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Abstract Genomic microsatellite markers are capable
of revealing high degree of polymorphism. Sugarcane
(Saccharum sp.), having a complex polyploid genome
requires more number of such informative markers for
various applications in genetics and breeding. With the
objective of generating a large set of microsatellite markers
designated as Sugarcane Enriched Genomic MicroSatellite
(SEGMS), 6,318 clones from genomic libraries of two
hybrid sugarcane cultivars enriched with 18 different
microsatellite repeat-motifs were sequenced to generate
4.16 Mb high-quality sequences. Microsatellites were
identified in 1,261 of the 5,742 non-redundant clones that
accounted for 22% enrichment of the libraries. Retro-
transposon association was observed for 23.1% of the
identified microsatellites. The utility of the microsatellite
containing genomic sequences were demonstrated by higher
primer designing potential (90%) and PCR amplification
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efficiency (87.4%). A total of 1,315 markers including 567
class I microsatellite markers were designed and placed in
the public domain for unrestricted use. The level of poly-
morphism detected by these markers among sugarcane
species, genera, and varieties was 88.6%, while cross-
transferability rate was 93.2% within Saccharum complex
and 25% to cereals. Cloning and sequencing of size variant
amplicons revealed that the variation in the number of
repeat-units was the main source of SEGMS fragment
length polymorphism. High level of polymorphism and
wide range of genetic diversity (0.16-0.82 with an average
of 0.44) assayed with the SEGMS markers suggested their
usefulness in various genotyping applications in sugarcane.

Introduction

Microsatellites or simple sequence repeats (SSRs) are
arranged in tandem repeats of one to six nucleotide long
DNA motifs dispersed throughout the eukaryotic genomes.
The unique sequences flanking the microsatellite motifs are
used to design primers for locus specific amplification.
High degree of allelic variation revealed by microsatellite
markers results from variation in number of repeat-motifs
at a locus caused by replication slippage and/or unequal
crossing-over during meiosis (Goldstein and Schlotterer
1999). Microsatellite markers have gained considerable
importance in plant genetics and breeding owing to their
many desirable genetic attributes including hypervariabil-
ity, wide genomic distribution, co-dominant inheritance,
reproducibility, multi-allelic nature, and chromosome-
specific location. These markers are amenable to high-
throughput genotyping and are thus suitable for paternity
determination, construction of high density genome maps,
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mapping of useful genes, marker-assisted selection, and for
establishing genetic and evolutionary relationships. A large
number of microsatellite markers are now available for
completely sequenced plant genomes, namely rice (IRGSP
2005) and Arabidopsis thaliana (Arabidopsis Genome
Initiative 2000). Publicly available expressed sequence tag
(EST) and unigene sequences, which correspond to the
expressed component of the genome have also been used to
design such markers (Parida et al. 2006). Advancement in
enrichment techniques and selection of microsatellite
containing clones from genomic library has led to the
development of genomic microsatellite markers in many
plant species including maize (Sharopova et al. 2002), rice
(Chen et al. 1997), wheat (Pestsova et al. 2000), and barley
(Liu et al. 1996).

The genome of modern sugarcane cultivars is a complex
blend of aneuploidy and polyploidy derived from the inter-
specific hybridization involving different Saccharum
species particularly, S. officinarum and S. spontaneum. Use
of an efficient molecular marker system is essential for
sugarcane genome for understanding the genetic and taxo-
nomic complexity, and broadening the genetic base of
sugarcane cultivars, thereby improving sugar yield and its
stabilization against abiotic and biotic stresses. The desir-
able attributes of microsatellites as DNA markers have
encouraged the development (Cordeiro et al. 1999) and
utilization of microsatellite markers for many applications in
sugarcane genetics and breeding (Rossi et al. 2003; Aitken
et al. 2005). Microsatellite markers have also been designed
from the publicly available EST databases of sugarcane
(Pinto et al. 2004). Being derived from the conserved
expressed component of the genome, the EST derived
microsatellite markers have shown high degree of cross-
transferability, but low level of polymorphism among
Saccharum species clones and related genera (Cordeiro et al.
2001). In contrast, the microsatellite markers developed
from the genomic sequences are reported to be more poly-
morphic than the EST-derived markers in the Saccharum
complex (Pinto et al. 2006). A limited number of (about 200)
genomic microsatellite markers (International Sugarcane
Microsatellite Consortium, ISMC; http://www.scu.edu.au/
research/cpcg) till date have been developed in sugarcane
from the microsatellite enriched genomic library (Cordeiro
et al. 2000) and evaluated for their utility in genome analysis
(Pinto et al. 2004; Aitken et al. 2005). Sugarcane with a large
polyploid genome requires more such highly informative
genomic microsatellite markers for various applications in
genetics, genomics and breeding.

The objectives of the present study were to develop a
larger set of genomic microsatellite markers, determine
their frequency and relative distribution and evaluate their
cross-transferability, polymorphic potential, and efficiency
in assessment of molecular genetic diversity in sugarcane.
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Materials and methods

Construction of genomic library enriched
for microsatellites

Two genomic libraries, one of high sugar containing and
red-rot resistant popular Indian sugarcane hybrid cultivar
Co 7201 enriched for 12 different microsatellite repeat-
motifs, namely (CA)i6, (GA)14, (CAA)g, (AAC)y, (CAC)o,
(AGA) 10, (ACA)10, (CAT)y0, (TTC)10, (GAT) 10, (CTT)1o
and (GATA)g and another of high sugar containing com-
mercial sugarcane hybrid cultivar Co 86011 enriched for
six different microsatellite repeat-motifs, namely (CGG),
(GCA)19, (AAAG)g, (CGGC)g, (CCCCT)7 and (GTCC
CG)g were constructed. The total genomic DNA was iso-
lated from fresh leaves and used for constructing genomic
library. Minor modifications to an existing microsatellite
enrichment procedure (Edwards et al. 1996) enabling
optimization for complex plant genomes (Cordeiro et al.
1999) were carried out. Twenty microgram genomic
DNA was nebulized and size fractionated to generate DNA
fragments in the desired size range (0.5-1 kb). The DNA
fragments were purified from gel, end polished and ligated
with 1 pg of 21 mer adaptor (CTCTTGCTTAGATC
TGGACTA). The ligated fragments were amplified by
PCR and passed through streptavidin coated paramagnetic
beads (New England Biolabs, Inc., NEB, USA) containing
5" end biotinylated synthetic oligonuleotide microsatellite
repeat-motif probes to select the genomic DNA fragments
containing microsatellites. The eluted single stranded
enriched DNA fragments were washed two times (5 min
per wash) in 6x SSC + 0.1% SDS at 65°C followed by
two washes in 6x SSC at room temperature, PCR ampli-
fied using the adaptor primers, ligated with the pGEM-T
Easy vector (Promega, USA) and transformed into com-
petent DH50 Escherichia coli strain by electroporation
(BIO-RAD, USA). The transformed cells were screened for
blue/white colony and the white positive colonies were
selected followed by confirmation for the presence of insert
by restriction using EcoRI. A total of 6,318 microsatellite
enriched genomic clones were picked up from the two
genomic libraries and archived in 96-well microtitre cul-
ture plates containing 150 pl of LB freezing medium,
incubated overnight at 37°C for growth and finally stored
in —80°C deep freezer.

Sequencing of microsatellite enriched genomic clones

The genomic clones of the enriched libraries were grown
overnight at 37°C in 5 ml LB medium containing 100 pg/
ml ampicillin and the plasmid DNA was isolated using
R.E.A.L. prep plasmid kit (Qiagen, USA) and sequenced
directly with M13 universal primers in both forward and
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reverse directions using the capillary-based automated
MegaBACE 4000 sequencer (Amersham Biosciences,
USA). The trace files were base called and checked for
quality using phred and assembled using phrap software
tools. Sequences containing at least 100 continuous
nucleotides with a phred score greater than 20 were clus-
tered by phrap with a minimum consensus phrap score
of 80. The assembled contigs were viewed and edited
using consed. The high-quality sequences thus obtained
were used further for mining and characterizing the
microsatellites.

Microsatellite mining and primer design

The high quality sequences of the unique genomic clones
were searched for microsatellites as described earlier
(Parida et al. 2006). The identified microsatellites were
designated as Sugarcane Enriched Genomic MicroSatellites
(SEGMS), characterized as perfect (monomers to hexa-
mers) and compound (non-interrupting and interrupting)
repeat-motifs, and grouped into class I (=20 nucleotides)
and class II (12-20 nucleotides) types. Their relative fre-
quency and distribution in the genomic sequences were
estimated. Primers (forward and reverse) were designed in a
batch module manner from the flanking sequences of the
identified microsatellite motifs employing the microsatel-
lite primer discovery tool (http://hornbill.cspp.latrobe.
edu.au/cgi-binpub/indexssr.pl) based on the criteria
described earlier (Parida et al. 2006) to develop SEGMS
markers. The SEGMS repeat-motifs containing genomic
sequences were BLAST searched (http://www.ncbi.nlm.
nih.gov/blast.html) against the nucleotide nr database and
the matching (E values of <le-15 and bit score of >100)
sugarcane genomic sequences were annotated for deter-
mining their similarity with the repetitive transposable
elements.

Evaluation of amplification efficiency and polymorphic
potential

We designed 270 primer-pairs and studied their amplifica-
tion efficiency using the template DNA of the sugarcane
variety Co 7201 from which one genomic library was
constructed. The PCR conditions particularly the annealing
temperature (varying from 50 to 60°C) for each primer was
standardized. Forty-four of these were used to evaluate their
polymorphic potential using 21 genotypes belonging to five
sugarcane species, three related genera, eight commercial
Indian varieties, and five cereal species (Table S1 in elec-
tronic supplementary material). The amplified products
were resolved in 10% polyacrylamide gel using 0.5x TBE
buffer, run at 200 V between 2 and 3 h depending on the
size of the expected PCR product, and visualized under UV

light following staining with GelStar (CAMBREX Biosci-
ence, USA). The band sizing of the amplicons generated by
the SEGMS markers was determined as against 50 bp DNA
ladder. The polymorphic information content (PIC) for each
SEGMS marker was calculated using the expression,
PIC=1— ZP% (Anderson et al. 1993), where Pj; is the
frequency of the jth allele for ith locus summed across all
alleles for the locus. Cluster analysis among the Saccharum
species, varieties and related genera was based on Jaccard’s
similarity coefficient (Jaccard 1908) by using the un-
weighted pair group method analysis (UPGMA) and SAHN
clustering algorithm in the NTSYS version 2.02e (Applied
Biostatistics, Inc.) software package. The confidence limits
of UPGMA based dendrogram was determined by bootstrap
analysis. Five hundred bootstrap replicates were computed
and bootstrap of 50% majority rule consensus tree was
constructed using the bootstrap procedure of the WinBoot
software program (Yap and Nelson 1996). The potential of
44 SEGMS markers for showing cross-transferability,
polymorphism and molecular diversity, and establishing
genetic relationships in Saccharum species, related genera,
varieties, and five cereals was compared with that observed
for the 21 unigene derived microsatellite (UGMS) markers
designed for sugarcane (Unpublished).

Cloning and sequencing of SEGMS length variants

Amplicons obtained for three SEGMS markers, namely
SEGMS33, SEGMS36, and SEGMS122 with (TGT),,
(GA);5, and (AC);, repeat-motifs, respectively, were
eluted from polyacrylamide gel, purified, cloned, and
sequenced as described above. Ten random positive clones
containing inserts of individual PCR amplicons obtained
from each of three SEGMS markers amplified in eight
commercial Indian sugarcane varieties including Co 7201
were sequenced in both forward and reverse directions. The
high-quality sequences generated after phred and phrap
analysis for all the ten clones of individual variety were
assembled. The consensus sequences were derived for each
variety and compared among themselves and with the
original sequence from which the primers were designed
using CLUSTALW multiple sequence alignment tool
employing BIOEDIT software (http://www.mbio.ncsu.
edu/BioEdit/bioedit.html).

Results

Isolation and characterization of microsatellites
from the enriched genomic libraries of sugarcane

Two enriched genomic libraries of sugarcane containing
6,318 genomic clones with an average insert size of 659 bp
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(varied from 0.5 to 1 kb) were sequenced in both forward
and reverse directions (12,636 sequencing reactions) gen-
erating 4.16 Mb high-quality sequences after phred and
phrap analysis. Of these, 576 (9.1%) clones (0.66 Mb
sequences) were found redundant and thus not considered
further (Table S2). Hence, the marker design was based on
3.5 Mb high-quality sequences from 5,742 non-redundant
clones. A total of 1,261 clones were identified to have
microsatellite repeat-motifs (1,077 perfect and 184 com-
pound excluding mononucleotides) accounting for overall
22% enrichment of the genomic libraries for microsatellites
(Table S3). Most (169, 91.8% of the total microsatellites)
of the compound microsatellites were interrupting types
and the remaining (15, 8.2%) were non-interrupting types.
The frequency of mononucleotides was 15% of total per-
fect microsatellites identified. The mononucleotides
showed a strong bias (76.7%) toward C/T repeat-motifs,
while the rest contained A/G repeat-motifs. A majority
(97.8%) of the mononucleotide repeats were 10-29 bases
long and the remaining extended up to 51 bases (Cs).
Trinucleotide repeat-motifs were the most abundant
class of microsatellite which accounted for 48.5% (621) of
all perfect microsatellites identified (Table S4). Trinu-
cleotide motifs were followed by dinucleotide (30.4%,
389), tetranucleotides (13.6%, 174), pentanucleotides
(6.5%, 84), and hexanucleotides (0.9%, 11) repeat-motifs.
Among the trinucleotide repeats, the motifs (ACA),, (108,
17.4% of total trinucleotide repeats) were most abundant
(Table S4) followed by (CAA), (78, 12.5%), and (AAC),,
(57, 9.2%). Among the dinucleotide repeats, CA motifs
(80, 20.6% of total dinucleotide repeats) were the most
common followed by GA (53, 13.6%) and TA (32, 8.2%).
The most abundant tetranucleotide, pentanucleotide, and
hexanucleotide repeat-motifs were TCTA (13.2%),
GTGTT (13%), and TTCTTT (27.2%), respectively
(Table S4). The dinucleotide repeats were the longest with
a maximum motif length of 60 nucleotides. The expansion
of trinucleotide repeat-motifs was up to 49 times, while
those of tetranucleotide, pentanucleotide, and hexanucleo-
tide repeats were up to 12, 13, and 11 times, respectively. A
set of 457 longer perfect and 166 compound class I
microsatellite containing clones were identified. The den-
sity of perfect and compound class I repeat-motifs was one
in every 7.7 and 21.1 kb of genomic sequences whereas its
proportion was 35.7 and 90.2% of the total microsatellites
identified, respectively (Table S4). The class I dinucleo-
tide, trinucleotide, tetranucleotide, pentanucleotide, and
hexanucleotide repeat motifs were 11.4, 55.6, 22.3, 8.3,
and 2.4% of the total perfect class I microsatellites,
respectively (Fig. la, b). In silico analysis revealed that
230 (18.2%) of the 1,261 microsatellite motif containing
enriched genomic sequences showed significant nucleotide
level homology (E value of <le-141 and bit score of
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Fig. 1 Comparative distribution of different repeat-motifs under long
hypervariable class I (a) and potentially variable class II (b)
microsatellites developed from the enriched genomic library of
sugarcane. Trinucleotide was the most abundant repeat motif in both
class I (254, 55.6%) and class II (367, 44.6%) category, which was
followed by tetranucleotide motifs (102, 22.3%) under class I and
dinucleotide motifs (337, 41%) under class II

367 (44.6%) /

>500) to known transposable elements like Copia/Tyl and
Gypsy/Ty3 groups of long terminal repeat (LTR) retro-
transposons (Table S5) as well as the non-LTR
retrotransposons (62, 5%). Alignment of individual retro-
elements with the microsatellite containing genomic
sequences indicated their presence in the vicinity of
microsatellite repeat-motif regions (Fig. S1 in electronic
supplementary material).

Development of SEGMS markers and their PCR
amplification efficiency

The primers flanking the microsatellite repeat-motifs could
be designed for 1,315 (90%) of the 1,463 microsatellite
positive clones identified. The primer sequences along with
Tm values and product sizes for 1,168 perfect SEGMS
markers including 420 class I types are given in the
Table S6 A and B. Besides, the primer sequences for 147
compound class I SEGMS markers containing either ten
non-interrupting (6.8%) or 137 (93.2%) interrupting types
were designed and provided in the Table S7. More than
one microsatellite (varying from two to four) either with
similar or different perfect repeat-motifs interrupted by
>100 nucleotides were identified in 102 sugarcane geno-
mic sequences. Each of such multiple repeat-motifs in a
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genomic sequence was considered as individual SEGMS
for primer designing and thus a total of 1,168 SEGMS
markers were designed in this study from 1,077 genomic
sequences. All the 1,077 perfect microsatellite containing
genomic sequences of sugarcane were submitted to
NCBI GenBank (Accession numbers from FI129988 to
FI131064) for unrestricted use. To determine amplification
efficiency of the SEGMS markers, 270 markers designed
from the flanking sequences of class I and class II micro-
satellite repeat-motif types were chosen and used in PCR
amplification. Two hundred and fifty-seven (95.2%) of
these gave successful amplification and remaining did not
work in any of the 21 genotypes including the one from
which the library was constructed. Two-hundred and thirty-
six (91.8%) of the 257 amplified SEGMS markers pro-
duced fragments of expected size in metaphor agarose gel.

Cross-transferability and polymorphic potential
of SEGMS markers

Forty-four SEGMS markers including 28 class I and 16
class II repeat-motif types were used to understand their
cross-transferability — potential. However, successful
amplification of either similar or varying sized fragments
obtained with 41 markers in Saccharum species and
related genera and 11 markers in five cereal species sug-
gested 93.2 and 25% transferability of the SEGMS
markers designed from a hybrid sugarcane cultivar to the
members of Saccharum complex and cereals, respectively.
In contrast, with the genic microsatellite markers, the
cross-transferability rate was higher (95.2%) to both
Saccharum complex and cereals. The efficiency of markers
to detect polymorphism was studied in a set of 21 genotypes
belonging to five sugarcane species, three related genera,
eight varieties, and five cereal species (Table 1). Forty-one
(93.2%) markers were polymorphic (mean PIC of 0.75)
among these genotypes (Fig. 2a), of which 11 (100%,
mean PIC of 0.78) amplified dinucleotide repeat-motifs,
28 (90.3%, PIC of 0.70) trinucleotide motifs, and two
(100%, PIC of 0.80) tetranucleotide motifs. All the 28
(100%, mean PIC of 0.78) class I markers and 13 (81.2%,
mean PIC of 0.73) of the 16 class II markers showed
polymorphism among the Saccharum species, genera,
varieties, and cereals. Thirty-nine (88.6%) of the 41
markers showed polymorphism (mean PIC of 0.76) among
the sugarcane species and related genera, whereas 33
(75%) detected polymorphism (mean PIC of 0.79) among
the eight sugarcane varieties. A total of 388 fragments
were amplified by 41 polymorphic SEGMS markers in the
21 genotypes used in this study. The number of fragments
amplified by the polymorphic SEGMS markers varied
from three to fifteen with an average of nine per marker in
sugarcane.

The potential of 44 SEGMS markers was compared with
that of 21 microsatellite markers derived from the unigene
sequences of sugarcane to detect polymorphism in the
same set of 21 genotypes. The genic microsatellite markers
detected lower level of polymorphism (38%) with one to
four alleles per locus (Fig. 2b) giving an average PIC of
0.52 in contrast to SEGMS markers. The extent of inter-
varietal polymorphism (19%, mean PIC of 0.51) as
detected by genic microsatellite markers was much lower
(Table 2) as compared to the SEGMS markers.

Molecular basis of the SEGMS fragment length
polymorphism

For determining the pattern of SEGMS fragment length
variation, the size variant amplicons for the markers
SEGMS33, SEGMS36 and SEGMS122 from eight sugar-
cane varieties were cloned and sequenced. High quality
sequence alignment revealed that the size variant ampli-
cons contained the expected microsatellite motif
sequences, but variable number of repeat-units with con-
served primer binding sites. For instance, the sequence
analysis of length variant amplicons at SEGMS33 locus
had the expected (TGT), motif with the repeat number
being either 11 or 15 in different sugarcane varieties
(Fig. 3). It thus revealed that the presence of variable
number of repeat-units in different amplicons was the
major source of SEGMS fragment length polymorphism in
sugarcane.

Genetic relationships among the sugarcane genotypes
as revealed by SEGMS markers

The SEGMS markers revealed a broader range of pair-wise
genetic similarity among 16 genotypes belonging to spe-
cies, related genera, and commercial varieties of sugarcane
that varied from 0.16 to 0.82 with an average of 0.44 as
compared to those estimated for the UGMS markers (range
0.50-0.80 with average of 0.67). The similarity among the
eight sugarcane varieties varied from 0.57 (CoS 8436 and
Co 8021) to 0.80 (Co 8021 and Co 8371) with an average
of 0.73 in case of UGMS markers while for SEGMS
markers, that ranged from 0.39 (Co 1148 and Co 419) to
0.82 (Co 8021 and Co 8371) with an average of 0.53. Both
the marker types revealed higher similarity of the varieties
with the sugarcane species than the related genera. The
genetic relationships among the genotypes as depicted in
dendrograms (Fig. 4, Fig. S2) revealed similar cluster
pattern supported by high bootstrap values with the two
marker types. All the clones of five Saccharum species
were included in a major cluster (I), while the commercial
sugarcane varieties remained together in a different cluster
(IT). The three related genera, which were highly divergent
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Table 1 continued

PIC

Size (bp) range Polymorphic (P)/ Range of
of fragments

amplified

Annealing

Reverse primer sequences (5'-3')

Forward primer sequences (5'-3')

Repeat
motifs

SEGMS

SI. no.

value

fragments
amplified

monomorphic

M)

temperature
(T°0)

markers

0.76
0.0

6-14
3-7
7-12
3-6
3-5
5-8
6-8
3-6

P

150-1,000
100-550

56

GAGAAGAGGTAGAGGAAGACCT
ATTACTGTGGTCCTTCGTAACT
AGTCTGTCTGTTGCGTGTTT

TTTCATGACAAAGCAATAATGT
GAATCCAGCTAGTCATACTGGT
ACACCGATCGCTCGTTCTCG

SEGMS210 (CAA)s

35
36
37
38
39
40

M
P

58
61

(TCA)s
(GO),

SEGMS254

0.77
0.68
0.0

50-950
100-600
100-500

SEGMS256

58
55
55

TTACTTGTCCTACAATCATCCA
CACCATATCCTTTCTTCTTCAT

TAGATCTGGACTAATGAGGCTT
GTTGCTCTGAAACTATAGAGGG
CACCTAGTTATGGGAACTTCAT
CTCTTCTTTCTTGTTCCTTCAC

(GAC)4

SEGMS375

M

(TGA)s

SEGMS390

0.74
0.76
0.69
0.77
0.76

50-900

GAGTACCTTTACTGTCGTCCTC

(AGA)s

SEGMS400

P
P
P
P

50-1,000
100-800

55

TATTCTTAGTGGAAATCTTGGG
TTGTACTATTACTGTTAGCGGC
TGCAACGACACTAGTACTGAC

(AAC)s
(AG)s
(CT)s

SEGMS786

41

AGAGAGAGAGCATCGACTAAAG
GAGCTGCACTCTCTCTCTACTC

SEGMS940

42

5-10
6-9

150-1,000
50-900

56

SEGMS989

43

TAACATCATCACCAATCATTTC GACGTCGGGCCCAACTGGACGCG 56

SEGMS1029 (CCT)s

44

from the Saccharum species and varieties, were grouped in
a separate cluster (III). The relationship among the varie-
ties based on the two microsatellite types however, did not
show complete correspondence.

Discussion

The pre-cloning selective hybridization based microsatel-
lite enrichment technique is a robust, reproducible and
cost-effective approach for isolating large number of
microsatellites from diverse plant species with higher
efficiency. The level of enrichment of sugarcane genomic
libraries for different microsatellite motifs in the present
study was 22%. This enrichment rate was higher than the
range (10-20%) observed for similar enriched libraries in
many crop plants, particularly in the graminaceous species,
namely sugarcane (Cordeiro et al. 1999), rice (Chen et al.
1997), wheat (Pestsova et al. 2000), maize (Sharopova
et al. 2002), and Sorghum (Bhattramakki et al. 2000).
Trinucleotide repeat-motifs were the most prevalent
class of microsatellite among the SEGMS identified in
sugarcane primarily because multiple probes with trinu-
cleotide repeat motifs were used during the enrichment
process. Higher frequency of (CA), dinucleotide repeat-
motifs than (GA), in the SEGMS is comparable to those
observed in earlier studies of sugarcane (Cordeiro et al.
2000), but not in line with other grass species (Powell et al.
1996; Chen et al. 1997), where the (GA), rich motifs were
reported to be abundant. This reflected a significant devi-
ation of sugarcane from its other family members. The
microsatellites with longer repeat-motifs that possibly
result from high length dependent replication slippage have
a higher tendency to be polymorphic (Temnykh et al.
2001). The proportion of perfect class I repeat-motifs was
found in 35.7% of the total SEGMS identified, which
suggested that the markers designed in this study from the
sugarcane genomic libraries included a significant propor-
tion of class I repeat-motifs and thus would have greater
utility in sugarcane. Interestingly, 23.1% of the microsat-
ellite containing sugarcane genomic sequences had
significant sequence homology to retrotransposons. This
compares with earlier observations on the ubiquitous and
abundant distribution of Copia and Gypsy types LTR ret-
rotransposons in sugarcane (36%, Rossi et al. 2001), maize
(32%, Bennetzen 2000), and rice (13%, IRGSP 2005)
genomes. The insertion and accumulation of retrotranspo-
sons between the genes possibly have played a major role
in plant genome expansion (Bennetzen 2000). Thus, their
wide genomic distribution and high degree of sequence
variation in the large complex sugarcane genome (Rossi
et al. 2001) are expected. This suggested the potential use
of retrotransposon associated SEGMS repeat-motif
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A M1 2 3 4 5 6

7 8 9

100 bp —p

B M 1 2 3 4 56 7

170 bp —»

Fig. 2 Amplification profiles of class I SEGMS (a) and genic (b)
microsatellite markers containing (TGT);; and (TA),, repeat-motifs,
respectively, in 21 genotypes belonging to five cereal species and five
sugarcane species clones, three related genera and eight commercial
varieties. Lanes 1 barley, 2 wheat, 3 rice, 4 maize, 5 Sorghum, 6 S.
officinarum, 7 S. barberi, 8 S. sinense, 9 S. robustum, 10 S.
spontaneum, 11 Narenga, 12 Sclerostachya, 13 Erianthus, 14-21

sequences as a source to develop polymorphic class of
genetic markers in sugarcane.

Primer-pairs could be designed from the flanking
genomic sequences for 90% of the identified microsatellite
motifs in sugarcane. Our failure to design primers for the
rest (10%) was due to different attrition factors such as
failure of sequencing past the microsatellite motifs (4%, 51
out of 1,261 clones) and/or location of repeat-motif tract
too near to the clone insertion sites (5.1%, 65), thus
offering little or no flanking regions for designing primers.
The clone exclusion and hindrances observed during the
construction of sugarcane enriched genomic library have
been commonly observed earlier in other crop species
(Ramsay et al. 2000; Bhattramakki et al. 2000). Earlier,
Cordeiro et al. (2000) 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 clone containing microsat-
ellites varied from 51% in wheat (Pestsova et al. 2000) to
66% in Sorghum (Bhattramakki et al. 2000). Higher effi-
ciency in the present study could be due to appropriate
insert size selection for enrichment and generation of
longer high-quality sequences through bidirectional
sequencing of microsatellite enriched genomic clones, thus

@ Springer
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commercial sugarcane varieties Co 419, Co 8021, Co 8371, CoPant
84212, CoS 8436, Co 1148, Co 62175 and Co 86249. The banding
pattern obtained with the SEGMS markers was far more complex than
that generated with the UGMS markers. Amplicons were resolved in
10% native PAGE. M 50 bp DNA ladder. Arrows indicate the
polymorphic amplicons

offering enough flanking sequences to design primers for
amplification of individual microsatellite loci.

The utility of SEGMS markers was evaluated by their
potential to amplify the target sequence and detect poly-
morphism. The primers designed from the sequences
flanking the microsatellite repeat-motifs were found highly
efficient in giving amplification with a success rate of
87.4%. This was significantly higher than the amplification
efficiency reported earlier for similar enriched genomic
libraries in wheat (49%, Roder et al. 1998), but marginally
higher/comparable to sugarcane (80%, Cordeiro et al.
2000) and Sorghum (85%, Bhattramakki et al. 2000). The
genomic sequences from which primers were designed had
balanced (52-53%) GC content, which possibly supported
greater primer binding (Temnykh et al. 2001), and thus
provided higher amplification efficiency of SEGMS
markers in sugarcane.

Further, 93.2% (PIC of 0.75) of the markers designed in
this study had potential of showing polymorphism among
the Saccharum species, related genera, and varieties. This
is higher than the level reported earlier with the micro-
satellite markers derived from the enriched genomic
libraries of sugarcane (91%, Cordeiro et al. 2000; 35%,
Pinto et al. 2004; 72%, Aitken et al. 2005), maize micro-
satellites (46%, Selvi et al. 2003), and random markers
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Table 2 Comparison of the cross-transferability and polymorphic potential of the SEGMS markers with that of UGMS markers

Cross-

Mean PIC  Polymorphic

Polymorphism
observed

Source of Number of Number of fragments
amplified

Microsatellite
markers

transferability

to five
cereals

potential

markers used

sequence

Inter-varietal

Inter-specific

Inter-generic

Total®

Class 1"

Minimum Maximum Average Class I*

Total

Class
I

Class

and Saccharum
complex

PIC Total®

PIC  Per cent

PIC  Per cent

Per cent

polymorphism* polymorphism*

polymorphism*

073 33 (75) 0.79 26 (59)

076 36 (81.8)

13 (81.2) 41(93.2) 075 39 (88.6)

28 (100)

9

15

28 16 44

Genomic

SEGMS

sequences

057  4(19) 0.52 20 (95.2)

0.57 7(33.3)

7 (33.3)

0.52

8 (38)

8 (38)

21

21

Unigene

UGMS

sequences

? The number in the bracket is the percentage of markers showing polymorphism

such as RAPD (67%, Nair et al. 2002) and AFLP (71%,
Selvi et al. 2006). The extent of polymorphism as detected
by SEGMS markers was comparatively higher than the
microsatellite markers derived from the unigene sequences
(38%). It could be due to the use of highly conserved
expressed coding sequences as against less conserved
genomic sequences, which are under moderate selection
pressure (Cho et al. 2000). We observed that the SEGMS
markers, particularly for the longer class I tetranucleotide
and dinucleotide repeat-motifs showed higher potential
(100%) to detect polymorphism as compared to those from
the class I trinucleotide (90.3%) and class II motifs
(81.2%). This reflected a correlation between the type and
length of repeat-motifs with the level of polymorphism as
reported earlier in rice (Temnykh et al. 2001) and thus
provided a strategy for rapid selection of more polymor-
phic markers for genotyping applications in sugarcane.
Sequencing of SEGMS fragment length variants at three
microsatellite loci revealed that the presence of varied copy
number of repeat-motifs in different amplicons was the
primary basis of SEGMS fragment length polymorphism.
Such fragment length polymorphism at microsatellite loci
due to large variation in the copy number of repeats have
been reported earlier in rice (Cho et al. 2000), maize
(Matsuoka et al. 2002), and chickpea (Sethy et al. 2006).

The extent of cross-transferability of a marker system
determines its suitability in comparative genome mapping
and phylogenetics. Striking differences in the levels of
cross-transferability observed for SEGMS (25%) and
UGMS (95%) markers to cereals was most likely because
of assay of different regions of the genome by these two
markers (Cho et al. 2000; Pinto et al. 2006). UGMS
markers being derived from coding region of the genome
are expected to be more conserved and thus more cross-
transferable. However, high (93.2%) cross-transferability
of SEGMS markers to Saccharum species and related
genera suggested the utility of these markers in mapping of
genes from related species and genera, identification of true
inter-generic and inter-specific hybrids, monitoring of
introgression from the unadapted relatives to the cultivated
genetic backgrounds, comparative mapping, and estab-
lishing evolutionary relationship.

The SEGMS markers detected a wider range of genetic
diversity (0.16-0.82; an average of 0.44) among the Sac-
charum species, related genera and Indian commercial
sugarcane varieties than the unigene derived microsatellites
used in this study (0.50-0.80; 0.67) as well as the other
markers, namely RAPD (0.59-0.81; 0.71; Nair et al. 2002),
maize microsatellites (0.40-0.73; 0.64; Selvi et al. 2003),
and AFLP (0.52-0.83; 0.62; Selvi et al. 2005), which were
employed earlier using a larger set of species clones and
Indian varieties. It thus revealed higher efficiency of the
SEGMS markers and suggested that a smaller set of
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Fig. 3 Multiple sequence
alignment of the size variant
fragments amplified from Co
7201 and eight other sugarcane
varieties for the SEGMS33
marker showing the presence of
microsatellite repeat-motif,
(TGT),, with 11 repeat-units in
CoPant 84212, CoS8436, Co
1148 and Co 86249 and 15
repeat units in Co 419, Co 8021,
Co 8371 and Co 62175. The
repeat motifs are conserved;
however, the presence of SNPs
in the flanking genomic
sequences is highlighted.
Arrows indicate the repeat-motif
sequences
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Fig. 4 Dendrogram showing genetic relationship among the sugarcane species clones, related genera and Indian sugarcane varieties based on
Jaccard’s similarity coefficient using 44 SEGMS markers. The bootstrap values are indicated at the nodes in each cluster

@ Springer



Theor Appl Genet (2009) 118:327-338

337

SEGMS markers can be effectively used for assaying more
relevant regions of large and polyploid sugarcane genome
for revealing higher level of genetic diversity. Correspon-
dence of genetic relationship established by these markers
with the expectations based on taxonomic and pedigree
relationship (Daniels et al. 1975; D’Hont et al. 1993)
suggested that the genetic diversity assayed by the SEGMS
markers was realistic and thus would be of use in sugarcane
breeding when applied to a larger set of germplasm lines.

Genetic analysis has been hindered in sugarcane because
of its complex polyploid genome and lack of sufficiently
informative markers. A large number of useful polymor-
phic markers are thus required for mapping the whole
genome, finding markers tightly linked to target genes and
monitoring introgression for broadening the genetic base of
sugarcane varieties. Our results suggested that the SEGMS
markers developed in this study would be of immense use
for various genotyping applications in sugarcane.
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