome 3, but the rest 17
(85%) of the bin-mapped markers were syntenic to
chromosome 1 (Supplementary Figure 3).

Results from the comparison of rice physical maps
against wheat revealed that for an individual rice
chromosome, there is a clear correspondence with a
specific homoeologous wheat chromosome (Supple-
mentary Table 5). The mapped class I UGMS markers
in rice chromosome 1 gave maximum synteny with
wheat group 3 chromosomes, whereas rice chromo-
somes 2 and 3 were related to wheat groups 6 and 4,
respectively (Supplementary Excel sheet 4). There was
synteny of two rice chromosomes to a single wheat
homoeologous chromosome. For instance, rice chro-
mosomes 4 and 7 gave clear correspondence with
wheat group 2, rice chromosomes 5 and 10 to wheat
group 1 and rice chromosomes 6 and 8 to wheat group
7. The observed synteny between rice and wheat
genomes is similar to the previous studies of Sorrells
et al. (2003) and La Rota and Sorrells (2004) based on
all rice genes. The identified rice UGMS markers
syntenic to wheat chromosomes would be useful for
transferring information about genes from the model
species rice to wheat.

(1-Kalyansona and 2-Sonalika) and E Barley (1-K551 and
2-RD2505). M 100 bp DNA ladder plus. The marker based on
sucrose phosphate synthase was monomorphic, while f-tubulin
derived UGMS marker showed two alleles. A 200 bp fragment
was amplified in rice, maize and Sorghum, whereas a 250 bp
fragment was present in wheat and barley

Conservation and cross-transferability of class I UGMS
markers in the cereal genomes

The conservation and cross-transferability of identified
class I UGMS markers across five cereal species as well
as with Arabidopsis based on significant sequence
homology is given in the Supplementary Table 6. At a
bit score of 100 ( < le-15), the class I microsatellite
containing unigenes of rice, wheat, maize, Sorghum and
barley gave high degree of homology with maize (1,308,
47%), barley (221, 51.5%), Sorghum (244, 88.4%),
maize (236, 87%) and wheat (195, 65%), respectively.
However, under such conditions the conservation of
the class I microsatellite repeat motifs and unigene se-
quences flanking these motifs in the syntenic cereal
species was not found, as shown in the Supplementary
Figure 4A. Our results are in contrast to the earlier
studies on the identification and evaluation of the
conserved orthologous set (COS) markers (Fulton et al.
2002) and interspecific cross-transferability (Varshney
et al. 2005), where the existence of conservation was
inferred based on very low expectation value ( < le-15)
and bit score (100). When the bit score was increased
to =500 ( < le-141), the conservation of the class I
microsatellite motifs and their flanking unigene se-
quences improved, as shown in Supplementary Figure
4B. Based on this strategy, we identified the class I
UGMS-COS markers. The COS markers of rice,
wheat, maize, Sorghum and barley followed a similar
homology trend as observed under lower stringency
conditions (Supplementary Table 6). These relationships
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are similar to the earlier phylogenic studies involving
the cereal genomes, which described the orthologous
and paralogous synteny among the Panicoideae (maize
and Sorghum), Triticeae (wheat and barley) and the
Oryzoideae (rice) groups (Gale and Devos 1998). The
results further agreed well with contemporaneous
divergence of the cereal genomes from a common
ancestor (Paterson et al. 2004; Swigonova et al. 2004).
A maximum of 9.5% of rice class I UGMS markers
showed homology with maize genome followed by
wheat (7.6%) indicating the existence of evolutionary
closeness as suggested by Wolfe et al. (1989) that rice
diverged from an ancestor of Sorghum and maize about
50 million years ago, whereas from an ancestor of
wheat about 70 million years ago. In contrast, least
homology was observed between the class I UGMS
markers of cereals and Arabidopsis, as they diverged
from each other 200 million years ago. However,
among the cereal genomes the rice class I UGMS
markers were more homologous to Arabidopsis. To
validate our predicted conservation and cross-transfer-
ability, a set of 22 class I UGMS-COS markers of
maize were used (Supplementary Table 7). All except
four UGMS markers amplified the same size of DNA
fragments (Fig. 2A) in all the five cereal species,
whereas four primer pairs amplified different size of
DNA fragments (Fig. 2B), thus experimentally vali-
dating our prediction. Our study thus identified class I
UGMS-COS markers that are cross-transferable
among the five cereal species and Arabidopsis. At high
stringency conditions (e =0), we have identified a set of
18 rice class I UGMS-COS markers those were con-
served across all the five cereal species and six markers
conserved across all the five cereals and Arabidopsis
(Supplementary Table 8). The UGMS-COS markers
were identified in different genes associated with basic
metabolic processes of energy generation, biosynthesis
and degradation of cellular building blocks such as
f-galactosidase, ATPase, ribosomal proteins and tran-
scription factors. These markers would be useful for
comparative mapping and phylogenetic analysis, and
facilitate the development of syntenic networks across
cereals necessary for understanding the evolution of
genes, genomes and gene functions. A database of
UGMS markers that would amplify orthologous loci
across species would be very useful to breeders and
geneticists, especially for minor or under-funded crop
species belonging to the grass family.

In summary, our study revealed the structure and
organization of microsatellites in the genic regions of
five major cereal genomes, which could be compared
with those of the dicot plant species 4. thaliana. A large
number of UGMS markers were developed for the five
cereal genomes. The use of these markers would reduce
the cost of future microsatellite marker development and
facilitate the production of comparative genetic and
physical maps, study of genetic diversity, gene mapping,
marker-aided selection and eventually positional cloning

of useful genes in cereals and other important members
of the grass family.
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