
Abstract A simple sequence repeat (SSR)-based link-
age map has been constructed for perennial ryegrass
(Lolium perenne L.) using a one-way pseudo-testcross
reference population. A total of 309 unique perennial
ryegrass SSR (LPSSR) primer pairs showing efficient
amplification were evaluated for genetic polymorphism,
with 31% detecting segregating alleles. Ninety-three
loci have been assigned to positions on seven linkage
groups. The majority of the mapped loci are derived
from cloned sequences containing (CA)n-type dinucle-
otide SSR arrays. A small number (7%) of primer pairs
amplified fragments that mapped to more than one
locus. The SSR locus data has been integrated with
selected data for RFLP, AFLP and other loci mapped in
the same population to produce a composite map
containing 258 loci. The SSR loci cover 54% of the
genetic map and show significant clustering around
putative centromeric regions. BLASTN and BLASTX
analysis of the sequences flanking mapped SSRs indi-
cated that a majority (84%) are derived from non-genic
sequences, with a small proportion corresponding to
either known repetitive DNA sequence families or pre-
dicted genes. The mapped LPSSR loci provide the basis
for linkage group assignment across multiple mapping
populations.
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Introduction

A number of molecular genetic marker systems have
been developed for implementation in the breeding of
the important pasture and turfgrass species perennial rye-
grass (Lolium perenne L.) (Forster et al. 2001). An
important objective for the improvement of this self-
incompatible, outbreeding species is the development
and mapping of reproducible, co-dominant genetic markers
for quantitative trait locus (QTL) detection and gene
tagging. A number of co-dominant isoenzyme, restriction
fragment length polymorphism (RFLP) and sequence
tagged site (STS) marker loci and dominant amplified
fragment length polymorphism (AFLP), loci have been
assigned to genetic maps constructed using two different
one-way pseudo-testcross populations (Hayward et al.
1998; Bert et al. 1999). An enhanced molecular marker-
based linkage map has recently been constructed using
the p150/112 population (Jones et al. 2002), containing
109 RFLP loci detected by heterologous probes from
other Poaceae species. Comparative genetic mapping has
allowed the alignment of the perennial ryegrass genetic
map with those of wheat, rice and oat, revealing substan-
tial conserved synteny with the genomes of Triticeae
species (Jones et al. 2002).

The enrichment of the perennial ryegrass genetic map
with co-dominant RFLP loci has provided a set of frame-
work markers which are capable of transfer across differ-
ent mapping populations, allowing cross-referencing of
map positions. However, RFLP technology is relatively
expensive, time-consuming and labour intensive, thereby
limiting the applicability of this approach. The ideal
marker system for this purpose is simple sequence repeat
(SSR) polymorphism. SSRs are reliable, polymerase
chain reaction (PCR)-based markers that detect stable
co-dominant multiallelic loci (Rafalski et al. 1996). SSR
detection is capable of automation, allowing high-
throughput genotyping and map construction (Mitchell et
al. 1997). SSR-based linkage maps have been constructed
for a range of important crops such as rice (Chen et al.
1997; Temnykh et al. 2000), soybean (Cregan et al.
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1999), potato (Milbourne et al. 1998), sugar beet (Rae et
al. 2000), sorghum (Kong et al. 2000), maize (Taramino
and Tingey 1996) and wheat (Röder et al. 1998;
Stephenson et al. 1998). SSR map development in forage
species has so far only been reported for alfalfa (Diwan
et al. 2000).

We have recently reported the characterisation of a set
of 366 unique SSR clones from perennial ryegrass (Jones
et al. 2001). The perennial ryegrass SSR (LPSSR) loci
were evaluated for efficiency of amplification, polymor-
phism in a small panel of diverse genotypes and cross-
amplification in other closely related taxa. In order to
further enhance the reference map of perennial ryegrass,
LPSSR loci have been assigned to positions on the
current L. perenne reference map. A framework set of 93
loci are distributed across the seven linkage groups, pro-
viding the basis for future mapping in trait-specific popu-
lations. The cloned sequences from mapped LPSSR loci
have been subjected to DNA sequence analysis in order
to evaluate possible associations with genic regions.

Materials and methods

Plant material

The p150/112 reference mapping population was derived from the
cross between a multiple heterozygous parent of complex descent
as pollinator and a doubled haploid as female parent (Bert et al.
1999; Jones et al. 2002). Plant material was provided by Dr. Mervyn
Humphreys and Mr. Gilbert Jones, IGER, UK. Genomic DNA was
extracted from 155 F1 progeny individuals by the 1× CTAB method
of Fulton et al. (1995).

Evaluation of SSR polymorphism

Assessment of genetic polymorphism was performed by separation
of radiolabelled PCR products using vertical denaturing acrylamide
gel electrophoresis and phosphorimager detection as described by
Jones et al. (2001). The screening panel consisted of the multiple
heterozygous parent and six F1 progeny from the p150/112
population.

Genetic mapping of SSR loci

Segregation data for up to 155 F1 individuals was either obtained
as described for polymorphism screening or by automated capillary
electrophoresis of fluorochrome-labelled PCR products. LPSSR
forward primers were modified with one of three fluorochrome
moieties – 6-carboxyfluorescein (FAM), hexachloro-6-carboxyflu-
orescein (HEX), NED (Applied Biosystems, Foster City, Calif.).
PCR amplifications were performed using one of four touchdown
programs (Jones et al. 2001), depending on primer pair Tm value,
in ABI9700 thermocyclers (Applied Biosystems). Products
labelled with one of each of the three dyes were pooled using a
BioRobot 9600 liquid handling system (QIAGEN, Valencia,
Calif.). The triplexed products were separated using an ABI3700
96-channel DNA sequencer (Applied Biosystems) and sized using
the GeneScan–500 ROX size standard (Applied Biosystems;
ROX, 6-carboxy-X-rhodamine) and the programme GENESCAN
(Applied Biosystems). GENOTYPER 3.5 (Applied Biosystems) was
used to score SSR alleles.

SSR marker data were mapped separately and in combination
with the RFLP and AFLP data described by Jones et al. (2002)
using MAPMAKER 3.0 (Lander et al. 1987). Linkage groups were

assigned at LOD 5.0, with one linkage group being split at LOD
9.0. RFLP and AFLP markers that did not map at LOD>2.0 were
excluded form the combined map data. Map distances were calcu-
lated using the Kosambi mapping function (Kosambi 1944).

The RFLP and AFLP dataset for the p150/112 reference genetic
mapping family (Jones et al. 2002) is available at http://ukcrop.net/
perl/ace/search/FoggDB.

DNA sequence analysis of SSR loci

Cloned insert sequences were analysed using the BLASTN nucle-
otide sequence alignment algorithm provided as part of the suite
of molecular biology tools at the National Centre for Biotechnology
Information (NCBI) Internet site (http://www.ncbi.nlm.nih.gov).
Sequence searches were conducted against the GenBank database.
The E value of the highest sequence match (probability of
sequence matching by chance) was determined for each query
sequence, along with the length of the aligned segment and acces-
sion identity. The BLASTX protein alignment algorithm was used
for further analysis of cloned sequences matching known genic
regions.

Results

Evaluation of SSR polymorphism in reference population

In addition to the 366 unique non-truncated LPSSR
clones previously reported (Jones et al. 2001), a further
960 clones were sequenced from the LPSSRH library,
which was enriched primarily for (CA)n repeats and
produced more polymorphic loci than the multiplex-
enriched LPSSRK library (Jones et al. 2001). A total of
288 extra SSR-containing clones were identified, of
which 84 were unique and non-truncated. Therefore, a
total of 450 LPSSR clones suitable for locus character-
isation were identified. Primer pairs were successfully
designed for 391 unique clones, of which 328 (84%) pro-
duced clear and simple amplification products in the
expected size range. The amplification efficiency varied
from 78% to 100%, depending on SSR class (Table 1).
Of the primer pairs showing efficient amplification,
31% detected genetic polymorphism in the p150/112
reference population (Table 1). Lower levels of genetic
polymorphism were detected with interrupted/imperfect
SSRs, trinucleotide SSRs and n<10 repeats, all of which
are prevalent in the LPSSRK library. 

Molecular mapping data

The genetic mapping dataset was constructed using data
from 89 of the 101 primer pairs that detected genetic poly-
morphism. Data generated by the remaining 12 LPSSR
primer pairs was excluded on the basis of weak or equivo-
cal amplification signals or inefficient allele discrimina-
tion. Of the 89 primer pairs, 83 produced single-locus
amplification patterns, while six detected more than one
locus, with five detecting duplicate loci and one detecting
a triplicated locus, giving a total of 96 segregating
markers. A majority of the data was generated using the
automated fluorescence detection system (84 primer pairs
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detecting 91 loci), while a minority (five primer pairs
detecting five loci) was produced using the isotopic
detection system.

Co-dominant genetic markers are expected to show
either AB × BB or AB × CC segregation structures in the
p150/112 family. A total of 61 AB × BB and 21 AB ×
CC patterns were observed. In addition, a number of
patterns consistent with the detection of null alleles were
observed (7 A0 × 00; 6 A0 × BB; 1 AB × 00). Loci with
the first two segregation patterns were treated as domi-
nant markers in the p150/112 F1 progeny set, while the
locus in the third class was mapped as a co-dominant
marker.

Genetic map construction

The 96 LPSSR loci were mapped in combination with
the RFLP, STS, isoenzyme and AFLP data described by
Jones et al. (2002). To generate a more robust map, we
excluded RFLP and AFLP loci that did not fit at
LOD>2.0 from the map, resulting in the total number of
these markers being reduced from 240 to 165 (30 AFLP
loci and 45 co-dominant loci were eliminated). Most of
the excluded markers were located around putative cent-
romeres in regions of locus clustering, and their removal
did not affect map coverage. There was no change in the
order of markers common to this study and that of Jones
et al. (2002).

Ninety-three LPSSR loci were assigned to seven link-
age groups (LGs), with between 9 and 22 loci per group
(Fig. 1). Three primer pairs detected single loci that
could not be assigned to the genetic map. Two of these
were scored as dominant markers and were relatively
difficult to score accurately, while the third showed a
high level of segregation distortion. The composite map
contains 74 RFLP loci, five isoenzyme and STS loci and
86 AFLP loci in addition to the 93 SSR loci, giving a
total of 172 markers of the generally co-dominant class.
These loci cover 814 cM, as compared to 811 cM for the
map of Jones et al. (2002). Relatively little map expan-

sion has therefore occurred by addition of the SSR mark-
ers. The use of only the most robust RFLP and AFLP
markers resulted in a reduction in the number of unor-
dered regions compared with the study of Jones et al.
(2002). Only four regions on LGs 1, 2 and 6 remained
unordered at LOD>2.0, compared with 15 regions in the
map of Jones et al. (2002). These four unordered regions
covered distances of between 2 cM and 17 cM. Twenty-
four percent (22/93) of all mapped LPSSR markers
showed distorted segregation at P<0.05, and 10% (9/93)
at P<0.01. These values are similar to the levels of skew-
ness (22% at P<0.05 and 8% at P<0.01) described by
Jones et al. (2002). The majority of LPSSR markers
skewed at P<0.01 mapped to LG3 in a region previously
shown to be associated with high levels of segregation
distortion (Jones et al. 2002). 

The LPSSR markers were also mapped independently
of the RFLP and AFLP data. The same linkage groups
were formed, except for LG2, in which one terminal
locus (xlpssrh03a08) was unlinked and three terminal
loci (xlpssrk08f05, xlpssrk12e06, xlpssrhxx285) formed
a separate linkage group. LPSSR marker orders were
unchanged. The total map distance using only LPSSR
loci was 325 cM, with an average marker interval of
4 cM and a range of 0–20 cM.

The distribution of LPSSR loci within linkage groups
was variable, with substantial clustering around the puta-
tive centromeric regions, especially on linkage groups 1,
2 and 6. The LPSSR loci are distributed across 54% of
the total map distance, compared with 85% for AFLPs
and 82% for RFLPs, STSs and isoenzymes. The distribu-
tion of different classes of SSR across the genetic map
was examined in terms of map coverage and tendency to
cluster. SSRs were classed by motif type (64 primer pairs
were designed to dinucleotide repeat SSR loci, 21 to
trinucleotide repeat loci and one to a tetranucleotide
repeat locus), structure (55 corresponded to perfect repeat
types, four to compound perfect repeats, 17 to interrupted
SSRs and ten to imperfect repeats) and repeat number
(varying between 5 and 31). Although the number of
mapped trinucleotide repeat loci (21) is considerably
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Table 1 Amplification and
polymorphism data for the
p150/112 reference population
obtained with LPSSR primer
pairs

SSR category Number Number (and percentage) Number (and percentage)
of primer of primer pairs with of polymorphic
pairs efficient amplification primer pairs

Perfect SSRs 191 154 (81%) 61 (40%)
Interrupted SSRs 114 89 (78%) 23 (26%)
Imperfect SSRs 59 53 (90%) 12 (23%)
Compound SSRs 27 22 (81%) 5 (23%)
Dinucleotide repeats 263 215 (82%) 74 (34%)
Trinucleotide repeats 124 99 (80%) 26 (26%)
Tetranucleotide 4 4 (100%) 1 (25%)

or higher repeats
n < 6 repeats 32 27 (84%) 6 (22%)
6 ≤ n < 10 repeats 194 163 (84%) 47 (29%)
n ≥ 10 repeats 165 128 (78%) 48 (38%)
LPSSRH library 106 90 (85%) 33 (37%)
LPSSRK library 283 226 (80%) 67 (30%)
All SSRs 391 328 (84%) 101 (31%)
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lower than the number of dinucleotide repeat loci (64),
the map coverage was not proportionally less (33% and
45%, respectively). The intervals between trinucleotide
repeat loci were larger (17 cM compared to 6 cM) and
markers were less clustered than for dinucleotide repeat
loci. To examine the distribution of repeat length, we
divided the genetic map into 10 cM segments and calcu-
lated the average value for repeat numbers of loci in each
segment, but no correlation with map location was
observed. However, out of the 16 SSRs with repeat
numbers greater than 15, 13 were found to map close to
putative centromeric regions. No particular association
between SSR structure (perfect, imperfect, interrupted or
compound) and genetic map coverage was observed.

DNA sequence analysis of SSR loci

The LPSSR clones were derived from genomic enrich-
ment libraries and may hence be derived from both genic
and non-genic regions of the perennial ryegrass genome.
Sequence alignments determined that the majority (84%)
of clones corresponding to mapped loci produced low
level (E>10–2) matches of short (<20 bp) sequences to
current database accessions. No significant matches to
chloroplast DNA sequences were obtained. A single match

(E = 3×10–6) was found to a known repetitive DNA
sequence class, corresponding to a portion of the long
terminal repeat (LTR) of the barley BARE-1 retroele-
ment (Manninen and Schulman 1993). Six (7%) cloned
sequences produced high-level matches (E<10–8). Of
these, three clones matched genomic sequences derived
from rice PAC clones. Further analysis with BLASTX
revealed no current gene annotation for one of these
sequences, while the other two sequences matched a
hypothetical Arabidopsis thaliana L. protein and a putative
A. thaliana GDSL-motif lipase/hydroxylase-like protein.
The other three clone sequences were matched to an
unknown predicted A. thaliana protein (E = 4×10–19), an
oat (Avena sativa L.) gliadin-like avenin protein (E =
2×10–10) and an A. thaliana heavy-chain myosin gene (E
= 2×10–9). BLASTX analysis demonstrated that the
(GT)n SSR in this cloned sequence is located within a
small intron, close to the boundary with the 5′-exon
(Fig. 2). 

The RFLP- and AFLP-based reference genetic map of
perennial ryegrass has allowed the prediction of con-
served syntenic relationships with other Poaceae species
such as wheat, barley and rice (Jones et al. 2002). The
three rice sequence accessions with high matches to
LPSSR clone sequences were derived from genomic
clones of known chromosomal origin, providing a means
of testing predicted locus locations. Locus xlpssrk12d11
is located on perennial ryegrass linkage group (LG) 1 in
a region of conserved synteny with rice chromosome 5.
The matching rice PAC clone is also derived from chro-
mosome 5. The same situation applies to xlpssrh06h02,
on LG3 in a region of conserved synteny with rice chro-
mosome 1. However, xlpssrh07g03 on LG1 corresponds
to rice chromosome 10 instead of 5.

Discussion

The results presented here show the construction of a
framework genetic linkage map of perennial ryegrass
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Fig. 1 Distribution of 93 loci detected by perennial ryegrass SSR
(LPSSR) primer pairs (in bold type) across the seven linkage
groups of perennial ryegrass for the cross p150/112. Segregation
data is based on LPSSR loci and a selected sub-set of RFLP and
AFLP loci from the reference map of Jones et al. (2002). Locus
nomenclature for LPSSR loci is shown in the form xlpssrabbccc,
where a indicates the enrichment library of origin (h or k), bb indi-
cates sequencing block number and ccc indicates block coordinate.
Multiplicated loci are shown with a numerical extension – e.g. lps-
srk09f06.1 – with .1 indicating the locus was mapped with fragments
in the expected size range, and .2 and .3 with fragments not in the
expected size range. Markers showing segregation distortion are
indicated by * = significant distortion at P < 0.05, ** = P < 0.01
and *** = P < 0.001. The bracketed regions indicate markers that
could not be ordered at LOD>2

▲

Fig. 2 Location of the SSR array
[(GT)10] of the cloned sequence
LPSSRH01H06 in a predicted
intron of a heavy-chain myosin
gene. The SSR array is shown
in italics. The conserved splice
junction dinucleotide motifs are
shown in bold type. The posi-
tions of amplification primer
sequences for detection of the
corresponding SSR locus are
underlined. The predicted
primary structure of the corre-
sponding 5′- and 3′-exon
sequences is shown in standard
amino acid code in bold type
below the sequence



based on SSR loci, relating the distribution of these loci
to the previously generated RFLP- and AFLP-based
reference map of Jones et al. (2002). The p150/112 F1
population (Bert et al. 1999) provided the genetic
resource for reference map development (Forster et al.
2001), and the further mapping of SSR loci in this popu-
lation provides a significant enhancement of map infor-
mation, with over 150 genetically co-dominant markers
distributed across the seven linkage groups.

The quantification of SSR polymorphism in the
p150/112 population allowed an estimate of amplifica-
tion efficiency following primer design over a larger
number of LPSSR clones (391) than the 101 clones eval-
uated by Jones et al. (2001). A comparable amplification
efficiency (84% compared to 81%) was observed in this
study. The proportion of SSR primer pairs showing effi-
cient amplification that detected segregating alleles was
31%, with variation according to SSR structural categories,
repeat motif lengths, array lengths and library of origin.
As observed for a panel of diverse perennial ryegrass
genotypes (Jones et al. 2001), higher levels of polymor-
phism were observed for long, perfect and dinucleotide
repeat types compared to shorter, interrupted, imperfect
and trinucleotide repeat types. Although both diallelic
(AB×BB) and triallelic (AB×CC) segregation patterns
were observed, the first class was in excess. This finding
is perhaps surprising, as the p150/112 population was
designed to maximise genetic polymorphism, and the
parentage of the multiply heterozygous parent is quite
distinct from the doubled haploid parent DH290 (derived
from the anther culture-responsive Danish cultivar Verna).
The limited allelic variation detected here may indicate a
lower level of genetic variability within perennial rye-
grass than anticipated, perhaps correlated with patterns
of gene flow during the colonisation of Europe by the
species (Balfourier et al. 2000) or restricted use of germ-
plasm during varietal development.

A small proportion of the mapped loci showed segre-
gation patterns consistent with the presence of null
alleles. Such alleles have been reported in other studies
(Uzunova and Ecke 1999; Kong et al. 2000) and may
arise due to hemizygosity (large-scale deletion of
sequences flanking the SSR locus) or, more likely, from
point mutations or small insertion/deletion events in the
region matching one or other amplification primers.
Many of the LPSSR clones showed a high level of cryptic
simplicity (Tautz et al. 1986) in the 5′- and 3′-flanking
regions, suggesting that rapid sequence divergence is prev-
alent in these areas. The regions directly adjacent to SSR
arrays may show elevated levels of base mutation and
may be suitable for the identification of single nucleotide
polymorphism markers (Brohede and Ellergren 1999).

A small number of LPSSR primer pairs (6) detected
multiple loci, generally duplicated, but in one instance
triplicated. The locations of these multiplicated loci are
not consistent with large-scale internal duplications of
the perennial ryegrass genome. A similar observation
was made for duplicated RFLP loci detected by heterolo-
gous anchor probes (Jones et al. 2002). However, smaller

scale duplications cannot be excluded at the current level
of marker coverage. Although none of the multiplicated
loci show significant sequence matches to known genes,
it is possible that they are associated with paralogous
sequences corresponding to small multigene families.
The presence of multiplicated loci enhances the number
of marker positions generated by the current set of SSR
primer pairs but may produce inconsistencies between
linkage group assignments when mapping is performed
in other segregating populations. For this reason, the
primer pairs detecting multiplicated loci should be
preferentially excluded from framework mapping in
subsequent populations.

The SSR loci show irregular distribution across and
within the seven linkage groups. The largest (22) and best
distributed set of loci are on LG4, while the 14 loci on
LG1 are highly clustered around the putative centrometic
location. Clustering on genetic maps of SSR loci isolated
from genomic libraries has been reported for a number of
species including barley (Ramsay et al. 2000) and tomato
(Areshchenkova and Ganal 1999) but is not so prevalent
in other species such as sorghum (Bhattramaki et al.
2000) or rice (Chen et al. 1997). Centromeric clustering
of dinucleotide repeat SSRs in tomato was characteristic
of loci containing large arrays. For the current perennial
ryegrass SSR-based map, the average repeat number of
the cloned SSR arrays for the most clustered group of loci
on LG1 (n = 11.8 for 14 loci over 20 cM) was similar to
that of the least clustered group of loci on LG4 (n = 10.1
for 22 loci over 80 cM; data not shown), and the average
repeat number across 10 cM segments did not significantly
vary across the genetic map. However, the largest SSRs
with repeat numbers greater than 15 did tend to map to
putative centromeric regions, suggesting that the trend
observed in tomato may occur to some extent in perennial
ryegrass. Trinucleotide repeat loci may be less likely to
cluster as they are more commonly detected in expressed
sequence tags and therefore genic regions (Scott et al.
2000; Cordeiro et al. 2001). In this study, trinucleotide
repeat loci showed a lower level of clustering around the
putative centromeres than dinucleotide repeat loci and
gave a similar level of genetic map coverage, despite
fewer being mapped.

Although the currently mapped SSR loci provide a
powerful means for map alignment across different pop-
ulations, the irregular distribution and total map coverage
of approximately 54% are sub-optimal for whole genome
scanning. Map coverage will be expanded through the
use of additional LPSSR loci that are polymorphic in
other populations.

The majority (84%) of the mapped genomic LPSSR
loci produce sequence matches of low significance when
screened against genomic databases. The failure to iden-
tify chloroplast-derived sequences is not unexpected as
such loci would show maternal inheritance and show low
levels of within-species polymorphism (Weising and
Gardner 1999). There was only one match to a known
repetitive DNA sequence (the barley BARE-1 element).
SSR loci have been demonstrated to frequently co-locate
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with dispersed repetitive sequences in species such as
barley (Ramsay et al. 1999), but the LPSSR sequences
do not show an association with known repeat families at
higher levels than expected by chance.

BLASTN and BLASTX analysis has demonstrated
that a small number of the LPSSR clone sequences
are associated with either hypothetical or actual gene
sequences. The SSRs are likely to be located in the
untranslated regions of these genes, or, as for LPS-
SRH01H06 which matches the myosin heavy chain gene
sequences, in an intron. The SSR structure for this clone
has previously been shown to be conserved across species
boundaries as far as oat (Jones et al. 2001), suggesting a
relatively ancient evolutionary origin.

We have also used sequence similarity with rice
genomic clones to test inferences of conserved synteny.
Although two of three annotations are consistent with
the current comparative map (Jones et al. 2002), a third
does not conform to this pattern. Similar interruptions of
conserved synteny have been observed for RFLP loci
and may be related to small-scale genomic rearrange-
ments or polymorphism in paralogous gene sequences in
different chromosomal locations. However, one of the
basic rearrangements which define the relationship be-
tween the Triticeae and rice genomes involves the inser-
tion of rice chromosome 10 into chromosome 5 to form
the Triticeae group 1 chromosomes (Devos and Gale
1997). Locus xlpssrh07go3 may provide evidence for
such a rearrangement in perennial ryegrass LG1, along
with a single RFLP marker (xcdo98).

In summary, we have presented here for the first time
a framework linkage map of perennial ryegrass based on
an efficient, PCR-based, locus-specific, genetically co-
dominant and multiallelic marker system. The LPSSR
loci have been mapped along with RFLP and AFLP
markers using the reference population for this species,
providing a ready means for map alignment and chromo-
some assignment across multiple mapping populations.
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