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Abstract Expressed sequence tags (ESTs) are important
resources for gene discovery and molecular marker
development. From over 147,000 ESTs of Medicago
truncatula, we have identified 4,384 ESTs containing
perfect simple sequence repeats (EST-SSR) of di-, tri-,
tetra- or pentanucleotides. Six hundred sixteen primer
pairs (PPs) were designed and screened over a panel of
eight genotypes representing six Medicago spp. and
subspecies. Nearly, 74% (455) of the PPs produced
characteristic SSR bands of expected size length in at
least one Medicago species. Four hundred six (89%) of
these 455 PPs produced SSR bands in all eight genotypes
tested. Only 17 PPs were M. truncatula -specific. High
levels of polymorphism (>70%) were detected for these
markers in alfalfa, M. truncatula, and other annual
medics. About 48% of the reported markers are part of
gene transcripts linked to putative functions. Our results
indicate that the SSR markers developed from M.
truncatula ESTs are valuable genetic markers for the
Medicago genus. These markers will be useful in
establishing the genomic relationships of M. truncatula
to important forage legume crops such as alfalfa and other
annual medics.

Electronic Supplementary Material Supplementary
material is available in the online version of this article
at http://dx.doi.org/10.1007/s00122-003-1450-6.
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Introduction

The co-dominant simple sequence repeat (SSR) or
microsatellite markers have become the marker class of
choice for molecular mapping and breeding of many plant
species. The development of SSR markers from genomic
libraries is expensive and inefficient. However, with the
availability of large numbers of expressed sequence tags
(ESTs) and other DNA sequence data, development of
SSR markers through data mining has become a fast,
efficient, and low-cost option for many plant species. This
is due to the fact that the time-consuming and expensive
processes of generating genomic libraries and sequencing
of large numbers of clones for finding the SSR containing
DNA regions are not needed in this approach. A modest
1% to 5% of the ESTs in various plant species have been
found to have SSRs of suitable length (20 nt or more) for
marker development (Kantety et al. 2002). It should be
possible to find a large number of these SSRs in an
organism for which a great number of ESTs have been
generated.

The scope of EST-SSR marker development is limited
to species for which sequencing databases already exist.
An alternative efficient approach for SSR marker devel-
opment in species that lack large enough sequence
databases could be the utilization of SSR markers from
related species for which large numbers of SSR markers
have been developed. There are a growing number of
strategies to utilize databases to cross-reference the
biological and genetic information known in one organ-
ism to another, such as yeast to mammals (Tugendreich et
al. 1993). Moreover, there is evidence that suggests high
rates of transferability of SSR markers across species
(>50%) within a genus (Peakall et al. 1998; Gaitan-Solis
et al. 2002). However, the transferability of genomic SSR
markers across genera and beyond is low (White and
Powell 1997; Peakall et al. 1998; Roa et al. 2000). Since
EST-SSR markers are derived from transcribed regions of
the DNA, it is expected that these markers would be more
conserved and have a higher rate of transferability than
genomic SSR markers (Scott et al. 2000). In contrast, the



conserved nature of EST-SSRs may limit their polymor-
phism. EST-SSRs also have a high probability of being
associated with gene expression and gene function. For
example, the waxy gene in rice has been found to contain
a (CT), microsatellite whose length polymorphism is
associated with amylose content (Ayers et al. 1997). The
functions of many of the SSR containing transcripts can
be predicted through homology searches from the
sequence databases. The SSR markers developed from
DNA sequences with putative functions can be tested for
their links to predicted phenotypes.

Many of the worlds forage legumes, including alfalfa
(M. sativa) belong to the genus Medicago (Barnes et al.
1988). This genus is part of the Galegoid phylum that
includes a number of important legume crops such as pea,
chickpea, clover, and lentil (Doyle et al. 1996). Genetic
analysis of many of the crop legumes, including alfalfa,
remains difficult due to features such as polyploidy,
obligate cross-pollination, large genome sizes, and the
lack of efficient methods of transformation (Thoquet et al.
2002). Thus, the establishment of a model system for
studying the legume molecular biology is warranted, and
M. truncatula has emerged as the most likely candidate
for such a model plant.

Due to the relative ease of discovering genes and the
determination of gene function in model species, com-
parative genomics has become an important strategy for
extending genetic information from model species to
more complicated species (Paterson et al. 1995). Until
now, comparative genomics efforts have relied heavily on
the hybridization based RFLP technique. The resolution
of these comparative maps is generally low for determi-
nation of microsynteny (Kilian et al. 1997). The applica-
tion of a PCR-based, co-dominant marker system for
comparative genomics would be highly desirable, because
such a marker system could increase the efficiency of
transferring genetic information across species. The EST-
derived markers (e.g., EST-SSR) can be used to cross-
reference genes between species for enhancing the
resolution of comparative genomics studies and identify-
ing conserved genomic regions among species (Kantety et
al. 2002). The availability of SSR markers in most
Medicago spp. (including alfalfa) and many important
food legumes (including pea, lentil, and peanut) remains
very low, with the exception of soybean. Until recently,
only a handful of linkage maps have been constructed
either for diploid or tetraploid alfalfa (Kalé et al. 2000).
Also, these maps were constructed mainly with hybrid-
ization-based RFLP, or PCR-based dominant markers,
e.g., RAPD and AFLP. There are very few SSR markers
available for molecular mapping in alfalfa (Diwan et al.
1997). Diwan et al. (2000) reported mapping of 10 SSR
loci in diploid and tetraploid alfalfa. They concluded that
the co-dominant SSR marker would be a powerful tool for
molecular mapping in tetraploid alfalfa as well as in other
polyploid species.

Thoquet et al. (2002) reported a high level of
macrosynteny between M. truncatula and diploid alfalfa
genomes through comparative mapping. Huguet et al.
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(2001) reported mapping of EST-SSR markers in their M.
truncatula mapping population in order to facilitate
comparative mapping studies and identification of quan-
titative trait loci. Danesh et al. (2002) reported the
development of 84 EST-SSR markers from the M.
truncatula EST database. In this study, they also demon-
strated the utility of the EST-SSR markers in mapping
quantitative trait loci for powdery mildew resistance in M.
truncatula. Baquerizo-Audiot et al. (2001) developed five
SSR primer pairs from M. truncatula genomic sequences
and four primer pairs from the M. truncatula ESTs in
GenBank. In addition to M. truncatula, they tested the
SSR markers on three other Medicago spp. (M. littoralis,
M. sativa ssp. sativa cv. Coussouls, and M. sativa ssp.
sativa natural population from Spain) and three additional
legume species (Pisum sativum, Phaseolus vulgaris, and
Glycine max). All primer sets in their study yielded PCR
products within the expected size ranges in all of the
Medicago spp., but outside the Medicago genus they
failed to produce any PCR product.

The current study was designed to develop a large set
of SSR markers from the M. truncatula EST database for
possible use in legume crops both within and outside the
Medicago genus.

Materials and methods
EST database access and detection of SSRs

The M. truncatula EST sequences used in this study were extracted
from NCBI's dbEST (ftp://ftp.ncbi.nih.gov/blast/db/). Approxi-
mately 147,000 ESTs were searched for identification of SSRs
using the PERL program, Simple Sequence Repeat Identification
Tool (SSRIT), downloaded from the Cornell University web site
http://www.gramene.org/gramene/searches/ssrtool. The SSRIT pro-
gram was run on a local computer and the parameters were set for
detection of perfect di-, tri-, tetra-, and pentanucleotide motifs with
a minimum of 10, 7, 5, and 4 repeats, respectively. The following
information was extracted from the SSRIT output and TIGR’s
Medicago truncatula Gene Index (MtGI) using PERL programs —
EST GenBank identifiers, TIGR’s tentative consensus numbers
(TCs), repeat motifs, number of repeats, start- and end positions of
the SSRs within the respective ESTs, and gene functional
annotations.

Primer design

A subset of the sequences from the SSRs containing ESTs was
selected for designing primers based on the following criteria: (1)
the start and the end positions of the SSRs should be at least 50
bases from the 5’ and 3’ ends of the sequence, respectively, and (2)
only one sequence from each TC was selected from the sets of SSR
containing ESTs that had the same motifs. The first criterion was
chosen to enhance the chances of designing high quality primers.
The second criterion was selected to avoid designing primers for
SSRs from redundant sequences. The Primer3 software (freely
available at http://www.genome.wi.mit.edu/genome_software/oth-
er/primer3.html) was used to design the primers. The major
parameters for designing the primers were set as follows: primer
length from 18 to 24 with 20 as the optimum, PCR product size
from 125 to 300, optimum annealing temperature 60°C, and GC
contents from 40% to 70%, with 50% as optimum. The primer pairs
were custom synthesized by Qiagen/Operon Technologies (Alame-
da, Calif.).
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Table 1 The list of plant geno-

. h Common name
types used in this study

Serial no.

Ploidy level  Scientific name Cultivar/accession name

Diploid alfalfa

Tetraploid alfalfa

O 01NN AW —

16 Annual medics

2n=2x=16 M. sativa ssp coerulea P1440501
2n=2x=16 M. sativa ssp sativa W2xiso
2n=2x=16 M. sativa ssp sativa PI212798¢
2n=2x=16 M. sativa ssp sativa PI206453
2n=4x=32 M. sativa ssp sativa Alfagraze
2n=4x=32 M. sativa ssp sativa Amerigraze (702)
2n=4x=32 M. sativa ssp sativa Cimmaron -31
2n=4x=32 M. sativa ssp sativa CUF101 (95-650)
2n=4x=32 M. sativa ssp falcata Parent,”
2n=4x=32 M. sativa ssp sativa Parent, ®
2n=4x=32 M. sativa ssp sativa F; (parent; x parent,)
2n=4x=32 M. sativa ssp sativa PI516900
2n=4x=32 M. sativa ssp sativa PI464741
2n=4x=32 M. sativa ssp sativa =<

2n=4x=32 M. sativa ssp sativa -

2n=2x=16 M. polymorpha Armadillo
2n=4x=16 M. rugosa Sapo

2n=2x=16 M. blancheana P1455223
2n=2x=16 M. truncatula Jemalong A-17
2n=2x=16 M. truncatula Borung
2n=2x=16 M. truncatula Caliph
2n=2x=16 M. truncatula DZA-105
2n=2x=16 M. truncatula ESP095
2n=2x=16 M. truncatula GRC020

 Italic indicates the genotype was used in the initial screening panel

b Parent; and Parent, are the two alfalfa genotypes used by Dr. Ian Ray for developing two BC|
populations of tetraploid alfalfa used in this study

¢ Cultivar/accession name not available

Plant materials

A total of 24 genotypes from six species and subspecies were
selected to represent the Medicago genus (Table 1). These
genotypes represent the diploids and the tetraploids, the annuals
and the perennials, and the cross-pollinated and the self-pollinated
species of Medicago. A subset of eight individuals was used for the
initial screening of SSR amplification products across alfalfa and
annual medics (Table 1). The two diploid alfalfa genotypes used in
this panel of eight are from Iran (PI212798) and Turkey
(P1206453). The two tetraploid alfalfa genotypes in the panel are
the parents of two BC; mapping populations developed by Dr. Ian
Ray (New Mexico State University, Las Cruces, N.M.). The set of
24 genotypes of the Medicago genus was used for estimating the
number of SSR alleles, and allele sizes for 39 markers. Twenty-one
F,.3 families and the two parents of the M. fruncatula mapping
population developed by Dr. Douglas Cook (University of
California-Davis, Calif.), were used for testing the inheritance of
EST-SSR markers in M. truncatula. Ten BC; progeny of each of
two BC, populations developed by Dr. lIan Ray, along with the two
parents and the F; progeny, were used for testing the inheritance of
the markers in tetraploid alfalfa.

DNA isolation, PCR conditions, and amplification of SSR alleles

Approximately 200 mg of tissue from young leaves of each plant
was collected in a 2.0 ml Eppendorf tube, immediately frozen in
liquid nitrogen and ground to fine powder using a Mixer Mill Type
MM 300 (RETSCH, Hann, Germany). The DNA was extracted
using Qiagen DNeasy Plant Mini kit (Qiagen, Valencia, Calif.). The
DNeasy protocol was used with the following modifications: 500 ul
of AP1 buffer, 5 ul of RNase A, 165 ul AP2 buffer, and 90 ul of AE
buffer was added to each tube. The DNA concentrations were
quantified using a Hoefer Dyna Quant 200 (Amersham Bioscienc-
es, Piscataway, N.J.) DNA fluorometer. Twenty nanograms of
DNA was used as template for each PCR reaction. The PCR
reactions were run under standard conditions for all primers for the
screening using one unit of 7ag DNA polymerase with 10X PCR

reaction buffer (Invitrogen Life Technologies, Carlsbad, Calif.) or
one unit of AmpliTaq Gold with GeneAmp PCR bufferll (Applied
Biosysytems/Roche, Branchburg, N.J.), 3 mM MgCl,, 200 uM of
dNTPs, 0.2 mM of each primers in a 10-ul reaction. After 10 min at
95°C, 40 cycles were performed with 50 s at 95°C, 50 s at a
temperature between 55°C to 61°C (the optimum annealing
temperature for the respective primer pair was used for each PCR
reaction), 90 s at 72°C, and a final extension step of 10 min at 72°C.
All primers were initially screened using 7ag DNA polymerase.
AmpliTaq Gold was used for SSR primers that amplified non-
specific bands from the use of Tag DNA polymerase. The PCR
products were resolved on 6% polyacrylamide denaturing gels (Gel
Mix 6, Invitrogen LifeTechnologies). The gels were silver-stained
using Silver Sequence Kit (Promega, Madison, Wis.) for SSR band
detection.

Allele scoring and evaluation of polymorphism

The PCR products from Jemalong (A-17) were used as the standard
for allele average size and banding morphology (cluster of stutter).
The size is reported for the most intensely amplified band for each
SSR or the average of the stutter if the intensity was the same using
10-bp DNA ladder (Invitrogen Life Technologies) as the reference
point. Null alleles were assigned to genotypes with confirmed no
amplification product under the standard conditions.

The polymorphism was determined according to the presence or
absence of the SSR locus. The polymorphism information content
(PIC) was calculated using the formula

n

PIC=1— Pij2 (1)
j=1

according to Botstein et al. (1980) and Anderson et al. (1993),

where Pij is the frequency of the ith allele for marker i and
summation extends over n alleles.



Determination of genetic distances among M. fruncatula genotypes

The genetic distances among the six M. truncatula genotypes
(Table 1) were calculated according to the Nei and Li (1979)
similarity definition: Sij=2a/(2a+b+c), where Sij is the similarity
between two individuals, / and j; a is the number of SSR bands
present in both samples i and j; b is the number of SSR bands
present in i and absent in j; and c¢ is the number of SSR bands
present in j and absent in i. The distance matrix was used for
construction of a dendrogram by the UPGMA method (SAS
Institute 1989).

Results

Characteristics of M. truncatula EST-SSRs
and marker development

We identified 4,384 SSR containing ESTs for di-, tri-,
tetra-, and pentanucleotide motifs from 147,000 M.
truncatula ESTs (Table 2). Approximately 3% of the
ESTs had such SSRs. The trinucleotide motifs were the
most abundant type of SSRs found in the database (52%),
followed by di- (30%), tetra- (9%), and pentanucleotide
repeats (9%). The GA motif was the most frequent class
of EST-SSRs found (Fig. 1). Unlike the genomic SSRs in
soybean (Brown-Guedira et al. 2000) and other legumes,
the AT-rich SSRs were low in number. In this data set,
only few GC dinucleotide SSRs were detected.

Of the 616 PPs designed, 455 (74%) produced
characteristic SSR bands in at least one of the six
Medicago spp. tested. The sequences of these PPs along

Table 2 The number and percent of di-, tri-, tetra-, and pentanu-
cleotide SSRs discovered in 147,000 M. truncatula ESTs

Repeat type Total number Percent of total

Dinucleotide 1307 29.8
Trinucleotide 2259 51.5
Tetranucleotide 402 9.2
Pentanucleotide 416 9.5
Total number 4384 100

No. of ESTs with SSR Motif

’ - [ u 000000s0060000.
eeervaesyaesevaserog

o

SSR Motifs

Fig. 1 The distribution of the 21 most abundant SSR motifs in the
4,384 EST-SSRs discovered in this study
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with the SSR marker name, GenBank EST ID, TC name,
SSR repeat motif and number, observed SSR alleles size
range, annealing temperature, plant spp. with SSR
amplification, enzyme used for PCR reaction, and anno-
tated gene function(s) for each EST clone are available as
electronic supplementary material. Nearly, 89% (406) of
these PPs produced SSR bands in all eight genotypes of
the six Medicago species and subspecies. Seventeen PPs
were M. truncatula specific while 16 PPs worked only in
M. truncatula and alfalfa. Similarly, 14 PPs worked in M.
truncatula and other annual medics but not in alfalfa.

Polymorphism of the SSR markers

The SSR markers reported in this study were highly
polymorphic in Medicago spp. The screening on the panel
of eight Medicago genotypes revealed that nearly 70% of
the markers were polymorphic between the two diploid
alfalfa genotypes as well as between the parents of the
two BC; tetraploid alfalfa mapping populations developed
by Dr. Ian Ray. The rate of polymorphism between the
two annual medics ’Armadillo’ (M. polymorpha) and
’Sapo’ (M. rugosa) were 80%, while ~70% of the markers
were polymorphic between the M. truncatula genotypes
on the panel. The dominant scoring of the SSR bands
(scored by the presence or absence of a particular band)
yielded an average of 2.5 polymorphic bands per SSR
marker between the pair of both the diploid and the
tetraploid alfalfa genotypes.

A subset of 39 primer pairs were selected for screening
over a larger set of 24 Medicago genotypes in order to
obtain a better estimate of the number of alleles (bands/
cluster of bands) and range of allele sizes of SSR loci
amplified by these markers (Table 3). Figure 2 shows the
SSR alleles amplified by markers, MtSSRNFALO3 and
MtSSRNFBF02, over 24 Medicago genotypes as listed in
Table 1. The diploid self-pollinated M. truncatula geno-
types had one homozygous locus each, so did most of the
annual medics species that are also self-pollinated
diploids. However, the out-crossing diploid and tetraploid
alfalfa genotypes had more than one discrete allele in
most cases. The number of alleles detected by these
markers varied from two to 11 (Table 3). The greatest
variation in size range (155-281 bp) of SSR alleles was
found for the marker MtSSRNFAWI19. The polymor-
phism information content (PIC) values were calculated
based on six M. truncatula genotypes for 18 markers
(Table 4). The PIC values ranged from 0.28 to 0.83 with
the average PIC value of 0.66. The average number of
alleles per locus was four.

Genetic relationship among six M. truncatula genotypes

Based on 155 SSR markers scored from 39 primer pairs,
the genetic distances (GD) between genotypes varied
from 0.402 to 0.613 (Table 5). Jemalong A-17 and
ESP095 had the minimum GD, while ESP095 and
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Table 3 The number and molecular size ranges of alleles of 39
EST-SSR markers tested on 24 genotypes of Medicago spp as
listed in Table 1

Table 4 The polymorphism information content (PIC) value of 18
markers over six Medicago truncatula genotypes

GenBank ID Marker name No. of alleles  PIC value
EST GenBank Number Range of alleles
' of alleles size (bp) AL374645 MtSSRNFALO4 3 0.50
ID NF* name AL382911 MtSSRNFALO6 2 0.28
AL384296 MtSSRNFALO7 3 0.67
AL373844 MtSSRNFALO3 8 208-240 AL366491 MtSSRNFALOS 5 0.78
AWS559402  MISSRNFAWOL 4 173-185 AWS550402  MiSSRNFAWOI 3 0.61
AW690594  MtSSRNFAWO03 5 185-220 AWEO1356  MiSSRNEAWO4 4 0.67
AW694344 MtSSRNFAWO05 2 169-176
AW695001  MISSRNFAW06 4 152-165 i‘;&gggggl ﬁ:ﬁgﬁﬁﬁi@?& § 8:2?
AW774443  MISSRNFAWI1 8 202-240 AL376369 MiSSRNFALOS 5 078
BE248330  MISSRNFBE02 6 117-148 BF650454 MiSSRNFBF06 3 061
BE323744 MtSSRNFBEO4 3 260-280 BF636901 MtSSRNFBF02 5 0.78
BF640981  MISSRNFBF03 3 204-210 Average - 38 0.66
BF650454 MtSSRNFBF06 6 176-180
BG451005 MtSSRNFBGO1 2 170-176
BG580909 MtSSRNFBG04 4 176-189
AL365892  MISSRNFALO9 4 194-218 GRC020 had the maximum GD. The dendrogram
ﬁgvvgg? ggg ﬁ:gggggﬁ%ég i ig%:gg generated with the UPGMA glustering method illustrates
BF005053 MtSSRNFBFO7 7 166-220 the closer genetic relationship between Jemalong A-17
BF005834 MtSSRNFBF08 5 198-210 and ESP095 compared to other M. truncatula genotypes
BF648665 MtSSRNFBF12 5 200-222 in the study (Fig. 3).
BG580745 MtSSRNFBG20 8 180-248
BF518447 MtSSRNFBF19 3 192-204
BF646974 MtSSRNFBF20 8 230-312
BG455405 MtSSRNFBG24 6 145-202 Inheritance of markers in barrel medics and alfalfa
AL378187 MtSSRNFAL18 3 200-210
2%325939955 ﬁtgggggﬁl\;\}?‘) 2 gi—%ﬁg The inheritance of SSR bands was tested using mapping
BG457180 M:SSRNFBG29 7 175-200 populations of M. truncatulq .and tetraploid alfalfa. The
BF651163 MtSSRNFBI10 6 174-214 two parents and 21 F,.3 families from the M. truncatula
AW691701 MtSSRNFAW19 11 155-281 mapping population developed by Dr. Douglas Cook
AW736609  MtSSRNFAW23 8 152-182 were used for testing the inheritance of 12 randomly
ggg; f?gg Mgggﬁggggg g ;83‘%?8 selected polymorphic markers. The SSR alleles were
BG587084 MISSRNFBG15 10 159-216 found to be inherited from the parents to the F,.3 progeny.
Fig. 4 shows the inheritance of SSR alleles from the
Fig. 2 The silver-stained poly-
acrylamide gel image of the MtSSRNFALO3 bp MtSSRNFBF02
SSR alleles amplified in 24
genotypes of diploid and tetra-
p101d alfalfa, ar}nual medics, Diploid Tetraploid Annual Barrel . Diploid Tetraploid Annual Barrel
and barrel medics by markers alfalfa alfalfa medics _medics _~— _alfalfa alfalfa medics _medics
MtSSRNFALO3 and MtSS- J T Ll LI !

RNFBF02. The genotypes are
in the same order as listed in
Table 1. The center lane shows
the size standard (10 bp DNA
ladder)

s

>N
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Table 5 Genetic distances

among six Medicago truncatula Genotype Jemalong Borung Caliph DZA105 ESP095

genotypes based on 155 EST- Borung 0.5112 — — — —

SSR markers Caliph 0.558 0.516 - - -
DZA105 0.577 0.518 0.577 - -
ESP095 0.402 0.452 0.480 0.584 -
GRC020 0.608 0.608 0.567 0.579 0.613

* The dissimilarity coefficients are based on 155 EST-SSR markers. The dissimilarity coefficients can
range from 0, when all markers for the two genotypes are identical, to 1, when all markers for the two

genotypes are different

Genotype

Jemalong
A-17

ESP095

}7

Borung

Caliph

DZA105

GRC020

00 01 02 03 04 05 06 07 08 098 10 1.1
Normalized Distance

Fig. 3 The UPGMA tree of the six Medicago truncatula genotypes
based on 155 EST-SSR markers

parents to the progeny amplified by marker MtSSRN-
FAW19.

The inheritance of 200 polymorphic markers was
tested using 10 BC; progeny of each of the two BC,
populations of tetraploid alfalfa developed by Dr. Ian
Ray. The polymorphic SSR bands could be tracked from
the parents to the F; and to the BC; progeny (Fig. 5).
Nearly, 40% of the polymorphic bands segregated in a 1:1
ratio (presence vs absence of a band) in both BC,

populations. These markers will be very useful for
linkage map construction in these BC; populations by
using the single dose polymorphism approach (Wu et al.
1992).

Discussion

Discovery of SSRs in ESTs and primer development

The availability of the large number of Medicago ESTs
was the incentive to search for only perfect SSRs. The
total number of the perfect SSRs (4,384) identified in this
study is an indication of the feasibility of searching into
EST database of organisms to design SSR markers that
have the characteristics of ideal markers for genetic
studies. The EST-SSRs information revealed in this study
is in agreement with findings by other researchers (Cho et
al. 2000; Kantety et al. 2002). Kantety et al. (2002)
searched 262,631 ESTs from five different grass (rice,
maize, wheat, barley, and sorghum) databases for SSRs
(di-, tri-, and tetranucleotide motifs with a minimum
repeat length of 18 bp) and found that 3.2% ESTs
contained SSRs. The proportion of di-, tri-, and tetranu-
cleotide motifs found in that study was 19%, 72%, and

Fig. 4 The silver-stained poly-
acrylamide gel image showing
inheritance of SSR alleles am-
plified by marker MtSSRN-
FAW19 in the F,.5 families of a
Medicago truncatula mapping
population developed by Dr.
Cook (University of California,
Davis, Calif.). The far left- and
right- lanes show the size stan-
dard (10-bp DNA ladder)

MtSSRNFAW19

'-“,5‘ P IW Mgy
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Fig. 5 The silver-stained poly-
acrylamide gel image showing
the inheritance of SSR alleles
amplified by marker MtSSRN-
FAW23 in the parents, the F,
and 10 BC, progeny of two
tetraploid mapping populations
developed by Dr. Ian Ray (New
Mexico State University, Las
Cruces, N.M.). The far right-
lane shows the size standard
(10 bp ladder). The arrows
indicate two of the SSR alleles
segregating in a 1:1 ratio among
the BC, progeny of the M.
sativa X Fy cross

9%, respectively. We selected relatively long SSRs
(>20 bp) for marker development, because they are
known to be more polymorphic and have greater ampli-
tudes of variation (Weber 1990; Cho et al. 2000;
Temnykh et al. 2000). A preference was given to design
primers from ESTs with putative functions revealed by
the TIGR blast results. Nearly, 48% of the ESTs from
which the primers were designed were linked to putative
functions (the blast results are available at the supple-
mentary material).

EST-SSRs polymorphism
and cross-species transferability

The high level of polymorphism of these SSR markers in
alfalfa and annual medics imply that these markers will be
highly effective for molecular study of these crops. The
high level of polymorphism within the diploid and
tetraploid alfalfa may be partly due to the fact that each
of the genotypes was distinctly different. One of the two
diploid alfalfa genotypes is from Iran (P1212798) and the
other one is from Turkey (PI206453). Two of the
tetraploid genotypes belong to different sub-species of
alfalfa (Table 1). Similarly, the two annual medics,
Armadillo and Sapo, belong to two different species.
However, the marker polymorphism between each pair is
meaningful, because they can potentially be crossed to
produce segregating populations. The polymorphism
between ’Jemalong’ and ’Borung’, as well as the PIC
value from six M. truncatula genotypes, indicate the great
potential of these markers for molecular studies in M.
truncatula. We have also demonstrated that these markers
could be used for determination of genetic diversity in M.
truncatula.

In general, the EST-derived SSR markers have been
reported to have lower rate of polymorphism compared to
the SSR markers derived from genomic libraries in rice

and wheat (Cho et al. 2000; Eujayl et al. 2002). The
higher level of EST-SSR polymorphism observed in this
study is also in part due to the greater level of inherent
genetic variation that exist within these Medicago spp.,
compared to highly domesticated self-pollinating cereal
crops, e.g., rice and wheat.

Our target was to develop a set of transferable SSR
markers from the M. truncatula EST database that will be
useful for important crop species of the Medicago genus,
particularly alfalfa. The high level of transferability
(89%) of these markers across various Medicago spp.
indicates that, in fact, these markers should be highly
useful in alfalfa, annual medics, and perhaps other crops
within the Medicago genus. These results were expected,
because the EST-SSRs are derived from transcribed
regions of the DNA that generally are more conserved
across species, and such SSR markers may have a higher
rate of transferability than SSRs derived from non-
transcribed regions (Scott et al. 2000). Also, all genotypes
in the panel belong to genus Medicago, and high rates of
transferability of SSR loci across species (>50%) within a
genus have been documented earlier (Peakall et al. 1998;
Gaitan-Solis et al. 2002). These markers with cross
species amplification of SSR loci can be valuable assets
for comparative mapping among Medicago spp. (Laurent
et al. 2000; Rebeiz and Lewin 2000; Kantety et al. 2002).
The 17 primer pairs that produced SSR products only in
the two M. truncatula genotypes indicate that these are
species-specific markers for M. truncatula and are not
conserved across species.

Utility and deployment of EST-SSR markers

The usefulness of M. truncatula EST-SSR markers in
construction of linkage maps, comparative mapping, and
QTL discovery in M. truncatula has been demonstrated
(Danesh et al. 2002; Huguet et al. 2001). We have tested



the transferability of such markers to a number of legume
species within the genus Medicago. The high level of
transferability and polymorphism of these markers for a
number of important Medicago species, including alfalfa,
are very important attributes of these markers. The 455
markers developed in the current study are different from
the M. truncatula EST-SSR markers previously reported
by Dr. N.D. Young (University of Minnesota, Minn.) and
Dr. T. Huguet (CNRS-INRA, France, [personal commu-
nication 2002]). Thus, these markers provide a valuable
asset for linkage mapping, comparative genomics, gene
and QTL identification, and marker-assisted selection for
plants belonging to the Medicago genus.

The M. truncatula EST-SSR markers may also be used
in establishing the genomic relationship of the model
legume M. truncatula to important legume crops such as
alfalfa. The mapping of these markers in M. truncatula
and alfalfa (for example) will help reveal the extent of the
macro- and micro-synteny between the two species. The
establishment of such syntenic relationships will facilitate
the discovery of orthologous genes and the flow of
genetic information between the model species and the
crop species of interest. With the whole genome sequenc-
ing effort under way for M. truncatula, the ability to
transfer genetic information across species from this
model species will become a very important aspect of
legume genomics. Also, many of these EST-SSR markers
are located on M. truncatula genes with known functions,
and the functions of other genes with such SSRs may also
become available in the future. The knowledge about
functions of genes with such markers offers the oppor-
tunity to investigate the consequences of polymorphism in
the markers on gene functions.
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