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ABSTRACT 
Of the 8 species in the genus Lolium, Italian ryegrass (Lolium multiflorum Lam.), is one of the most important cool-season forage grasses 
and is the most widely cultivated annual forage grass in Japan. Another important Lolium species is perennial ryegrass (L. perenne L.); it 
is cultivated mainly for forage and turf in the British Isles, Europe, USA, Australia, and New Zealand. Both Italian ryegrass and perennial 
ryegrass are outcrossing species, and each has a relatively large genome (1 C � 2000 Mb). In recent years, many molecular markers, 
including amplified fragment length polymorphism (AFLP) markers, restriction fragment length polymorphism (RFLP) markers, simple 
sequence repeat (SSR) markers, and expressed sequence tag (EST) markers, have been developed for Italian ryegrass and perennial 
ryegrass, and several types of molecular linkage map have been constructed. In addition, markers closely linked to genes for resistance to 
diseases such as crown rust, gray leaf spot, and bacterial wilt have been identified. Quantitative trait loci (QTLs) for flowering time, 
winter hardiness, forage quality, and other important traits have also been analyzed. In this paper, we review recent progress in genome 
mapping and QTL analysis in Lolium spp. We also include studies on tall fescue (Festuca arundinacea Schreb.) and meadow fescue (F. 
pratensis Huds.), two species closely related to Lolium. 
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INTRODUCTION 
 
Italian ryegrass (Lolium multiflorum Lam.), an important 
grass species belong to genus Lolium, Poaceae family, also 
called annual ryegrass, is an upright annual species that 
behaves like a biennial or even a short-lived perennial de-
pending on environmental conditions. Italian ryegrass is 
widely used as animal fodder, i.e. hay, pasturage or silage 
and turf grasses worldwide. It is also used for quick cover 
in erosion control plantings. Another important species in 
Lolium, perennial ryegrass (L. perenne L.), which is also 
used mainly as forage and turf, is cultivated mainly in the 

British Isles, Europe, USA, Australia, and New Zealand. 
Both Italian ryegrass and perennial ryegrass are naturally 
diploid, outcrossing species, with 2n=14, having a moderate 
genome size (1 C �2000 Mb), but many tetraploid commer-
cial cultivars were produced. A genus closely related to 
Lolium is Festuca, which includes two important forage 
grasses: tall fescue (F. arundinacea Schreb.) and meadow 
fescue (F. pratensis Huds.). Tall fescue is cultivated 
throughout temperate regions for use as hay, pasturage, and 
silage, and in erosion control. Tall fescue originated in Eu-
rope and has a large genome of 5929 Mb. Meadow fescue is 
a diploid (2n = 2x = 14), obligate outbreeding forage grass 
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species. It is cultivated throughout temperate regions world-
wide. The DNA content is about 1800 Mb per haploid 
genome (Seal 1983) – close to the genome size of Italian 
ryegrass and perennial ryegrass. 
 
MARKER DEVELOPMENT 
 
The genomic study of most forage crops has lagged behind 
that of other major crops such as rice and maize in terms of 
genomic sequencing, compilation of expressed sequence 
tags (ESTs), and development of markers, including restric-
tion-fragment-length polymorphism (RFLP) markers, sim-
ple sequence repeat (SSR) markers, In/Del markers, and 
single nucleotide polymorphism (SNP) markers. The main 
reasons for this are the outcrossing nature of forage species, 
the relatively large genome, and the relatively low econo-
mic value of forage crops compared with those of other 
crops. 

However, many molecular markers, including RFLP 
markers, SSR markers, and EST markers, have recently 
been developed for Lolium and Festuca, especially for 
perennial ryegrass. 
 
RFLP markers 
 
The advantages of RFLP markers over other types, such as 
random amplified polymorphic DNA (RAPD) and ampli-
fied-fragment-length polymorphism (AFLP) markers, in-
clude their co-dominant nature and the ease with which map 
information can be transferred to a different mapping popu-
lation. Although RFLP analysis requires a large amount of 
genomic DNA and is time-consuming and costly, an infor-
mative RFLP linkage map is useful for analyzing the struc-
tural organization of genomes (Berhan et al. 1993) and for 
generating physical maps of specific chromosomes through 
in situ hybridization using DNA markers (Werner et al. 
1992; Wanous and Gustafson 1995). In addition, compara-
tive RFLP mapping of related species has the potential to 
provide important insights into the evolution of plant ge-
nomes (Ahn and Tanksley 1993; Huang and Kochert 1994). 
The RFLP marker set for the Poaceae family in particular 
(mainly rice, oats, and barley) has been a very useful tool 
for comparative genome mapping (van Deynze et al. 1998). 

Inoue et al. (2004a) developed 239 RFLP probes from a 
Pst-I genomic library of Italian ryegrass; 74% (239 of 396) 
of these showed single- or low-copy hybridization patterns. 
In perennial ryegrass, Faville et al. (2004) selected 157 
cDNAs assigned to 8 different functional categories associ-
ated with agronomically important biological processes to 
detect polymorphic EST-RFLP loci in an F1 (NA6 � AU6) 
population. 

RFLP markers were also developed from a tall fescue 
Pst-I genomic DNA library (Xu et al. 1991). The genomic 
clones were evaluated using 9 genotypes from 3 species of 
Festuca; 174 probes gave readable results, of which 79% 
were single-copy. The single-copy probes revealed good 
polymorphism in tall fescue, but approximately 21% of the 
probes did not cross-hybridize to any of the diploids or 
tetraploids, and these represented genome-specific clones. 
 
SSR markers 
 
SSRs or microsatellites are tandem repeat units of 2 to 6 
nucleotides. They are highly abundant and polymorphic and 
are widely distributed in the genomes of eukaryotes. Al-
though the development of SSR markers takes time and 
money, SSR markers have a number of advantages (such as 
being PCR-based, multi-allelic, highly reproducible, and 
co-dominant) over other markers, including RFLP, RAPD, 
and AFLP markers. Therefore, SSRs have been widely used 
in constructing linkage maps (Röder et al. 1998) and in 
gene tagging (Fahima et al. 1998), map-based cloning (Liu 
et al. 2002), studies of genetic diversity (Chen et al. 2002), 
and evolutionary studies (Buchanan et al. 1994). 

Hirata et al. (2006) constructed a genomic library en-

riched for (CA)n-containing SSR repeats to develop SSR 
primers for Italian ryegrass. After the sequencing of a total 
of 1544 clones, 1044 (67.6%) were found to contain SSR 
motifs. Of 395 primers designed from unique clones, 357 
primer pairs could amplify products of the expected size in 
both parents of a 2-way pseudo-testcross F1 mapping popu-
lation, and genetic loci detected by a total of 218 primer 
pairs were assigned to locations on 7 linkage groups. To in-
crease the available number of SSR markers in Italian rye-
grass, Inoue et al. (2005) developed 851 new polymorphic 
primers from 4 Italian ryegrass SSR-enriched genomic lib-
raries, following evaluation across a screening panel con-
sisting of 5 individual specimens of Italian ryegrass, 1 of 
perennial ryegrass, 1 meadow fescue, and 1 tall fescue. 
Following re-screening of the SSR markers from Hirata 
et al. (2006), some tall fescue EST-SSR primers (Saha et al. 
2004), and other published perennial ryegrass SSR markers 
(Jones et al. 2001), a total of 1172 working primers, in-
cluding the aforementioned newly developed SSR markers, 
were found to be useful for Italian ryegrass. Of these, 679, 
581, and 682 primers successfully amplified SSR sites in 
perennial ryegrass, meadow fescue, and tall fescue, respec-
tively (Hongwei Cai, Nana Yuyama, and Maiko Inoue, 
unpublished data). 

Jones et al. (2001) developed 366 SSR primers from 2 
SSR-enriched libraries from perennial ryegrass. After se-
quencing 1853 clones, they identified 859 SSR-containing 
clones, of which 718 were unique. From the 366 clones that 
allowed the design of the SSR primers, 100 selected SSR 
primer pairs were evaluated for amplification and genetic 
polymorphism across a panel of diverse genotypes. The re-
sults showed a high efficiency of amplification (81%) and a 
relatively high level of polymorphism (67%), with a range 
of 2 to 7 alleles per locus. In addition, cross-species ampli-
fication was detected in a number of related pasture and 
turfgrass species, with high levels of transfer to other 
Lolium species and members of the related genus Festuca. 
The identities of putative SSR ortholoci in these related 
species were confirmed by DNA sequence analysis. A 
perennial ryegrass EST collection has also been used for the 
development of EST-SSR primer pairs: Faville et al. (2004) 
analyzed 14 767 unigenes and developed 310 EST-SSR 
primer pairs showing efficient amplification and detecting 
113 polymorphic loci. 

Jensen et al. (2005b) have reported on the characteriza-
tion and mapping of 76 SSR markers for perennial ryegrass. 
These markers were publicly available or were obtained 
either from genomic libraries enriched for SSR motifs or 
from perennial ryegrass expressed sequence tag (EST) 
clones. Of the reference SSR markers, 65 were mapped to 4 
perennial ryegrass mapping populations. Jensen et al. 
(2007) have also tested the amplification of 105 perennial 
ryegrass SSR markers in 23 grass species representing 7 
tribes from 3 subfamilies of Poaceae. Between 2% and 
96% of the SSR markers could be amplified within a given 
species. A subset of 8 SSR markers was evaluated for poly-
morphism across 9 of the 23 grass species: 4 to 7 of the 
markers were polymorphic within each species, with an 
average detection rate of 2.4 alleles per species. Gill et al. 
(2006) has designed 563 and 931 SSR primers from 
GeneThresher and SSR-enriched library, respectively.  
And they detected 258 and 355 polymorphic primer pairs 
from the two libraries in their screening panel consisting of 
eight L. perenne cultivars. 

 More recently, Asp et al. (2007) mined perennial rye-
grass SSRs from 25 744 ESTs, representing 8.53 Mb of 
nucleotide information from 3 genotypes of perennial rye-
grass. Their results showed that 1458 ESTs (5.7%) con-
tained 1 or more SSRs. Of these SSRs, 955 (3.7%) were 
non-redundant. Tri-nucleotide repeats were the most abun-
dant type of repeat, followed by di- and tetra-nucleotide 
repeats. Most of the SSR motifs in the 3 genotypes of 
perennial ryegrass showed no polymorphisms (97.7%), 
whereas only 22 EST-SSRs showed allelic or genotypic 
polymorphisms, or both. Comparative analysis of the peren-
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nial ryegrass EST-SSRs with sequences of F. arundinacea, 
Brachypodium distachyon, and Oryza sativa identified 19 
clusters of sequences that were orthologous between these 4 
species. Analysis of the clusters showed that the SSR motifs 
are generally conserved in the closely related species F. 
arundinacea, but the lengths of the SSR motifs often differ. 
In contrast, SSR motifs are often lost in the more distantly 
related species B. distachyon and O. sativa. Studer et al. 
(2008) used these 955 SSR containing ESTs to designed 
744 primers. Primer amplification was tested in 8 genotypes 
of L. perenne and L. multiflorum representing (grand-) 
parents of 4 mapping populations and resulted in 464 suc-
cessfully amplified EST SSRs. Three hundred and six pri-
mer pairs successfully amplified products in the mapping 
population VrnA derived from 2 of the 8 genotypes inclu-
ded in the original screening and revealed SSR polymor-
phisms for 143 ESTs. 

In tall fescue, Saha et al. (2004) designed 157 EST-SSR 
primer pairs from tall fescue ESTs and tested them on 11 
genotypes representing 7 grass species. Nearly 92% of the 
primer pairs produced characteristic SSR bands in at least 1 
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 polymorphism was observed in tall 
fescue and ryegrass (66%). Furthermore, Saha et al. (2006) 
developed 511 SSR primers pairs from a tall fescue geno-
mic library enriched in (GA/CT)n repeats. The parents and 
a subset of a tall fescue mapping population were used to 
select primer pairs for mapping in tall fescue. Their survey 
results revealed that 48% (in rice) to 66% (in tall fescue) of 
the primer pairs produced clear SSR-type amplification pro-
ducts in divergent grass species. Polymorphism rates were 
higher in tall fescue (68%) than in other species (46% in 
ryegrass, 39% in wheat, and 34% in rice). A set of 194 SSR 
loci (38%) was identified; these loci amplified across all 6 
species. 
 
Other markers: STS, CAPS, RGA, and SNP 
 
Inoue and Cai (2004) converted RFLP markers of Italian 
ryegrass to sequenced tag site (STS) markers. They end-
sequenced 93 previously mapped single- or low-copy RFLP 
probes; of these, 87 clones gave acceptable results from 
both forward and reverse directions, and 71 contigs were 
detected. Other clones could not be sequenced completely 
because their fragments were too long. STS primers were 
designed for each of the 93 clones, and 66 primers ampli-
fied a single band of the expected size. Of the 67 STS pri-
mer pairs, 57 (85%) could amplify products in perennial 
ryegrass, 47 (70%) in meadow fescue, and 55 (82%) in tall 
fescue; 40% of the STS primers detected the within-cultivar 
length or the presence/absence of polymorphisms. 

Ikeda et al. (2004) generated about 6000 ESTs from 7 
Italian ryegrass cDNA libraries. From those cDNA clones, 
Miura et al. (2007) converted EST markers into cleaved 
amplified polymorphic sequence (CAPS) markers. Of 260 
EST primer pairs that amplified a single band, 74 generated 
loci that showed clear polymorphisms among individuals of 
an F1 mapping population, and 69 were mapped onto a 
previously constructed Italian ryegrass linkage map (Hirata 
et al. 2006). In perennial ryegrass, Sawbridge et al. (2003) 
reported the generation and analysis of an EST and cDNA 
microarray resource for perennial ryegrass. From 29 cDNA 
libraries of perennial ryegrass representing a range of plant 
organs and developmental stages, over 44,000 ESTs were 
produced, analyzed by BLAST searches, categorized func-
tionally, and subjected to cluster analysis, leading to the 
identification of a unigene set corresponding to 14,767 
genes. This unigene set, representing approximately 1/3 to 
1/2 of all expressed sequences in ryegrass, was compared 
with the Arabidopsis and rice proteomes and used to deve-
lop a unigene cDNA microarray for genome-wide gene ex-
pression analysis in grasses. 

The majority of plant disease resistance genes encode a 

predicted nucleotide-binding site (NBS) and leucine-rich 
repeat (LRR) (Takken and Joosten 2000). The conserved 
motifs are widely used for isolating resistance gene ana-
logues (RGA). Large-scale sequencing of disease RGA has 
been carried out in Italian ryegrass (Ikeda 2005). A total of 
24,000 PCR clones amplified on the basis of NBS-LRR 
degenerate primers and a nested PCR strategy were subjec-
ted to single-pass sequencing. Of these clones, 9344 
(41.2%) showed marked levels of identity to either known 
NBS-LRR resistance genes or RGA derived from other 
plant species. These clones were grouped into 115 clusters, 
and of 115 representative clones, 62 had a continuous open 
reading frame and were defined as potentially functional 
RGA from Italian ryegrass. Specific STS primer sets were 
designed for these 62 clones, and 50 RGA sequences were 
subsequently amplified from genomic DNA of Italian rye-
grass in single-step PCR. A subset of these STS primers was 
also able to amplify PCR products of the expected size from 
genomic DNA of tall fescue and meadow fescue. 

Cogan et al. (2006) surveyed SNP variation across 100 
candidate genes by means of amplicon cloning and sequen-
cing in perennial ryegrass. The putative SNPs were identi-
fied within and between the parents of the F1 (NA6 × AU6) 
genetic mapping family and were validated among indivi-
dual progeny. The results revealed a high incidence of SNP 
(approx. 1 per 54 bp), with similar proportions in exons and 
introns. About 50% of the validated genic SNPs were as-
signed to the F1 genetic map, showing high levels of coin-
cidence with previously mapped RFLP loci. Ponting et al. 
(2007) identified SNPs from full-length genes correspon-
ding to well-defined biochemical functions such as lignin 
biosynthesis and oligosaccharide metabolism. 
 
LINKAGE MAP CONSTRUCTION 
 
Almost all forage crops are outcrossing species with a self-
incompatibility nature that usually prevents the develop-
ment of inbred lines. So, unlike in most inbred species such 
as wheat, rice, and other major crops, the most popular 
types of segregating population, including F2, back-cross 
(BC1), double-haploid (DH), and recombinant inbred (RI) 
lines, are difficult to produce in the case of most forage 
crops. Therefore, several unique population types are usu-
ally used in constructing linkage maps of forage crops. The 
most commonly used population type is a pseudo-testcross 
F1 population. In this method, F1 progeny generated from 
the cross between unrelated multiple heterozygous indivi-
duals can be used (1-way pseudo-testcross by Ritter et al. 
1990; 2-way pseudo-testcross by Grattapaglia and Sederoff 
1994). Working with the F1 generation of a cross between 2 
heterozygous individuals has allowed the direct analysis of 
segregation and the construction of genetic maps (Viruel 
et al. 1995; Maliepaard et al. 1998). But with this method, 
segregation tests and calculation of the recombination 
values may be complex and difficult, because different 
types of marker such as BC1 and F2 markers are mixed. Fur-
thermore, a locus may have multiple alleles that segregate 
to 3 or more in an individual. Therefore, construction of a 
linkage map usually requires special software such as 
JoinMap (Stam 1993). Other types of mapping population 
such as full-sib family and half-sib family can also be used 
in linkage map construction for outcrossing forage crops. 
 
Italian ryegrass linkage maps 
 
A first-generation map of Lolium was constructed using a 
segregating population derived from an F1 hybrid of peren-
nial ryegrass × Italian ryegrass, crossed with a doubled 
haploid perennial ryegrass (Hayward et al. 1998). A total of 
106 markers (17 isozyme, 48 RAPD, and 41 RFLP mar-
kers) are mapped to 7 linkage groups. This map has a total 
length of 692 cM, with lengths of linkage groups ranging 
from 67 to 155 cM. 

Recently, many molecular markers, including AFLP, 
SSR, and SNP markers, have been developed in Lolium and 
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Festuca, and high-density, high-resolution comparative lin-
kage maps have been constructed. 

Inoue et al. (2004a) constructed a high-density linkage 
map for Italian ryegrass using RFLP, AFLP, and telomeric-
repeat–associated sequence markers. A 2-way pseudo-test-
cross F1 population consisting of 82 individuals was used to 
analyze the above 3 types of marker. The final map includes 
385 markers, which are separated into 7 major linkage 
groups. The total map length is 1244.4 cM, and the average 
interval between markers is 3.7 cM. In this map, the linkage 
groups LG1, LG2, LG3, LG4, and LG6 are comparable 
with those on the perennial ryegrass map reported by Jones 
et al. (2002b). Furthermore, the locations of some of the 
anchor probes on this map were shown to be common to 
those in the homologous groups in wheat. Hirata et al. 
(2006) mapped 218 SSR markers to 7 linkage groups, 
representing the 7 chromosomes of the haploid Italian 
ryegrass karyotype. The SSR markers cover 887.8 cM of 
the female map and 795.8 cM of the male map. The average 
distance between 2 flanking SSR markers is 3.2 cM. 

Studer et al. (2006) constructed a linkage map of Italian 
ryegrass using AFLP and SSR markers for mapping QTLs 
for bacterial wilt resistance. Seventeen AFLP primer combi-
nations and 233 SSR primer pairs were screened using a 2-
way pseudo-testcross population consisting of 297 indivi-
duals. A total of 368 loci were finally used to construct a 
genetic map with a total length of 804 cM and an average 
distance between loci of 1.9 cM. The resulting 7 linkage 
groups contain 38 to 68 markers, with at least 2 biparental 
SSR markers present on each linkage group. The length of 
linkage groups ranged from 87 to 154 cM, with an average 
of 115 cM. 
 
Perennial ryegrass linkage maps 
 
Bert et al. (1999) constructed a high-density AFLP linkage 
map of perennial ryegrass using a progeny set of 95 plants 
from a testcross involving a doubled-haploid tester. This 
genetic map covered 930 cM in 7 linkage groups and was 
based on 463 AFLP markers using 17 primer pairs, 3 iso-
zymes, and 5 EST markers. The average density of markers 
is approximately 1 per 2.0 cM. Strong clustering of AFLP 
markers is observed at putative centromeric regions. Over-
all, 272 markers cover about 137 cM, whereas the remain-
ing 199 markers cover approximately 793 cM. 

A molecular-marker linkage map has also been cons-
tructed for perennial ryegrass by using a 1-way pseudo-test-
cross population based on the mating of a multiple hetero-
zygous individual with a doubled-haploid genotype (Jones 
et al. 2002a). RFLP, AFLP, isozyme, and EST data were 
combined to produce an integrated genetic map containing 
240 loci covering 811 cM on 7 linkage groups. The map 
contains 124 co-dominant markers, of which 109 are hete-
rozygous anchor-RFLP probes from wheat, barley, oats, and 
rice, allowing inference of comparative relationships bet-
ween perennial ryegrass and other Poaceae species. The 
genetic maps of perennial ryegrass and the Triticeae are 
highly conserved in terms of synteny and colinearity. In ad-
dition, Jones et al. (2002b) also constructed an SSR-based 
linkage map using the same 1-way pseudo-testcross refer-
ence population. Ninety-three loci were assigned to posi-
tions on 7 linkage groups. The SSR locus data were integ-
rated with selected data for RFLP, AFLP, and other loci 
mapped in the same population to produce a composite map 
containing 258 loci. 

Armstead et al. (2002) constructed 2 linkage maps of 
perennial ryegrass from F2 and BC1-type populations using, 
predominantly, RFLP data based on heterologous probes 
used in mapping other grass species. The maps identified 7 
linkage groups, which covered a total of 515 cM (F2) and 
565 cM (BC1). The 38 markers common to both populations 
were mapped within a distance of 446 cM in the F2 popu-
lation and 327 cM in the BC1 population, reflecting a higher 
recombination frequency in the former, although the dif-
ference was not evenly spread over the 7 linkage groups. 

Faville et al. (2004) constructed a functionally associ-
ated molecular genetic marker map of perennial ryegrass. In 
this map, 2 parental genetic maps were produced: the NA6 
genetic map contains 88 EST-RFLP and 71 EST-SSR loci 
with a total map length of 963 cM, whereas the AU6 genetic 
map contains 67 EST-RFLP and 58 EST-SSR loci with a 
total map length of 757 cM. Bridging loci permitted the 
alignment of homologous chromosomes between the paren-
tal maps, and a subset of genomic DNA-derived SSRs was 
used to relate linkage groups to the perennial ryegrass refer-
ence map. 

Jensen et al. (2005b) reported the mapping of a refer-
ence SSR marker set in perennial ryegrass. Four perennial 
ryegrass mapping populations were used to map the SSR 
markers. A consensus linkage map of the 4 mapping popu-
lations contains 65 of the SSR markers, and the SSR mar-
kers identify all 7 perennial ryegrass linkage groups. Gill et 
al. (2006) has constructed a moderate-density framework 
linkage map for Lolium perenne based on 376 SSR markers. 
The map consists of 81 SSR markers spread over 7 linkage 
groups, and most of the remaining 295 SSR markers have 
been placed into their most likely interval on the framework 
map. 

Male and female molecular-marker linkage maps of an 
interspecific annual × perennial ryegrass mapping popula-
tion were developed to determine the map location of the 
seedling root florescence (SRF) character and to identify 
additional genomic regions useful for species separation 
(Warnke et al. 2004). A total of 235 AFLP markers, 81 
RAPD markers, 16 comparative grass RFLPs, 106 SSR 
markers, 2 isozyme loci, and 2 morphological characteris-
tics (8-h flowering and SRF) were used to construct these 
linkage maps. The lengths of the male and female maps 
differed: the male map was 537 cM and the female map was 
712 cM. 
 
Meadow fescue and tall fescue linkage maps 
 
Xu et al. (1995) were the first to construct a RFLP linkage 
map of hexaploid tall fescue. This map was generated from 
an F2 population of HD28-56 � Kentucky-31 and contains 
108 RFLP markers. The map covers 1274 cM over 19 
linkage groups, with an average of 5 loci per linkage group 
(LG) and 17.9 cM between loci. Mapping of the homoeolo-
gous loci detected by the same probe allowed them to iden-
tify 5 homoeologous groups, within which the gene orders 
were found to be generally conserved among homoeologous 
chromosomes. Using 12 genome-specific probes, they as-
signed several of the 19 linkage groups to 1 of the 3 tall 
fescue genomes (PG1G2). Comparative genome mapping 
with maize probes indicated that homoeologous group 2 
and 3 in tall fescue corresponded to maize chromosome 1. 

Saha et al. (2005) reported a genetic map of tall fescue 
constructed with PCR-based markers (AFLP and EST-
SSRs). Two parental maps were initially constructed by 
using a 2-way pseudo-testcross mapping strategy. The fe-
male map included 558 loci located in 22 linkage groups 
and covered 2013 cM of the genome. In the male map, 579 
loci were grouped in 22 linkage groups with a total map 
length of 1722 cM. The distances between markers in the 2 
maps ranged from 3.61 cM (female parent) to 2.97 cM 
(male parent). Markers that revealed polymorphism within 
both parents and showed a 3:1 segregation ratio were used 
as bridging loci to integrate the 2 parental maps into a bi-
parental consensus map. The integrated map covers 1841 
cM over 17 linkage groups, with an average of 54 loci per 
linkage group, and has an average of 1 marker every 2 cM. 
Homoeologous relationships among linkage groups were 
identified in 6 of the 7 predicted homoeologous groups. 

Chen et al. (1998) constructed the first genetic linkage 
map of meadow fescue and compared its genomic relation-
ship with tall fescue. Heterologous RFLP markers originally 
isolated from a tall fescue Pst-I genomic DNA library (Xu 
et al. 1991, 1995) were used in the linkage map construc-
tion; 66 markers were mapped on 7 linkage groups with a 
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total length of 280.1 cM. Of those, 33 were mapped in both 
species, and 70% were located in corresponding linkage 
groups in meadow fescue and tall fescue. Alm et al. (2003) 
constructed a high-density genetic linkage map of meadow 
fescue by using a full-sib family of a cross between a geno-
type from a Norwegian population (HF2) and a genotype 
from a Yugoslavian cultivar (B14). A total of 550 loci have 
been mapped by using homologous and heterologous 
RFLPs, AFLPs, isozymes, and SSRs. The map consists of 
466 markers and has a total length of 658.8 cM, with an 
average marker density of 1 marker every 1.4 cM. 
 
Comparative genome mapping using anchor 
probe sets for the Poaceae family 
 
Anchor probes that can hybridize between various species 
have become efficient, powerful tools for comparative ge-
nome mapping or the study of synteny. van Deynze et al. 
(1998) screened an RFLP marker set for the Poaceae 
family; it was selected from cDNA libraries developed from 
rice, oats, and barley. A total of 1800 probes were screened 
on garden blots containing the DNA of rice, maize, sorg-
hum, sugarcane, wheat, barley, and oats, and 152 of them 
were selected as “anchors” because (1) they hybridized to 
the majority of target grass species in Southern blot analysis, 
(2) they appeared to be low- or single-copy sequences in 
rice, and (3) they helped provide reasonably good genome 
coverage of all species. The 152 probes were then screened 
for polymorphism in mapping parents, and polymorphic 
markers were mapped in rice, oats, maize, and wheat. The 
use of anchor probes for comparative mapping is an effici-
ent way of establishing genetic relationships for compari-
sons among all the species and genera being studied (Ahn 
and Tanksley 1993; Ahn et al. 1993; van Deynze et al. 
1995a, 1995b, 1995c). 

Jones et al. (2001) conducted the first comparative ge-
nome analysis in perennial ryegrass using 109 heterologous 
anchor RFLP probes from wheat, barley, oats, and rice. The 
genetic maps of perennial ryegrass and the Triticeae cereals 
are highly conserved in terms of synteny and colinearity. 
This is supported by the general agreement of the syntenic 
relationships between perennial ryegrass, oats, and rice and 
the syntenic relationships between the Triticeae and these 
species. A lower level of synteny and colinearity was ob-
served between perennial ryegrass and oats than in the Triti-
ceae, despite the closer taxonomic affinity between these 
two species. Jones et al. (2001) proposed that the linkage 
groups of perennial ryegrass be numbered in accordance 
with these syntenic relationships, to correspond to the 
homoeologous groups of the Triticeae cereals. 

Sim et al. (2005b) constructed an RFLP-based genetic 
map of ryegrass based on an interspecific population that 
was derived by crossing perennial ryegrass and Italian rye-
grass, for comparative mapping with other Poaceae species 
using heterologous anchor probes. First, a genetic map con-
taining 235 AFLP, 81 RAPD, 160 SSR, 2 isozyme, 16 RFLP, 
and 2 morphological markers was constructed (Warnke et al. 
2004). Next, they reconstructed a second linkage map using 
only RFLP markers for comparative mapping. This map 
covers a total map distance of 573 cM with a total of 123 
loci, including 16 loci previously reported in Warnke et al. 
(2004). Of the 123 loci, 112 were common to the Triticeae 
consensus linkage map, 82 to the oat linkage map, and 108 
to the rice linkage map (Sim et al. 2005b). The 7 ryegrass 
linkage groups were represented by 10 syntenic segments 
on Triticeae chromosomes, 12 syntenic segments on oat 
chromosomes, and 16 syntenic segments on rice chromo-
somes, suggesting that the ryegrass genome has a high 
degree of genome conservation in relation to the Triticeae, 
oats, and rice. 

Comparative genome analysis in meadow fescue was 
conducted by Alm et al. (2003) using homologous and hete-
rologous RFLPs. Their results showed conserved syntenic 
relationships between the meadow fescue linkage groups 
and the maps of Lolium ssp., the Triticeae, oats, rice, maize, 

and sorghum. For Lolium ssp., 46 loci on the meadow fes-
cue map have equivalent map locations in perennial rye-
grass, representing 62% genome coverage. The meadow 
fescue maps contain 117 loci with known map locations in 
the Triticeae. Of the 72% of the meadow fescue genome 
covered by Triticeae markers, 94% were orthologous, and a 
high degree of orthology was observed. The relationship 
between fescue and oats was inferred from the known rela-
tionships between the Triticeae and oats (van Deynze et al. 
1995c). The 48 loci with map locations in oats represented 
genome coverage of only 48%, of which 90% was ortholo-
gous between oats and meadow fescue. 
 
MAPPING IMPORTANT GENES (CHARACTERS) 
AND QTLs 
 
Recently, some major genes including disease-resistance 
genes and self-incompatibility genes have been mapped and 
the markers closely linked to those genes identified. In 
addition, agriculturally important characters have also been 
analyzed by QTL analysis. 
 
Mapping of disease-resistance genes and other 
major genes 
 
Crown rust 
 
Crown rust, which is caused by Puccinia coronata f. sp. 
lolii, infests a broad range of hosts, including many genera 
of forage grasses such as Lolium, Festuca, Agropyron, 
Agrostis, Paspalum, Phleum, Poa, and Puccinellia (Smiley 
et al. 1992). 

A major resistance gene for crown rust in Italian rye-
grass has been demonstrated at the molecular level (Fuji-
mori et al. 2003). A resistance-gene locus designated Pc1 
was detected from Yamaiku 130, a breeding line highly 
resistant to crown rust; 3 AFLP markers were found tightly 
linked to Pc1 within a map distance of 0.9 cM, another 3 
were found on the opposite side within a distance of 1.8 cM, 
and AFLP marker ATC-CATG153 co-segregated with Pc1. 
Hirata et al. (2003) identified another major resistance gene 
designated Pc2 in the cultivar Harukaze. Linkage analysis 
with Italian ryegrass SSR markers was used to assign these 
resistance genes into a reference map of Italian ryegrass, 
and the mapping data suggested that Pc1 and Pc2 are 
located on LG4 and LG6, respectively (Hirata et al. 2003). 
Studer et al. (2007) analyzed the QTLs of crown rust resis-
tance in Italian ryegrass. Disease scores obtained through 
leaf segment test evaluations from glasshouse plants were 
found to be correlated highly with scores from a multisite 
field assessment, thus confirming the suitability of this me-
thod for crown rust investigations. Two QTLs were consis-
tently detected on LG1 and LG2. Equally in perennial rye-
grass, major QTLs mapped to genomic regions known to 
control crown rust resistance, particularly on LG1 and LG2 
(Roderick et al. 2000; Thorogood et al. 2001; Dumsday 
et al. 2003; Forster et al. 2004; Muylle et al. 2005). The 
SSR marker LPSSRH03F03 (Jones et al. 2002b), which is 
closely linked to crown rust resistance in perennial ryegrass 
(Dumsday et al. 2003), was mapped in the Italian ryegrass 
population at position 68 cM on LG2, clearly separate from 
the major QTL located at one end of this linkage group. 

Dumsday et al. (2003) demonstrated a major-effect 
locus in perennial ryegrass by using bulked segregate ana-
lysis and QTL analysis: a resistance gene locus, LpPc1, 
conferring a major effect, was located on LG2. Comparative 
genetic analysis revealed a conserved syntenic relationship 
between LG2 of perennial ryegrass and linkage group B of 
Avena, which is the location of a cluster of genes for resis-
tance to crown rust (Yu and Wise, 2000). Roderick et al. 
(2002) also identified some QTLs for crown-rust resistance 
by using an F2 perennial ryegrass mapping family and 4 
single-pustule isolates. By using crown-rust isolates 1 and 2, 
two QTLs with moderate effect were identified on LG5 and 
2 QTLs with minor effect were identified on LG2 and LG3. 
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By using isolates 3 and 4, they detected 2 QTLs on LG5 
and 2 QTLs on LG6 that had moderate effect. At least 9 ad-
ditional putative QTLs exhibiting minor effects were iden-
tified by using these isolates. Muylle et al. (2005a, 2005b) 
detected 4 QTLs for crown-rust resistance that explained 
45% of the variations; these 4 loci were located on 2 dif-
ferent linkage groups. The locus with the strongest effect 
explained 30% of the phenotypic variation. Sim et al. 
(2005a) evaluated the phenotypic segregation of crown-rust 
resistance at 2 geographically and environmentally different 
locations. Two common QTLs were detected on LG2 and 
LG3, and 2 location-specific QTLs were detected on LG6 
and LG7. 
 
Blast or gray leaf spot resistance 
 
Blast, also called gray leaf spot, is a serious fungal disease 
recently reported on ryegrass. It is caused by Pyricularia sp., 
which also causes rice blast and many other grass diseases. 
Miura et al. (2005) screened EST-derived CAPS and AFLP 
markers linked to a gene for resistance to ryegrass blast in 
Italian ryegrass. They analyzed the segregation of resistance 
in an F1 population derived from a cross between a resistant 
and a susceptible cultivar; the results suggested that resis-
tance is controlled by a single dominant gene (LmPil) 
located on LG5 of Italian ryegrass. Of the 30 EST-CAPS 
markers screened, 1 marker, p56, flanking the LmPil locus 
was identified. The restriction pattern of p56 amplification 
showed a unique fragment corresponding to the resistance 
allele at the LmPil locus. 

Curley et al. (2005) used an Italian � perennial ryegrass 
population to analyze the QTLs for gray leaf spot resistance. 
This mapping population consisted of 156 progenies 
derived from the cross between 2 heterozygous ryegrass 
clones, MFA and MFB (Warnke et al. 2004). The inocula-
tion test was performed in a greenhouse using 2 strains: one 
was isolated from ryegrass, and the other was rice-infecting. 
A total of 3 QTLs that most strongly affected gray leaf spot 
resistance were detected: the single QTL detected by using 
the ryegrass isolate was located on LG3 of the MFB parent, 
explaining between 20 and 37% of the phenotypic variance; 
the 2 QTLs detected by using the rice-infecting isolate were 
located on LG2 of the MFA parent and LG4 of the MFB 
parent, each explaining about 10% of the phenotypic vari-
ance. The QTLs on LG3 and LG4 appear syntenic to blast 
resistance loci in rice. For the QTL on LG3 of the MFB 
parent, there are several syntenous blast resistance genes 
and QTLs in rice. Major blast resistance genes Pi-t and Pi-
24(t) (Sallaud et al. 2003), Pi-sh, and Pi-27(t) (Zhu et al. 
2004) have been mapped to rice chromosome 1, which is 
syntenic with perennial ryegrass LG3 (Jones et al. 2002a; 
Sim et al. 2005a). 
 
Other resistance genes and traits 
 
Bacterial wilt caused by Xanthomonas translucens pv. gra-
minis (Xtg) is a major disease of ryegrasses and fescues. 
Studer et al. (2006) detected a major QTL of wilt resistance 
by using a 2-way pseudo-testcross population consisting of 
306 F1 individuals. This population was derived from a 
reciprocal cross between 2 highly heterozygous Italian rye-
grass genotypes with contrasting levels of resistance to 
bacterial wilt. Highly correlated data between trial locations 
demonstrated the suitability of glasshouse screens for phe-
notypic selection. A high-density genetic linkage map inclu-
ding 368 markers (AFLP and SSR) was constructed. QTL 
analysis of both glasshouse and field resistance data was 
performed and a single major QTL and a minor QTL were 
observed on LG4 and LG5, respectively. 

In perennial ryegrass, the 2 self-incompatibility loci 
map to LG1 and LG2, respectively, in accordance with the 
Triticeae consensus map. The S and Z loci of perennial 
ryegrass show conserved synteny with the equivalent loci in 
rye. On the other hand, when self-compatibility (SC) was 
investigated in an F2 family, distorted segregation ratios of 

markers on LG5 were found, indicating the possible pre-
sence of a gametophytic SC locus. Interval linkage analysis 
of pollen compatibility after selfing confirmed that this 
distortion was due to a locus (T) analogous to the S5 locus 
of rye (Thorogood et al. 2002, 2004). 

Seedling root florescence (SRF) is an important indica-
tor for distinguishing between perennial ryegrass and Italian 
ryegrass; it was mapped to LG1 by using an annual × peren-
nial ryegrass (MFA × MFB) pseudo-F2 population (Warnke 
et al. 2004). 
 
QTL analyses 
 
Recently, many quantitative traits, including yield, plant 
height, heading date, disease resistance, and stress tolerance, 
have been studied in several forage species. The results of 
QTL analyses provide basic information for quantitative 
gene targeting, cloning, and gene isolation, and they also 
provide markers for marker-assisted selection of important 
agronomic characters. 

Inoue et al. (2004b) reported on the chromosomal posi-
tions and the contribution of putative QTLs affecting lod-
ging resistance and related traits in Italian ryegrass. Traits 
included 7 quantitative characters – heading date, plant 
height, culm weight, culm diameter, culm strength, tiller 
number, and culm pushing resistance. They evaluated 
lodging scores in the field in a 2-way pseudo-testcross F1 
population. Their results revealed 17 QTLs on 6 of the 7 
linkage groups for all traits except culm weight. This was 
accomplished by simple interval mapping using a cross-
pollination algorithm. Thirty-three independent QTLs were 
also detected by composite interval mapping from both 
male and female parental linkage maps. In addition, up to 
18 QTLs for lodging scores evaluated at 9 different times 
were detected on all linkage groups. 

Xiong et al. (2006) conducted a QTL analysis of fiber 
components and crude protein using an annual × perennial 
ryegrass interspecific hybrid population. Fiber components 
(neutral detergent fiber [NDF] and acid detergent fiber 
[ADF]), acid detergent lignin (ADL), and crude protein 
(CP) were included in the study. Fiber components were all 
correlated positively with each other and were negatively 
correlated with CP. A total of 63 QTLs were detected from 
both the female and male maps for the 4 traits measured 
over 3 harvests. Coincident QTLs were detected on linkage 
groups LG2, LG6, and LG7 for NDF; on LG1, LG2, and 
LG7 for ADF; on LG6 and LG7 for ADL; and on LG2 for 
CP. Coincident QTLs were also detected on LG2, LG6, and 
LG7 for NDF and ADF, providing evidence of the genetic 
basis of the observed high level of phenotypic correlation. 
The QTLs on LG2, LG6, and possibly LG7 for the fiber 
components were co-located on the same linkage group as 
several lignin biosynthetic genes from perennial ryegrass. 

Humphreys et al. (2003) reported QTLs in perennial 
ryegrass for forage quality, including water-soluble carbo-
hydrate content (WSC), neutral detergent fiber (NDF), plant 
size, leaf extension rate, and regrowth rate. QTLs were 
found on all 7 linkage groups for morphological and growth 
traits, and explained between 23% and 40% of the pheno-
typic variation in the traits. QTLs that explained around 
20% to 25% of trait variation for nutritive quality traits 
(total WSC, crude protein, and NDF) were found on 4 lin-
kage groups. QTLs for individual WSC components were 
found on 6 linkage groups. The QTL for total WSC usually 
coincided with the QTL for high-molecular-weight fructan. 
The QTL for NDF coincided with the QTL for WSC on 
LG1 and LG2. 

Armstead et al. (2004) identified a genomic region with 
a major effect on heading date in perennial ryegrass and 
identified the orthologous region in the fully sequenced rice 
genome. By comparing the relative positions of RFLP 
probes CDO545, RZ144, R2869, and C764 in perennial 
ryegrass and rice, they found that this region of perennial 
ryegrass LG7 showed synteny with rice chromosome 6, 
which covers the region of the rice genome containing the 
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Hd3 locus (Yamamoto et al. 1998) or the Hd3a and b loci 
(Monna et al. 2002). QTL analysis revealed the genotype–
trait association between C764 on LG7 of perennial rye-
grass and days-to-heading. This major QTL represented up 
to 70% of the variance of heading date in perennial ryegrass. 

Cogan et al. (2005) reported QTLs for 5 herbage quality 
traits, including crude protein content, estimated in vivo 
dry-matter digestibility, NDF content, estimated metaboli-
zable energy, and water-soluble carbohydrate content in 
perennial ryegrass. They measured these through near-infra-
red reflectance spectroscopy analysis in the p150/112 refer-
ence genetic mapping population (183 individuals, Jones et 
al. 2002a). The samples were prepared for herbage quality 
analyses from individual plants at 6 different times or loca-
tions. A total of 42 QTLs from 6 different sampling experi-
ments varying by developmental stage (anthesis or vegeta-
tive growth), location, or year were detected, and some 
coincident QTLs were detected on LG3, LG5, and LG7. 

Jensen et al. (2005a) mapped the QTLs for the vernali-
zation response in perennial ryegrass. A total of 5 QTLs for 
the vernalization response, measured as days-to-heading, 
were identified and mapped to LG2, LG4, LG6, and LG7. 
These QTLs each explained 5.4% to 28.0% of the total 
phenotypic variation, and the overall contribution of these 5 
QTLs was 80% of the total phenotypic variation. 

Humphreys et al. (2004) mapped the gene for drought-
resistance transferred from Festuca into Lolium. Following 
the initial hybridization of a synthetic autotetraploid of 
Italian ryegrass (2n = 4x = 28) with F. glaucescens, the F1 
hybrid was backcrossed twice onto diploid Italian ryegrass 
(2n = 2x = 14) to produce a diploid Lolium genotype with a 
single F. glaucescens introgression located distally on the 
nucleolar-organizer region arm of chromosome 3. 

Moore et al. (2005) transferred a mutant “stay-green” 
gene conferring a disrupted leaf-senescence phenotype from 
an F. pratensis chromosome segment into Italian ryegrass. 
The genetic location within the introgressed F. pratensis 
segment of the senescence gene was mapped by using 29 
AFLPs generated by 22 selected primer combinations. The 
final genetic distance of the F. pratensis chromosome seg-
ment between the terminal F. pratensis-derived AFLP mar-
kers was estimated to be 19.8 cM, and the stay-green gene 
(sid) mutation was located at 9.8 cM. The closest flanking 
markers to sid were at 0.6 cM and 1.3 cM. 
 
CONCLUSIONS AND PERSPECTIVES 
 
As mentioned above, several species in Lolium and Festuca 
are widely used as animal fodder (hay, pasturage, silage), 
and for turf and erosion control. The genomic study of these 
forage crops has lagged behind that of other major crops 
because of their out-crossing nature, relatively large ge-
nomes, and relatively low economic value compared with 
other crops. However, many countries have undertaken stu-
dies of the breeding and mapping of forage crops using 
molecular markers in the last decade, and of forage crops 
studied, perennial ryegrass, Italian ryegrass, tall fescue, and 
meadow fescue have received special attention as well as 
other important legumes including alfalfa, Medicago trun-
culata, and clover. Researchers have reported many 
achievements in this field: the development of several kinds 
of molecular marker; construction of high-density molecu-
lar maps (both genetic and physical); generation of a large 
number of ESTs; and QTL analysis of important agricultu-
ral traits. 

Until now, no any genes have been isolated through 
map-based cloning in Lolium and Festuca; however, the 
basic tools for map-based cloning in ryegrass are complete. 
BAC libraries have been constructed for both Italian rye-
grass and perennial ryegrass (Fujimori et al. 2004; Farrar et 
al. 2007). Many RFLP and SSR markers are mapped on the 
seven linkage groups (Jones et al. 2001; Inoue et al. 2004a; 
Hirata et al. 2006), and more than 50 000 ESTs have been 
developed by various institutes (Sawbridge et al. 2003; 
Ikeda et al. 2004).  Theses information and resources 

allow us to isolate important genes such as disease resistant 
genes in Lolium and Festuca in the future. And for isolate 
genes in Lolium and Festuca, more efficient, larger number 
of molecular markers covers all genome regions will be 
needed to develop, for example, SNP marker. 
 
REFERENCES 
 
Ahn S, Anderson JA, Sorrells ME, Tanksley SD (1993) Homoeologous rela-

tionships of rice, wheat and maize chromosomes. Molecular and General 
Genetics 241, 483-490 

Ahn S, Tanksley SD (1993) Comparative linkage maps of the rice and maize 
genomes. Proceedings of the National Academy of Sciences USA 90, 7980-
7984 

Alm V, Fang C, Busso CS, Devos KM, Vollan K, Grieg Z, Rognli OA (2003) 
A linkage map of meadow fescue (Festuca pratensis Huds.) and comparative 
mapping with other Poaceae species. Theoretical and Applied Genetics 108, 
25-40 

Armstead IP, Turner LB, Farrell M, Skot L, Gomez P, Montoya T, Don-
nison IS, King IP, Humphreys MO (2004) Synteny between a major 
heading-date QTL in perennial ryegrass (Lolium perenne L.) and the Hd3 
heading-date locus in rice. Theoretical and Applied Genetics 108, 822-828 

Armstead IP, Turner LB, King IP, Cairns AJ, Humphreys MO (2002) Com-
parison and integration of genetic maps generated from F2 and BC1-type 
mapping populations in perennial ryegrass. Plant Breeding 121,501-507 

Asp T, Frei UK, Didion T, Nielsen KK, Lübberstedt T (2007) Frequency, 
type, and distribution of EST-SSRs from three genotypes of Lolium perenne, 
and their conservation across orthologous sequences of Festuca arundinacea, 
Brachypodium distachyon, and Oryza sativa. BMC Plant Biology 7, 36 

Berhan AM, Hulbert SH, Butler LG, Bennetzen JL (1993) Structure and 
evolution of the genomes of Sorghum bicolor and Zea mays. Theoretical and 
Applied Genetics 86, 598-604 

Bert PF, Charmet G, Sourdille P, Hayward MD, Balfourier F (1999) A high-
density molecular map for ryegrass (Lolium perenne) using AFLP markers. 
Theoretical and Applied Genetics 99, 445-452 

Boyer JS (1982) Plant productivity and environment. Science 218, 443-448 
Buchanan FC, Adams LJ, Littlejohn RP, Maddox JF, Crawford AM (1994) 

Determination of evolutionary relationships among sheep breeds using 
microsatellites. Genomics 22, 397-403 

Chen C, Sleper DA, Johal GS (1998) Comparative RFLP mapping of meadow 
and tall fescue. Theoretical and Applied Genetics 97, 255-260 

Chen X, Cho YG, McCouch SR (2002) Microsatellites in Oryza and other 
plant species. Molecular Genetics and Genomics 268, 331-343 

Cogan NI, Ponting RC, Vecchies AC, Drayton MC, George J, Dracatos PM, 
Dobrowolski MP, Sawbridge TI, Smith KF, Spangenberg GC, Forster 
JW (2006)  Gene-associated single nucleotide polymorphism discovery in 
perennial ryegrass (Lolium perenne L.). Molecular Genetics and Genomics 
276, 101-112 

Cogan NI, Smith KF, Yamada T, Francki MG, Vecchies AC, Jones ES, 
Spangenberg GC, Forster JW (2005) QTL analysis and comparative geno-
mics of herbage quality traits in perennial ryegrass (Lolium perenne L.). 
Theoretical and Applied Genetics 110, 364-380 

Curley J, Sim S C, Warnke S, Leong S, Barker R, Jung G (2005) QTL map-
ping of resistance to gray leaf spot in ryegrass. Theoretical and Applied 
Genetics 111, 1107-1117 

Dumsday JL, Smith KF, Forster JW, Jones ES (2003) SSR-based genetic lin-
kage analysis of resistance to crown rust (Puccinia coronata Corda f. sp. 
lolii) in perennial ryegrass (Lolium perenne). Plant Pathology 52, 628-637 

Fahima T, Röder MS, Grama A, Nevo E (1998) Microsatellite DNA polymor-
phism divergence in Triticum dicoccoides accessions highly resistant to yel-
low rust. Theoretical and Applied Genetics 96, 187-195 

Farrar K, Asp T, Lübberstedt T, Xu ML, Thomas AM, Christiansen C, 
Humphreys MO, Donnison IS (2007) Construction of two Lolium perenne 
BAC libraries and identification of BACs containing candidate genes for 
disease resistance and forage quality. Molecular Breeding 19, 15-23 

Faville M, Vecchies AC, Schreiber M, Drayton MC, Hughes LJ, Jones ES, 
Guthridge KM, Smith KF, Sawbridge T, Spangenberg GC, Bryan GT, 
Forster JW (2004) Functionally-associated molecular genetic marker map 
construction in perennial ryegrass (Lolium perenne L.). Theoretical and Ap-
plied Genetics 110, 12-32 

Forster JW, Jones ES, Batley J, Smith KF (2004) Molecular marker based 
genetic analysis of pasture and turf grasses. In: Hopkins A, Wang Z-Y, Mian 
R, Sledge M, Barker RE (Eds) Molecular Breeding of Forage and Turf, 
Kluwer, Dordrecht, pp 197-239 

Fujimori M, Hayashi K, Hirata M, Mizuno K, Fujiwara T, Akiyama F, 
Mano Y, Komatsu T, Takamizo T (2003) Linkage analysis of crown rust re-
sistance gene in Italian ryegrass (Lolium multiflorum Lam.). In: Proceedings 
of Plant and Animal Genomes XI Conference. p203 Town and Country Hotel, 
San Diego, USA, Jan. 11-15 

Fujimori M, Hayashi K, Hirata M, Ikeda S, Takahashi Y, Mano Y, Sato H, 
Takamizo T, Mizuno K, Fujiwara T, Sugita S (2004) Molecular breeding 
and functional genomics for tolerance to biotic stress. In: Hopkins A, Wang 

15



Japanese Journal of Plant Science 2 (1), 9-17 ©2008 Global Science Books 

 

ZY, Mian R, Sledge M, Barker RE (Eds) Molecular Breeding of Forage and 
Turf, Kluwer Academic Publishers, Dordrecht, pp 21-36 

Gill GP, Wilcox PL, Whittaker DJ, Winz RA, Bickerstaff P, Echt CE, Kent 
J, Humphreys MO, Elborough KM, Gardner RC (2006) A framework lin-
kage map of perennial ryegrass based on SSR markers. Genome 49, 354-364 

Grattapaglia D, Sederoff R (1994) Genetic linkage maps of Eucalyptus gran-
dis and Eucalyptus uraphylla using a pseudo-testcross: mapping strategy and 
RAPD markers. Genetics 137, 1121-1137 

Hayward MD, Forster JW, Jones JG, Dolstra O, Evans C, McAdam NJ, 
Hossain KG, Stammers M, Will J, Humphreys MO, Evans GM (1998) 
Genetic analysis of Lolium. I. Identification of linkage groups and the estab-
lishment of a genetic map. Plant Breeding 117, 451-455 

Hirata M, Cai H, Inoue M, Miura Y, Komatsu T, Takamizo T, Fujimori M 
(2006) Development of simple sequence repeat (SSR) markers and cons-
truction of an SSR-based linkage map in Italian ryegrass (Lolium multiflorum 
Lam.). Theoretical and Applied Genetics 113, 270-279 

Hirata M, Fujimori M, Inoue M, Miura Y, Cai H, Satoh H, Mano Y, Taka-
mizo T (2003) Mapping of a new crown rust resistance gene, Pc2, in Italian 
ryegrass cultivar ‘Harukaze’. In: Proceedings of Molecular Breeding of For-
age and Turf 2003 Third International Symposium p. 15, Dallas, Texas, USA, 
May 18-22 

Huang H, Kochert G (1994) Comparative RFLP mapping of an allotetraploid 
wild rice species (Oryza latifolia) and cultivated rice (O. sativa). Plant Mole-
cular Biology 25, 633-648 

Humphreys J, Harper JA, Armstead IP, Humphreys MW (2004) Intro-
gression-mapping of genes for drought resistance transferred from Festuca 
arundinacea var. glaucescens into Lolium multiflorum. Theoretical and Ap-
plied Genetics 110, 579-587 

Humphreys M, Turner L, Armstead I (2003) QTL mapping in Lolium per-
enne. In: Proceedings of Plant and Animal Genomes XI Conference, W207. 
Town and Country Hotel, San Diego, USA, Jan. 11-15 

Ikeda S (2005) Isolation of disease resistance gene analogs from Italian rye-
grass (Lolium multiflorum Lam.). Grassland Science 51, 63-70 

Ikeda S, Takahashi W, Oishi M (2004) Generation of expressed sequence tags 
from cDNA libraries of Italian ryegrass (Lolium multiflorum Lam.) Grass-
land Science 49, 593-598 

Inoue M, Cai HW (2004) Sequence analysis and conversion of genomic RFLP 
markers to STS and SSR markers in Italian ryegrass (Lolium multiflorum 
Lam.). Breeding Science 54, 245-251 

Inoue M, Gao Z, Cai H (2004b) QTL analysis of lodging resistance and related 
traits in Italian ryegrass (Lolium multiflorum Lam.). Theoretical and Applied 
Genetics 109, 1576-1585 

Inoue M, Gao Z, Hirata M, Fujimori M, Cai H (2004a) Construction of a 
high-density linkage map of Italian ryegrass (Lolium multiflorum Lam.) using 
restriction fragment length polymorphism, amplified fragment length poly-
morphism, and telomeric repeat associated sequence markers. Genome 47, 
57-65 

Inoue M, Yuyama N, Cai H (2005) Development of SSR markers for variety 
identification in Italian ryegrass (Lolium multiflorum Lam.). In: Proceedings 
of the 4th International Symposium on the Molecular Breeding of Forage and 
Turf, a Satellite Workshop of the XXth International Grassland Congress, p. 
130, Aberystwyth, Wales, July 3-7 

Jensen LB, Andersen JR, Frei U, Xing Y, Taylor C, Holm PB, Lubberstedt 
T (2005a) QTL mapping of vernalization response in perennial ryegrass 
(Lolium perenne L.) reveals co-location with an orthologue of wheat VRN1. 
Theoretical and Applied Genetics 110, 527-536 

Jensen LB, Holm PB, Lubberstedt T (2007) Cross-species amplification of 
105 Lolium perenne SSR loci in 23 species within the Poaceae. Molecular 
Ecology Notes 7, 1155-1161 

Jensen LB, Muylle H, Arens P, Andersen CH, Holm PB, Ghesquiere M, 
Julier B, Lubberstedt T, Nielsen KK, Riek JD, Roldan-ruiz I, Roulund N, 
Taylor C, Vosman B, Barre P (2005b) Development and mapping of a 
public reference set of SSR markers in Lolium perenne L. Molecular Ecology 
Notes 5, 951-957 

Jones ES, Dupal MP, Dumsday JL, Hughes LJ, Forster JW (2002b) An 
SSR-based genetic linkage map for perennial ryegrass (Lolium perenne L.). 
Theoretical and Applied Genetics 105, 577-584 

Jones ES, Dupal MP, Kolliler R, Drayton MC, Forster JW (2001) 
Development and characterization of simple sequence repeat (SSR) markers 
for perennial ryegrass (Lolium perenne L.) Theoretical and Applied Genetics 
102, 405-415 

Jones ES, Mahoney NL, Hayward MD, Armstead IP, Jones JG, Humphreys 
MO, King IP, Kishida T, Yamada T, Balfourier F, Charmet G, Forster 
JW (2002a) An enhanced molecular marker based genetic map of perennial 
ryegrass (Lolium perenne) reveals comparative relationships with other Poa-
ceae genomes. Genome 45, 282-295 

Liu XM, Smith CM, Gill BS (2002) Identification of microsatellite markers 
linked to Russian wheat aphid resistance genes Dn4 and Dn6. Theoretical 
and Applied Genetics 104, 1042-1048 

Maliepaard C, Alston FH, van Arkel G, Brown LM, Chevreau E, Dune-
mann F, Evans KM, Gardiner S, Guilford P, van Heusden AW, Janse J, 
Laurens F, Lynn JR, Manganaris AG, den Nijs APM, Periam N, Rik-
kerink E, Roche P, Ryder C, Sansavini S, Schmidt H, Tartarini S, Ver-

haegh JJ, Vrielink-van Ginkel M, King GJ (1998) Aligning male and 
female linkage maps of apple (Malus primula Mill) using multi-allelic mar-
kers. Theoretical and Applied Genetics 97, 60-73 

Miura Y, Ding C, Ozaki R, Hirata M, Fujimori M, Takahashi W, Cai HW, 
Mizuno K (2005) Development of EST-derived CAPS and AFLP markers 
linked to a gene for resistance to ryegrass blast (Pyricularia sp.) in Italian 
ryegrass (Lolium multiflorum Lam.) Theoretical and Applied Genetics 111, 
811-818 

Miura Y, Hirata M, Fujimori M (2007) Mapping of EST-derived CAPS mar-
kers in Italian ryegrass (Lolium multiflorum Lam.) Plant Breeding 126, 353-
360 

Monna L, Lin HX, Kojima S, Sasaki T, Yano M (2002) Genetic dissection of 
a genomic region for a quantitative trait locus, Hd3, into two loci, Hd3a and 
Hd3b, controlling heading date in rice. Theoretical and Applied Genetics 104, 
772-778 

Moore BJ, Donnison IS, Harper JA, Armstead IP, King J, Thomas H, Jones 
RN, Jones TH, Thomas HM, Morgan WG, Thomas A, Ougham HJ, 
Huang L, Fentem T, Roberts LA, King IP (2005) Molecular tagging of a 
senescence gene by introgression mapping of a stay-green mutation from 
Festuca pratensis. New Phytologist 165, 801-806 

Muylle H, Baert J, Van Bockstaele E, Moerkerke B, Goetghebeur E, Rol-
dán-Ruiz I (2005a) Identification of molecular markers linked with crown 
rust (Puccinia coronata f. sp. lolii) resistance in perennial ryegrass (Lolium 
perenne) using AFLP markers and a bulked segregant approach. Euphytica 
143, 135-144 

Muylle H, Baert J, Bockstaele EV, Pertijs J, Rolandan-Ruiz I (2005b) Four 
QTLS determine crown rust (Puccinia coronata f. sp. lolii) resistance in a 
perennial ryegrass (L. perenne) population. Heredity 95, 348-357 

Ponting RC, Drayton MC, Cogan NI, Dobrowolski MP, Spangenberg GC, 
Smith KF, Forster JW (2007) SNP discovery, validation, haplotype struc-
ture and linkage disequilibrium in full-length herbage nutritive quality genes 
of perennial ryegrass (Lolium perenne L.). Molecular Genetics and Genomics 
278, 585-597 

Ritter E, Gebhardt C, Salamini F (1990) Estimation of recombination fre-
quencies and construction of RFLP linkage maps in plants from crosses bet-
ween heterozygous parents. Genetics 125, 645-654 

Röder MS, Korzun V, Wendehake K, Plaschke J, Tixier MH (1998) A 
microsatellite map of wheat. Genetics 149, 2007-2023 

Roderick HW, Humphreys MO, Turner L, Armstead I, Thorogood D (2002) 
Isolate specific quantitative trait loci for resistance to crown rust in perennial 
ryegrass. In: Proceedings of 24th EUCARPIA Fodder Crops and Amenity 
Grasses Section Meeting, Braunschweig, Germany, Sep. 22-26, pp 22-26 

Roderick HW, Thorogood D, Adomako B (2000) Temperature-dependent re-
sistance to crown rust infection in perennial ryegrass, Lolium perenne. Plant 
Breeding 119, 93-95 

Saha MC, Cooper JD, Rouf Mian MA, Chekhovskiy K, May GD (2006) Tall 
fescue genomic SSR markers: development and transferability across multi-
ple grass species. Theoretical and Applied Genetics 113, 1449-1458 

Saha MC, Mian MAR, Eujayl I, Zwonitzer JC, Wang L, May GD (2004) 
Tall fescue EST-SSR markers with transferability across several grass species. 
Theoretical and Applied Genetics 109, 783-791 

Saha MC, Mian R, Zwonitzer JC, Chekhovskiy K, Hopkins AA (2005) An 
SSR- and AFLP- based genetic linkage map of tall fescue (Festuca arundina-
cea Schreb.). Theoretical and Applied Genetics 110, 323-336 

Sallaud C, Lorieux M, Roumen E, Tharreau D, Berruyer R, Svestasrani P, 
Garsmeur O, Ghesquire A, Notteghem J-L (2003) Identification of five 
new blast resistance genes in the highly blast-resistant rice variety IR64 using 
a QTL mapping strategy. Theoretical and Applied Genetics 106, 794-803 

Sawbridge T, Ong EK, Binnion C, Emmerling M, McInnes R, Meath K, 
Nga Ny, Nunan K, O’Neill M, O’Toole F, Rhodes C, Simmonds J, Pei T, 
Wearne K, Webster T, Winkworth A, Spangenberg G (2003) Generation 
and analysis of expressed sequence tags in perennial ryegrass (Lolium per-
enne L.). Plant Science 165, 1089-1100 

Seal AG (1983) DNA variation in Festuca. Heredity 50, 225-236 
Sim SC, Chang T, Curley J, Diesburg K, Nelson L, Jung G (2005a) Genetic 

dissection of genes controlling resistance to crown rust (Puccinia coronata f. 
sp. lolii) in ryegrass. In: Proceedings of Plant, Animal and Microbe Genomes 
XIII Conference. Town and Country Hotel, San Diego, USA, Jan. 15-19, p 
334 

Sim S, Chang T, Curley J, Warnke SE, Barker RE, Jung G (2005b) Chro-
mosomal rearrangements differentiating the ryegrass genome from the Triti-
ceae, oat, and rice genomes using common heterologous RFLP probes. Theo-
retical and Applied Genetics 110, 1011-1019 

Smiley RW, Dernoeden PH, Clarke BB (2005) Compendium of Turfgrass Dis-
ease (3nd Edn) The American Phytopathological Society Press, St. Paul, MN, 
167 pp 

Stam P (1993) Construction of integrated genetic linkage maps by means of a 
new computer package, JoinMap. The Plant Journal 3, 739-744 

Studer B, Boller B, Bauer E, Posselt UK, Widmer F, Kolliker R (2007) Con-
sistent detection of QTLs for crown rust resistance in Italian ryegrass (Lolium 
multiflorum Lam.) across environments and phenotyping methods. Theore-
tical and Applied Genetics 115, 9-17 

Studer B, Boller B, Herrmann D, Bauer E, Posselt U K, Widmer F, Kolliker 

16



Genome mapping and molecular breeding in Lolium and Festuca. Cai and Takahashi 

 

R (2006) Genetic mapping reveals a single major QTL for bacterial wilt 
resistance in Italian ryegrass (Lolium multiflorum Lam.). Theoretical and Ap-
plied Genetics 113, 661-671 

Studer B, Asp T, Frei U, Hentrup S, Meally H, Guillard A, Barth S, Muylle 
H, Roldán-Ruiz I, Barre P, Koning-Boucoiran C, Uenk-Stunnenberg G, 
Dolstra O, Skøt F, Skøt KP, Turner LB, Humphreys MO, Kölliker R, 
Roulund N, Nielsen KK, Lübberstedt T (2008) Expressed sequence tag-de-
rived microsatellite markers of perennial ryegrass (Lolium perenne L.). Mole-
cular Breeding 21, 533-548 

Takken FLW, Joosten MHAJ (2000) Plant resistance genes: their structure, 
function and evolution. European Journal of Plant Pathology 106, 699-713 

Thorogood D, Armstead I, Turner LB, Humphreys MO, Hayward MD 
(2004) Identification and mode of action of self-compatibility loci in Lolium 
perenne L. Heredity 94, 356-363 

Thorogood D, Kaiser WJ, Jones JG, Armstead I (2002) Self-incompatibility 
in ryegrass 12. Genotyping and mapping the S and Z loci of Lolium perenne 
L. Heredity 88, 385-390 

Thorogood D, Paget MF, Humphreys MO, Turner LB, Armstead IP, Rode-
rick HW (2001) QTL analysis of crown rust resistance in perennial ryegrass 
– implications for breeding. International Turfgrass Society Research Journal 
9, 218-223 

van Deynze AE, Dubcovsky J, Gill KS, Nelson JC, Sorrells ME, Dvorak J, 
Gill BS, Lagudah ES, McCouch SR, Appels R (1995a) Molecular-genetic 
maps for chromosome 1 in Triticeae species and their relation to chromo-
somes in rice and oats. Genome 38, 45-59 

van Deynze AE, Nelson JC, O’Donoughue LS, Ahn SN, Siripoonwiwat W, 
Harrington SE, Yglesias ES, Braga DP, McCouch SR, Sorrells ME 
(1995b) Comparative mapping in grasses. Oat relationships. Molecular and 
General Genetics 249, 349-356 

van Deynze AE, Nelson JC, Yglesias ES, Harrington SE, Braga DP, 
McCouch SR, Sorrells ME (1995c) Comparative mapping in grasses. Wheat 
relationships. Molecular and General Genetics 248, 744-754 

van Deynze AE, Sorrells ME, Park WD, Ayres NM, Fu H, Cartinhour SW, 
Paul E, McCouch SR (1998) Anchor probes for comparative mapping of 
grass genera. Theoretical and Applied Genetics 97, 356-369 

Viruel MA, Messeguer R, de Vicente MC, Mas JG, Puigdomenech P, Vargas 
F, Arús P (1995) A linkage map with RFLP and isozyme markers for almond. 
Theoretical and Applied Genetics 91, 964-971 

Wanous MK, Gustafson JP (1995) A genetic map of rye chromosome 1R 
integrating RFLP and cytogenetic loci. Theoretical and Applied Genetics 91, 
720-726 

Warnke SE, Barker RE, Jung G, Sim SC, RoufMian MA, Saha MC, Bril-
man LA, Dupal MP, Forster JW (2004) Genetic linkage mapping of an an-
nual × perennial ryegrass population. Theoretical and Applied Genetics 109, 
294-304 

Werner JE, Endo TR, Gill BS (1992) Toward a cytogenetically based physical 
map of the wheat genome. Proceedings of the National Academy of Sciences 

USA 89, 11307-11311 
Xiong Y, Fei S, Brummer EC, Moore KJ, Barker RE, Jung G, Curley J, 

Warnke SE (2006) QTL analyses of fiber components and crude protein in 
an annual × perennial ryegrass interspecific hybrid population. Molecular 
Breeding 18, 327-320 

Xu WW, Sleper DA, Chao S (1995) Genome mapping of polyploid tall fescue 
(Festuca arundinacea Schreb.) with RFLP markers. Theoretical and Applied 
Genetics 91, 947-955 

Xu WW, Sleper DA, Hoisington DA (1991) A survey of restriction fragment 
length polymorphisms in tall fescue and its relatives. Genome 34, 686-692 

Yamamoto T, Kuboki Y, Lin SY, Sasaki T, Yano M (1998) Fine mapping of 
quantitative trait loci Hd-1, Hd-2 and Hd-3, controlling heading date of rice, 
as single Mendelian factors. Theoretical and Applied Genetics 97, 37-44 

Yu GX, Wise RP (2000) An anchored AFLP and retrotransposon-based map of 
diploid Avena. Genome 43, 736-749 

Zhu M, Wang L, Pan Q (2004) Identification and characterization of a new 
blast resistance gene located on rice chromosome 1 through linkage and dif-
ferential analysis. Phytopathology 94, 515-519 

 
 
JAPANESE ABSTRACT 
 
Lolium �� 8 ������	
��
��
� (Lolium 
multiflorum Lam.)�������������������
 ���!"#$%&'()�*+����),Lolium �
����-���������)./0�1
��
�
(L. perenne L.)�23�4
��56789:;��<
=�
>6�?

�@AB0C6D6
�E���FG�HI
'#$%&'(),�	
��
��
�H./0�1

��
�J��H�3KLM��NOP:Q(RSTU�
V(1 C � 2000 Mb)WXY'(),�Z��[�\�]^_6
=6�`ab�cdefgh�iAFLPj�klmnefg
h�iRFLPj�opqrstiSSRj@AB ESTiexpressed 
sequence tagj_6=6uJ��3@('vw%&�x&y
Wz({|}�~���%&'(),�a'��%B��
(���@AB���ibacterial wiltj�����M��^
3��3|}�)]^_6=6���%&'(),%y3�
v�����M�����@ABx�K�������P
����^�iQTLj���� &'(),¡¡��
Lolium �3@¢)RST_8£��@AB QTL ����Z
�¤¥3�('¦H§),¦{�Lolium �3Z¨�©���
?61ª«�¬iFestuca arundinacea Schreb.j@AB<E­
ª«�¬iF. pratensis Huds.j3�('�RST���¤¥
�®¯�), 

 
 

17


