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Abstract Tall fescue (Festuca arundinacea Schreb.) is a
major cool season forage and turf grass in the temperate
regions of the world. It is also a close relative of other
important forage and turf grasses, including meadow
fescue and the cultivated ryegrass species. Until now, no
SSR markers have been developed from the tall fescue
genome. We designed 157 EST-SSR primer pairs from tall
fescue ESTs and tested them on 11 genotypes representing
seven grass species. Nearly 92% of the primer pairs
produced characteristic simple sequence repeat (SSR)
bands in at least one species. A large proportion of the
primer pairs produced clear reproducible bands in other
grass species, with most success in the close taxonomic
relatives of tall fescue. A high level of marker polymor-
phism was observed in the outcrossing species tall fescue
and ryegrass (66%). The marker polymorphism in the self-
pollinated species rice and wheat was low (43% and 38%,
respectively). These SSR markers were useful in the
evaluation of genetic relationships among the Festuca and
Lolium species. Sequencing of selected PCR bands
revealed that the nucleotide sequences of the forage
grass genotypes were highly conserved. The two cereal
species, particularly rice, had significantly different nu-
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cleotide sequences compared to the forage grasses. Our
results indicate that the tall fescue EST-SSR markers are
valuable genetic markers for the Festuca and Lolium
genera. These are also potentially useful markers for
comparative genomics among several grass species.

Introduction

Microsatellites or simple sequence repeats (SSRs) have
become one of the most useful molecular marker systems
in plant breeding. They are widely used in cultivar
fingerprinting, genetic diversity assessment, molecular
mapping, and marker assisted breeding. The development
of SSR markers from genomic libraries is expensive and
inefficient (Squirrell et al. 2003). 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 an efficient
and low cost option for many plant species. About 1-5%
of the ESTs in different plant species have been found to
have SSRs (20 bp or more in length) for marker
development (Kantety et al. 2002). Development of SSR
markers from ESTs has been reported for a number of
plant species, including grape (Scott et al. 2000),
sugarcane (Cordeiro et al. 2001), durum wheat (Eujayl et
al. 2002), rye (Hackauf and Wehling 2002), barley (Thiel
et al. 2003), and the barrel medic Medicago truncatula
(Eujayl et al. 2004).

The scope of EST-SSR marker development is limited
to the species for which sequence databases already exist.
The SSR marker development for plant species lacking a
sequence database can still be expensive and time
consuming. An alternative approach for SSR marker
development in those species could be the utilization of
SSR markers from related species. Evidences suggest high
rates of transferability of SSR loci across species (>50%)
within a genus (Peakall et al. 1998; Gaitan-Solis et al.
2002; Dirlewanger et al. 2002; Thiel et al. 2003; Eujayl et
al. 2004). However, the transferability of SSR loci across
genera and beyond seems to be low (White and Powell
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1997; Peakall et al. 1998; Roa et al. 2000; Thiel et al.
2003). As the EST-SSR markers are derived from
transcribed regions of DNA, they are expected to be
more conserved and have a higher rate of transferability
than genomic SSR markers (Scott et al. 2000). On the
other hand, the conserved nature of the EST-SSRs may
limit their polymorphism. The EST-SSRs also have a
higher probability of being functionally associated with
differences in gene expression than the genomic DNA-
derived SSRs (Ayers et al. 1997). The function of many of
the transcripts containing SSRs can be predicted through
homology searches from the genomic databases. The SSR
markers developed from DNA sequences with putative
functions can be evaluated for association with pheno-
types.

Tall fescue is a major cool season forage and turf grass
in the temperate regions of the world and it belongs to the
grass family Poaceae, subfamily Pooideae, and tribe Poeae
(Soreng and Davis 1998). Tall fescue is a hexaploid
(2n=6x=42) consisting of three genomes (PG1G2) and
has a genome size of approximately 5.27-5.83x10° kb
(Seal 1983). The P (2n=2x=14) genome is derived from
Festuca pratensis while the G1G2 (2n=4x=28) genome is
derived from F arundinacea var ‘glaucescens’ (Sleper
1985). The genus Lolium, which is closely related to the
Festuca genus, contains several diploid species of interest
to researchers (2n=2x=14) including the outcrossing
perennial L. perenne, the annual L. multiflorum, and the
self-pollinating annual L. temulentum, all of which are
cross-compatible (Terrell 1966).

The conservation of grass genomes has been compre-
hensively documented. Comparative genomics has be-
come an important strategy for extending genetic informa-
tion from model species to more complicated species
(Gale and Devos 1998). Comparative mapping with DNA
markers can reveal important information to understand
the extent of genetic conservation among the genomes of
various grass species. RFLP marker-based comparative
maps have been constructed for several grass genera (Van
Deynze et al. 1995a, 1995b). Comparative maps were also
constructed within the Panicoideae subfamily with maize,
sorghum, and sugarcane (Whitkus et al. 1992; Melake
Berhan et al. 1993; Grivet et al. 1994) and Pooideae
subfamily using wheat, barley, and rye (Naranjo et al.
1987; Devos et al. 1993). Jones et al. (2002) conducted the
first comparative mapping study between a forage grass
species, Lolium perenne, and two Triticeae grasses, oat
and rice. Recently, Alm et al. (2003) have reported that
meadow fescue genome was highly orthologous and co-
linear with those of ryegrass, oat, maize, and sorghum.
Genome conservation has also been revealed among other
distantly related grass species (Ahn and Tanksley 1993;
Kurata et al. 1994; Devos et al. 1998). Until recently, the
comparative genomics efforts have relied heavily on the
hybridization based RFLP technique, and the resolution of
the comparative maps is generally too low for determina-
tion of microsynteny (Kilian et al. 1997). However,
recently, sequence-based comparative maps have been
developed for rice-wheat (Sorrells et al. 2003) and

sorghum-rice (Klein et al. 2003) that enhance the resolu-
tion considerably. The application of a PCR-based co-
dominant marker system for comparative genomics would
be highly desirable, because such a marker system can
increase the efficiency of transferring genetic information
across species. Due to their transferability, the EST-SSR
markers have good potential for application in compara-
tive genomics (Kantety et al. 2002; Thiel et al 2003;
Eujayl et al. 2004).

An EST project was started on tall fescue at the Samuel
Roberts Noble Foundation (Mian et al. 2002). This project
was initiated to (1) develop a large set of SSR primer pairs
from tall fescue ESTs, and (2) examine the ability of the
primer pairs to amplify reliable PCR products in a range of
grass species.

Materials and methods
Mining of ESTs for SSRs

Twenty thousand tall fescue EST sequences developed at
The Noble Foundation were screened for 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 program 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
ten, six, five, and four repeats, respectively. The following
information was extracted from the SSRIT output and the
tall fescue EST database using PERL programs: EST
identifiers, repeat motifs, number of repeats, start and end
positions of the SSRs within the respective ESTs, and gene
functional annotations.

Primer design

One hundred fifty seven primer pairs were designed from
non-redundant EST sequences with SSRs using the
Primer3 software (freely available at http://www.genome.
wi.mit.edu/genome_software/other/primer3.html). The
major parameters for designing the primers were: primer
length from 18 to 24 nucleotides, with 22 as the optimum,
PCR product size from 125 to 325 bp, 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 (Alameda,
Calif., USA).

Plant materials

Eleven genotypes representing seven species of four grass
genera were used for the initial screening of the SSR
primers (Table 1). These genotypes exemplify different
ploidy levels (from diploids to hexaploids), variation in
growth habit from annual to perennial, and differences in



reproductive strategy from cross-pollination to self-polli-
nation. The three tall fescue genotypes are the parents of
two mapping populations (Xu et al. 1995; Saha et al.
2003). The meadow fescue (PIWF92-109-2) and the
tetraploid fescue (W-2) were received from Dr. Tim
Phillips, University of Kentucky, Lexington, Ky., USA.
The two genotypes of ryegrass are from a Lolium perenne
% Lolium multiflorum cross. These two genotypes are the
parents of a ryegrass mapping population (Warnke et al.
2003). The two rice genotypes are the parents of a
mapping population (Temnykh et al. 2000) and the two
wheat genotypes are the parents of a mapping population
(Van Deynze et al. 1995a). The inheritance of a number of
SSR markers were tested on a tall fescue (Saha et al. 2003)
and a ryegrass mapping population (Warnke et al. 2003).

DNA isolation, PCR amplification, and detection of
SSR bands

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,
Hannover, Germany). The DNA was extracted using
Qiagen DNeasy Plant Mini kit (Qiagen, Valencia, Calif.,
USA). 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 Biosciences,
Piscataway, N.J., USA) DNA fluorometer. Twenty ng 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., USA) or one unit of
AmpliTaq Gold with GeneAmp PCR bufferll (Applied
Biosysytems/Roche, Branchburg, N.J., USA),
3 mM MgCl,, 200 uM of dNTPs, and 0.2 mM of each
primers in a 10 pl reaction. After 10 min at 95°C, 40
cycles were performed with 50 s at 95°C, 50 s at a
temperature between 58°C and 64°C (the optimum
annealing temperature for the respective primer pair was
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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 7aqg DNA polymerase. AmpliTaq
Gold was used for SSR primers that amplified non-specific
bands with the use of 7ag DNA polymerase. Each of the
primer pairs were screened twice to confirm the repeat-
ability of the observed bands in each genotype. 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., USA) for SSR bands detection.

Allele scoring and evaluation of polymorphism

The band 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 a 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.

Sequencing of PCR bands

PCR products were separated in a 6% polyacrylamide gel
and selected bands were excised and dipped in 10 pl of
nuclease free water for 30 min. Another round of PCR was
made following the same protocol with extracted DNA as
template. The PCR products were separated in a 3%
agarose gel and DNA was extracted using the DNA Gel
Extraction Kit (Millipore Corporation, Bedford, Mass.,
USA). Samples were then dried to a 20 pl volume using a
Speed Vac Plus SC110A (Thermo Electron Corporate,
Waltham, Mass., USA). DNA concentration was measured
against a Molecular Mass Standard (Bio-Rad Laboratories,
Hercules, Calif,, USA) using the Quantity One-4.4.0
software. Each 20 ul of sequencing reaction consisted of
100 ng of DNA, 4.0 pmol of primer, 8 ul of sequencing
reaction. The PCR conditions were: an initial hold at 94°C
for 4 min followed by 25 cycles of 96°C for 10 s, 60°C for
5 s and 62.5°C for 4 min. Sequencing was performed

Table 1 The grass genotypes

. o Common name Scientific name Genotype/cultivars Genome
and species used for initial
Sscsrﬁeglr?i;g tall fescue EST- Tall fescue Festuca arundinacea HD28-56 2n=6x=42
R43-64
Kentucky-31
Meadow fescue F. pratensis PIWF92-109-2 2n=2x=14
Tetraploid fescue F. arundinacea var. glaucescens W-2 2n=4x=28
Ryegrass Lolium perenne/multiflorum MFA-4 2n=2x=14
MFB-2
Rice Oryza sativa 1IR-64 2n=2x=24
Azucena
Wheat Triticum aestivum Opata 2n=6x=42

W7984
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Table 2 Screening results for

: . . S
157 tall fescue EST-SSR pri- Species Amplification Average no. of bands/primer Polymorphism (%)
mers on different forage and Number  Percent
cereal species. The percentage
of the total number (157 primer ~ Tall fescue 145 92 2.78 66
Pil,fs) is given. The P,Olymor-t he  Rvegrass 135 86 230 66
phism percentage is given as the
percentage of the useful primer Meadow. fescue 130 83 1.88 -
pairs for each Species Tetraplmd fescue 128 82 2.71 —
Rice 93 59 1.92 43
Wheat 112 71 2.52 38

using an ABI 3100 sequencer with stdSeq50 POP6Def. as
the run module and BC-3100-SeqOffFtOff.saz as the
analysis module. The sequence data were analyzed with
DNASTAR software using Clustal W as the alignment
tool.

Determination of genetic relationship among
genotypes

For genetic diversity evaluation, bands were scored as
present (1) or absent (0) for each of the 11 genotypes on
the panel. The genetic similarity among the genotypes
were calculated according to DICE (qualitative data
module) coefficients (Dice 1945) of the NTSYS-pc
software package (version 2.1; Rohlf 2002). The DICE
coefficients are same as the Nei and Li (1979) similarity
coefficients. The similarity matrix of DICE coefficients
were used to construct UPGMA dendograms using the
SAHN module of the NTSYS-pc. The FIND module of
the NTSYS-pc software was used to identify all trees that
could result from different choices of tied similarity or
dissimilarity values. The reliability of clustering was tested
by Mantel test statistics for the comparison of the
similarity matrix and the cophenetic matrix (Rohlf 2002).

Results
Distribution of EST-SSRs and marker development

Two hundred sixty one (1.3%) of the 20,000 ESTs
contained the SSRs specified in the search. The trinucle-
otide motifs were the most abundant type of SSRs (70%),
followed by di- (20%), tetra- (5%) and pentanucleotide
(5%) motifs in the database. The GA/CT repeats were the
most abundant dinucleotide repeats, while CCG/GGC
were the most abundant trinucleotide repeat motifs found
in the ESTs (data not shown).

Of the 261 SSR containing ESTs, primers were
designed for 157 (60%) ESTs. The remaining ESTs were
not used because: (1) the EST was redundant with another
one from which primer pairs were already developed, (2)
the DNA sequences flanking the SSRs (at least on one side
of the SSRs) were too short (generally <40 nucleotides), or
(3) the flanking sequences were inappropriate for design-
ing high quality primer pairs (e.g., low GC content). Out
of 157 primer pairs, 145 (92%) produced clear SSR type

bands in at least one of the 11 grass species tested [see the
Electronic Supplementary Material (ESM)]. The se-
quences of these 145 primer pairs, along with the marker
name, EST id, expected band size, annealing temperature,
SSR repeat motif and number, observed band size range,
plant species with clean repeatable bands, and gene
functional annotation are presented in the ESM. The
remaining 12 primer pairs either had no amplification
products or produced a number of faint bands indicative of
non-specific amplifications. Amplification failure can
result from the presence of an intron within the primer
sequences that prevents primer annealing or a large intron
in the flanking region that disrupts PCR extension. These
12 primers were not investigated further. The percentages
of primer pairs that produced clean repeatable bands were
92, 86, 83, 82, 59, 71% for tall fescue, ryegrass, meadow
fescue, tetraploid fescue, rice, and wheat, respectively
(Table 2).

Sequence homology searches

A BLAST search (BLASTN and/or BLASTX) for the
ESTs (from which the 145 useful primer pairs were
designed) was performed against the GenBank database
(on December 29, 2003). One hundred and three (71%)
ESTs had significant homology with the sequences in the
database. The best putative gene functions for these ESTs
are listed in the ESM .

Polymorphism and allele frequency of SSR markers

The polymorphism of the SSR markers was tested on the
parents of the tall fescue, ryegrass, wheat, and rice
mapping populations (Table 1). The marker polymorphism
between the parents of the tall fescue (HD28-56 x R43-
64), ryegrass, rice, and wheat was 66, 66, 43 and 38%,
respectively (Table 2). The average number of SSR bands
ranged from 2.78 for tall fescue to 1.88 for meadow
fescue. Across all seven species, the number of different
bands detected by these markers varied from 2 to 15 with
an average of 12 (data not shown).
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Table 3 Percent similarity in  ypjg 56 R43.642 W-2 MFA4 MFB-2 IR64 Azucena Opata W7984
nucleotide sequences of differ-
§?§sf§£?§ﬁ ggf\;ﬁ’{ﬁ%}grgifnfgf 100.0 100.0 99.0 976 976 89.5 89.5 927 923 R43-64-1
pair NFFA147. A longer (R43- 100.0 99.0 97.6 97.6 89.5 895 92.7 92.3 HD28-56
24-11) and a shorter %Rg3-64-21% 99.0 98.5 98.5 90.8 90.8 92.7 92.7 R43-64-2
and were sequenced from fa 99.5 99.5 903 903 93.7  93.7 W-2
fescue genotype R 43-64 while 100.0 861 861 03. 0.8 MFA4
only one band was sequenced : : : : : -
from all other genotypes 86.1 86.1 93.2 92.8 MFB-2
100.0 85.4 84.6 1R64
85.4 84.6 Azucena
99.5 Opata

Sequence comparison of SSR bands

The sequence similarities of the PCR products amplified
using a single EST-SSR primer pair (NFFA147) from ten
genotypes across different grass species were very high
(Table 3). The sequences of three PCR bands (one from
HD28-56 and two from R43-64) from tall fescue were
identical. The sequence identities across all genotypes of
the Festuca and Lolium species (tall fescue, tetraploid
fescue, and perennial ryegrass) were >97.6%. The se-
quence identity of wheat with the forage grass species was
also high (>92.3%). Rice had the least sequence identity
with the other species in the panel (between 84.6 and
90.8%) and this was reflected in the frequency of marker
amplification in different species.

The alignment of the sequences is shown in Fig. 1. All
three bands from tall fescue had identical flanking
sequences and they also contained the (CTG)n repeat
motif. The two monomorphic bands from two tall fescue

genotypes both had seven CTG repeats, while shorter band
had four CTG repeats. Thus the marker polymorphism was
due to the variation in the number of repeats. The
tetraploid fescue (W-2) had four CTG repeats and an
identical length of the flanking region with tall fescue, but
there were two single base substitutions in the 3° end of
the flanking region. The Lolium genotypes had four CTG
repeats and one more repeat was interrupted by the
substitution of a C with a T. There were also three single
base substitutions and an insertion of an A in the 3” end of
the flanking region. Wheat genotype W7984 had two CTG
repeats and Opata had three CTG repeats. There were also
a more than a dozen base substitutions and insertion of two
bases in the flanking regions when compared to tall fescue.
Neither of the two rice genotypes had any CTG repeat.
Among all species, rice had the highest number of
substitutions and insertions of bases (26 bases) in the
flanking regions when compared to tall fescue.

TGCAGTCGGTTAAGATCAAGAAGGAAGAGGAAACCGA---GAAGCAGCAGCCTGCTGCTGCTG-——---— CTGCTACTGCTGGTGGCAACGGCTCTGCCTTTGTGAAGGTG Maj
————————— B e ettt B ettt S

10 20 30 40 50 60 70 80 90 100 110
————————— e et e T i e e

TGCAGTCGGTTAAGATCAAGAAGGAAGAGGAAACCGA---GAAGCAGCAGCCTGCTGCTGCTGCTGCTGCTGCTACTGCTGGTGGCAACGGCTCTGCCTTTGTGAAGGTG R43-64-1
TGCAGTCGGTTAAGATCAAGAAGGAAGAGGAAACCGA---GAAGCAGCAGCCTGCTGCTGCTGCTGCTGCTGCTACTGCTGGTGGCAACGGCTCTGCCTTTGTGAAGGTG HD28-56

TGCAGTCGGTTAAGATCAAGAAGGAAGAGGARACCGA---GAAGCAGCAGC CTGCTGCTG-———————= CTGCTACTGCTGGTGGCAACGGCTCTGCCTTTGTGAAGGTG R43-64-2
TGCAGTCGGTTAAGATCAAGAAGGAAGAGGARACCGA--~GAAGCAGCAGC CTGCTGCTG-————===~= CTGCTACTGCTGGTGGCAACGGCTCTGCCTTTGTGAAGGTG W-2
TGCAGTCGGTTAAGATCAAGAAGGAAGAGGAAACCGA---GAAGCAGCAGC CTGTTGCTGCTG--———= CTGCTACTGCTGGTGGCAACGGCTCTGCCTTTGTGAAGGTG MFA-4
TGCAGTCGGTTAAGATCAAGAAGGAAGAGGARACCGA---GAAGCAGCAGC CTGTTGCTGCTG--———= CTGCTACTGCTGGTGGCAACGGCTCTGCCTTTGTGAAGGTG MFB-2
TGCAGTCGGTTAAGATCAAGAAGGAAGAGGAAGCTGACAAGCAGCAGCAGCAGCCCGCTG-———————= CCAATGCCAGCGGCAGCAACAGCTCTGCCTTCGTGAAGGTC IR64
TGCAGTCGGTTAAGATCAAGAAGGAAGAGGAAGCTGACAAGCAGCAGCAGCAGCCCGCTG-———————= CCAATGCCAGCGGCAGCAACAGCTCTGCCTTCGTGAAGGTC Azucena
TGCAGTCGGTTAAGATCAAGAAGGAGGAGGAGACCGARA-~GAAGCAGCAGC CTGCTG-————=——===~= GCGCCGCTGCTGGCGCCAACGGCTCCAACTTTGTCAAGGTG W7984
TGCAGTCGGTTAAGATCAAGAAGGAGGAGGAGACCGAA-~GAAGCAGCAGC CTGCTGCTG-—————=—~= GCGCCGCTGCTGGCGCCAACGGCTCCAACTTTGTCAAGGTG Opata
AGCATGGACGGCGCGCCCTACCTGCGCAAGGTGGATCTGAAGATGTACAACACCTA-CAAGGACCTCTCCATTGCTCTGCAGAAGATGT TCAGCACCTTCACTGCAACT  Maj
————————— B e T it S B e Tt TS + ————te

120 130 140 150 160 170 180 190 200 210 220
————————— B e B e et o
AGCATGGACGGTGCACCCTACCTGCGCAAGGTGGATCTGAAGATGTACAACACCTA-CAAGGACCTCTCCATTGCTCTGCAGAAGATGT TCAGCACCTTCACTGCAACT R43-64-1
AGCATGGACGGTGCACCCTACCTGCGCAAGGTGGATCTGAAGATGTACAACACCTA-CAAGGACCTCTCCATTGCTCTGCAGAAGATGT TCAGCACCTTCACTGCAACT HD28-56

AGCATGGACGGTGCACCCTACCTGCGCAAGGTGGATCTGAAGATGTACAACACCTA-CAAGGACCTCTCCATTGCTCTGCAGAAGATGTTCAGCACCTTCACTGCAACT R43-64-2
AGCATGGACGGCGCGCCCTACCTGCGCAAGGTGGATCTGAAGATGTACAACACCTA-CAAGGACCTCTCCATTGCTCTGCAGAAGATGTTCAGCACCTTCACTGCAACT W-2
AGCATGGACGGCGCGCCCTATCTGCGCAAGGTGGATCTGAAGATGTACAACACCTAACAAGGACCTCTCCATTGCTCTGCAGAAGATGTTCAGCACCTTCACTGCAACT MFA-4
AGCATGGACGGCGCGCCCTATCTGCGCAAGGTGGATCTGAAGATGTACAACACCTAACAAGGACCTCTCCATTGCTCTGCAGAAGATGTTCAGCACCTTCACTGCAACT MFB-2
AGCATGGACGGGGCACCCTACCTGCGCAAGGTGGACCTGAAGATGTACAACAGCTA-CAAGGACCTCTCCCTTGCTCTGCAGAAGATGTTCAGCACCTTCACTGCAACT IR64
AGCATGGACGGGGCACCCTACCTGCGCAAGGTGGACCTGAAGATGTACAACAGCTA-CAAGGACCTCTCCCTTGCTCTGCAGAAGATGTTCAGCACCTTCACTGCAACT Azucena
AGCATGGACGGCGCGCCCTACCTGCGCAAGGTGGATCTGAAGATGTACAACACCTAACAAGGACCTCTCCATTGCTCTGCAGAAGATGTTCAGCACCTTCACTGCAACT W7984
AGCATGGACGGCGCGCCCTACCTGCGCAAGGTGGATCTCAAGATGTACAACACCTAACAAGGACCTCTCCATTGCTCTGCAGAAGATGTTCAGCACCTTCACTGCAACT Opata

Fig. 1 CLUSTAL-W alignment of sequences obtained from
selected PCR bands amplified by primer pair NFFA147 in two tall
fescues (HD28-56 and R43-64), a tetraploid fescue (W-2), two
ryegrass (MFA-4 and MFB-2), two rice (IR64 and Azucena) and
two wheat (W7984 and Opata) genotypes. One band was sequenced
from each genotype except for R43-64, from which a longer band

(R43-64-1) and a shorter band (R43-64-2) were sequenced. The tall
fescue sequences were aligned first and then the other species were
aligned in relation to the tall fescue sequences. The changes in
sequences compared to tall fescue are marked in bold letters. The
(CTG)n repeats are shown in italics. The primer pair was designed
from a tall fescue EST containing seven CTG repeats
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Fig. 2 The polyacrylamide gel © NFFA134 8 < NFFA154
images of SSR bands amplified Ty} 8 o ©
by primer pairs NFFA134 and % et g ‘3
154 in the parents and six F, < Progeny sub-set Progeny sub-set
progeny of the HD28-56 x R43- % o geny I « geny
64 tall fescue mapping popula- 280
tion. The right-most lane shows v
the size standard (10 bp) e o - 8 gzo
e T 260
W < © P e e
e 250
25 T
240
’ 230
HD28-56 . . .
vt Amplification of markers across species
Ra3-64  All of the 145 primer pairs amplified clean repeatable PCR
w-2 bands in tall fescue. One hundred and twenty one (83%)
[———MFA4  primer pairs vyorked across all three Festuca species while
L L w2 118 (81%) primer pairs worked across the Festuca-Lolium
pwree  SPecies (see the ESM). Fifty seven percent of the primer
Oata pairs produced clean PCR products in all six grass species.
{ P Only eight primer pairs were specific to tall fescue,
W794  indicating that these sequences were not conserved across
IR-64 species.
;Azucena
0.08 023 039 0.54 0.70
Coeffecient

Fig. 3 The UPGMA tree of the 11 grass genotypes based on 1,007
EST-SSR markers. The genotypes include three tall fescue (HD2§-
56, KY-31, and R43-64), one tetraploid fescue (/2), two ryegrass
(MFA-4 and MFB-2), one meadow fescue (PIWF92), two wheat
(Opata and W7984), and two rice (IR-64 and Azucena)

Inheritance and segregation of the polymorphic
markers

The inheritance and segregation of all polymorphic
markers were tested on a subset of six progeny lines of
each of the HD28-56 x R43-64 tall fescue and the ryegrass
mapping populations. All bands present in the parents
were detected in the subset of progeny in each population
(data not shown). Figure 2 shows the amplification and
inheritance of SSR alleles in tall fescue amplified by two
primer pairs. Three alleles (a, b, c) were present in one
parent but segregated in the F; progeny. Such alleles are
present in a heterozygous state (Aa) in the parent and
segregated in a 1:1 ratio in the F; progeny. Allele “d” was
present in both parents, yet segregated in the progeny. This
allele is present in a heterozygous state (Aa x Aa) in both
parents and segregated in a 3:1 ratio in the progeny. Allele
“e” was present in one parent and it was monomorphic in
the progeny. This is an allele that is in a homozygous (AA)
state in the parent and thus will not segregate in the F,

progeny.

Evaluation of genetic relationships among species

One thousand seven SSR bands from 80 primer pairs were
used for the evaluation of genetic diversity among the 11
genotypes from the seven grass species. The SSR markers
showed the discriminatory powers to clearly separate the
grass species into distinct clusters (Fig. 3). The forage
species of the Festuca-Lolium complex were clustered
together separately from rice and wheat. The FIND
module revealed a single tree as shown in Fig. 3. The
Mantel test statistics indicated that the goodness-of-fit for
the cluster analysis was very high (=0.99).

Discussion
Distribution of EST-SSRs and marker development

The percent of ESTs in the database (1.3%) is low
compared to barley (3.4%), wheat (3.2%), rice (4.7%), and
sorghum (3.6%) (Kantety et al. 2002) and Medicago
truncatula (3.0%) (Eujayl et al. 2004) but comparable to
maize (1.5%) (Kantety et al. 2002). The tall fescue
genome appears to be GC rich rather than AT rich as has
been reported for some plant genomes, e.g., soybean and
other legumes (Brown-Guedira et al. 2000). Our findings
are similar to those reported by Scott et al. (2000) and
Kantety et al. (2002). Kantety et al. (2002) reported that
GA/CT was the most abundant di-nucleotide repeats in all
five grass species. They also reported that CCG/GGC was



the most abundant tri-nucleotide repeat motif in four of the
five grass species, wheat being the exception. The
distribution of di-, tri-, tetra-, and pentanucleotide repeats
were similar to that reported by earlier investigators
(Eujayl et al. 2004; Thiel et al. 2003; Kantety et al. 2002).

The low rates of polymorphism of EST-SSR markers
may limit the value of these markers in some species
(Eujayl et al. 2002). However, this problem seems to be
more important for self-pollinated species. The high rates
of polymorphism reported for the outcrossing species in
this study is supported by earlier findings in Medicago
spp. (Eujayl et al. 2004).

Non-specific amplifications were a problem for some
(almost 30%) of the tall fescue EST-SSR markers. The use
of AmpliTaq GOLD and higher annealing temperatures
was effective in reducing the non-specific amplifications
for some of these primer pairs. A significant number of
primer pairs produced more bands than expected in some
species, but the bands were repeatable. This may be due to
amplifications of loci from the duplicated genomic regions
of each species in question. Yu et al. (2004) reported that
39% of EST-SSR markers detected multiple loci in wheat
probably due to the high rate of conservation of EST-SSRs
as well as 25-30% gene duplication (Anderson et al.
1992).

Amplification and frequency of EST-SSR markers
across species

A high percentage (57%) of the primer pairs produced
clear bands across a very diverse set of seven grass
species, indicating a high level of sequence conservation
among these species. Thiel et al. (2003) reported
transferability of 40% of barley EST-SSR markers to
rice. Almost 80% of the primer pairs were conserved
across all four Festuca-Lolium species. The Lolium
species in this study are closely related to Festuca, and
are compatible for intergeneric sexual hybridization
(Terrell 1966). In addition, meadow fescue and the
tetraploid Festuca arundinacea var. glaucescens are the
two putative progenitors of tall fescue.

EST-SSR markers for evaluation of genetic
relationships among grasses

The results from our survey of the limited number of
genotypes from six grass species indicate that EST-SSR
markers could be used for evaluation of both within and
among species genetic relationships. The SSR marker-
based genetic relationship among the Festuca-Lolium
species reported in this study is in agreement to their
RFLP marker-based relationship reported by Xu and
Sleper (1994). Thiel et al. (2003) also found that RFLP
and EST-SSR markers yielded a similar pattern of genetic
diversity among 54 barley cultivars. The tetraploid fescue
showed a closer relationship with hexaploid tall fescue
compared to the relationship between tall fescue and
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meadow fescue. The closer relationship of tall fescue to
tetraploid fescue rather than to meadow fescue may be
because tetraploid fescue shares two genomes (G1G2)
whereas meadow fescue shares only one (P) genome with
tall fescue (PG1G2).

Thiel et al. (2003) pointed to the limitation of interspe-
cific transfer of SSR markers for diversity studies, because
(1) SSR markers of identical band sizes may not be
identical by descent (homoplasy), and (2) alleles of
different size may occur from complex mutational events
(e.g., insertion or deletion in both SSR regions and
flanking regions) rather than from simple variation in the
number of SSR repeats. Peakall et al. (1998) stated that
size homoplasy due to complex mutations within and
beyond the SSR region, and genetic relationships among
taxa and beyond were likely to be underestimated. An
example of size homoplasy between R43-64-2 (tall fescue)
and W-2 (tetraploid fescue) was observed in this study as
well as many examples of insertion/deletions (indels) and
substitutions in the flanking regions. Such events were
more frequent among the more distantly related species
(e.g., fescue vs rice or wheat). Also in this study, the
separation of the taxa is based on small samples of
intraspecific genetic variation that may reduce the reli-
ability of the phylogenetic relationships of the outcrossing
species. Thus, the usefulness of the EST-SSR markers for
determination of phylogenetic relationships among grass
species will need to be tested on a larger set of species
with more entries from each species.

The tall fescue EST-SSR primers developed in this
study will be useful for comparative mapping among grass
species, particularly among the forage grass species
belonging to the Festuca-Lolium complex because of the
limited number of cross-species markers available and the
limited knowledge of their genome relationships. Rela-
tively understudied forage grass species such as tall fescue
will gain the most from comparative mapping among grass
species. High levels of synteny and co-linearity of Lolium
perenne (Jones et al. 2002) and Festuca pratensis (Alm et
al. 2003) genomes with the genomes of a number major
grass species have been established. Thus comparison of
tall fescue genetic map with those of ryegrass, meadow
fescue and major cereal crops (e.g., wheat, oat, barley, and
rice) will facilitate transfer of genetic information among
these species.
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