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Summary

Perennial ryegrass (Lolium perenne) and Italian ryegrass (L. multiflorum) are regarded as
ideal grass species for use as animal forage in temperate grassland agriculture. Ryegrasses
establish and grow quickly, and provide dense swards of highly nutritious and easily
digestible forage that can be turned into healthy meat and animal products for human
consumption. However, their use is restricted since they lack persistency especially in
marginal areas and locations that are subject to summer and winter stresses and drought stress.
Close relative species from within genus Festuca are much better adapted to such abiotic
stresses, but by contrast do not compare well in animal forage provision to Lolium species,
as they show poor establishment and comparatively lower quality characteristics. Lolium
and Festuca species hybridize naturally, and exhibit high frequencies of gene exchange in the
hybrid condition.  Intergeneric hybrids (Festulolium) between Lolium and Festuca species
are being used to broaden the gene pool and to provide the plant breeder with options to
combine high quality traits with broad adaptations to a range of environmental constraints.
Festulolium varieties have promise as novel grasses with high forage quality and resistance to
environmental stress and thereby can improve grassland productivity, persistency and benefit
incomes.  Recent progress on Festulolium breeding programs is described here.
Conventional forage grass breeding programs rely on basis observable phenotype using the
natural genetic variation found between and within varieties or ecotypes. Genetic
improvement of forage grasses by conventional breeding programs is very slow due to the

obligate outbreeding and perennial nature of grasses.  Advances in genomics and gene
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manipulation can complement and enhance conventional plant breeding programs.  Many
studies concerning implementation of DNA markers, high-throughout gene discovery,
genome-wide gene expression analysis, and gene manipulation are being currently conducted
for forage grasses. Recent progress on molecular and genomic research activity in the genus

Lolium and Festuca is reviewed.

Key words: comparative genomics, gene cloning, DNA marker, Festuca, Festulolium,

functional genomics, Lolium, QTL analysis, transgenesis

Introduction

Dairy farming and beef production in Japan depend largely on imported feed from abroad.
In such circumstances, recently, large number of problems have arisen for animal production,
including environmental pollution with animal wastes, serious animal diseases such as foot
and mouse disease and bovine spongiform encephalopathy (BSE).  The self-sufficiency rate
of animal feed has been dramatically decreasing for past decades. In contrast, rice
over-production has led to increase of uncultivated paddy fields. Forage grasses are
considered the best alternative crops in a paddy field. Consequently, self-sufficient forage
production is one of the essential pre-requisites for animal production with security and safety.
Therefore it is priority to develop new forage varieties with higher productivity, forage quality
and tolerance to summer and winter stresses and this is important for responsibilities
associated with sustainable environmental and economic development.

The Lolium-Festuca group is composed of some highly herbage productive, nutritious,
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persistent, seed-productive, and well-adapted grasses that are widely used for agricultural and
amenity purposes, and for stabilization of soils (Jauhar 1993). Italian ryegrass (Lolium
multiflorum Lam.), perennial ryegrass (Lolium perenne L.), meadow fescue (Festuca
pratensis Huds.) and tall fescue (Festuca arundinacea Schreb.) are the most important species
for temperate grassland agriculture in the world including Japan, providing the basis for
grassland production systems (Barnes et al. 1995).  The traits considered a priority for
future grass varieties are improvement in dry matter yield and seed yield, herbage feeding
value, for example, in vitro dry mater digestibility, the ratio of crude protein, water-soluble
carbohydrate, fiber, concentration of alkaloid toxins, and traits associated with good
persistency, including tolerance to a range of abiotic and biotic stresses (Wilkins and
Humphreys 2003).

These forage grasses exhibit gametophytic self-incompatibility and hence require
cross-pollinated breeding systems (Lundqvist 1962; Cornish et al. 1979). Varieties of forage
grasses are synthetics developed by polycrossing selected parental clones (plants). The
improvement of open-pollinating species depends essentially upon a change of gene
frequency leading towards the fixation of favorable alleles whilst still maintaining some
degree of heterozygosity. In this regard, the practice of recurrent selection has been seen to
offer a useful breeding approach for these open-pollinating species (Burton 1992; Vogel and
Pederson 1993). Recurrent selection programs have been demonstrated in perennial
ryegrass to be effective for improvement to tolerance of summer stress in the warmer region
of Japan (Yamada et al. 1999, 2001).

Intergeneric crosses involving the Lolium-Festuca species complex could

potentially lead to a combination of the enhanced palatability and forage quality of Lolium
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species with the higher resistance to disease and tolerance to stress environments such as cold
and drought that are typical of Festuca species (Thomas and Humphreys 1991).  In Europe
and USA, a range of Lolium x Festuca hybrids (Festulolium) have been developed as novel
temperate forage grasses (Humphreys et al. 2003). In Japan, Festulolium breeding has been
recently initiated in three breeding stations of the National Agriculture and Bio-oriented
Research Organization (NARO) (Yamada and Takamizo 2004).

Conventional forage grass breeding programs are performed on the basis of selecting
observable phenotypes using natural genetic variation occurring within and between varieties
and ecotypes. Genetic improvement of forage grasses by conventional breeding programs is
very slow due to the obligate outbreeding and perennial nature of temperate grasses.
However, the development of high-resolution genetic maps based on DNA-based molecular
genetic markers shortens the time required previously for trait selection and makes it possible
to target specific chromosomal locations responsible for agriculturally important traits such as
flowering time, winter hardiness and forage quality. = DNA marker assisted selection (MAS)
technologies bring precision to plant breeding and target gene combinations that govern
specific agronomic traits. Genomic and molecular genetic studies also provide available
functional information on genes that regulate agriculturally important traits, such as tolerance
to biotic and abiotic stresses and forage quality. The transformation approaches offer a
future opportunity to generate unique genetic variation in the even that, the required variation
is either absent or has very low heritability. The obligate outbreeding and perennial nature
of forage grasses clearly present major difficulties to research in genomics and molecular
genetics. However, many studies are currently being conducted using high-throughput

genomics and molecular genetic technologies (Spangenberg et al. 1998; Spangenberg 2001;
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Hopkins et al. 2003).

In this paper, recent progress on intergeneric hybridization programs between Lolium
and Festuca are reviewed. The authors also describe recent progress on genomics and
molecular research activities such as implementation of DNA markers, high-throughout gene
discovery, genome-wide gene expression analysis, and gene manipulation in the genus Lolium
and Festuca including recent advances by the authors’s Institutes in Japan, Australia and the

UK.

Intergeneric hybridization between Lolium and Festuca

The genus Festuca L. and its the closely allied genus Lolium L. have long fascinated
agronomists, evolutionists, and plant breeders, and these genera are among the most widely
studied of the non-cereal grasses.  Intergeneric hybrids between closely related Lolium and
Festuca species are being used to broaden the gene pool and provide plant breeders with
options to combine high quality traits with broad adaptation to a range of environmental
constraints (Humphreys et al. 2003, 2004). The species complex has an enormous wealth of
genetic variability and in hybrids high potential for genetic exchange, thereby offering unique
opportunities for the production of versatile hybrid varieties with new combinations of useful
characters suited to modern grassland farming (Thomas et al. 2003). Lolium and Festuca
species share valuable and complementary agronomic characters: for example L. perenne,
offers good regrowth and nutritive value and is a good species for grazing whilst, F. pratensis,
is more persistent and winter-hardy (Humphreys et al. 1998a).  Lolium and Festuca species
hybridize naturally, and as hybrids regularly exchange genes at high frequency. Some

Festulolium cultivars have been developed as novel temperate forage grasses in both Europe

-6 -



and USA (Table 1).

1) Amphidiploid breeding program

Intergeneric hybrids between diploid L. multiflorum, L. perenne and F. pratensis species have
very low fertility. Doubling of the chromosome number of the F; hybrids leads to a
restoration of fertility. Partially male and female fertile F; hybrids can be also obtained by
crossing autotetraploid forms of Lolium sp. and F. pratensis.  The first amphidiploid
Festulolium cultivars, ‘Elmet’ (L. multiflorum x F. pratensis ) and ‘Prior’ (L. perenne x F.
pratensis) were bred at the Welsh Plant Breeding Station, UK (now Institute of Grassland and
Environmental Research) in the early seventies (Thomas and Humphreys 1991). Some
commercial cultivars were developed in Central and Eastern Europe (Zwierzkowski 2004,
Table 1). In the USA, cultivar, ‘Spring Green’ has been developed from F. pratensis x L.
perenne hybrids (Casler et al. 2001). An F; Festulolium hybrid between male sterile L.
multiflorum and F. arundinacea revealed good performance for persistency and forage quality
in the warmer region of Japan (Arakawa et al. 2004). An efficient seed production system is
a prerequisite for commercialization of the F; Festulolium cultivar in use of male sterile
system. Three Festulolium varieties have been evaluated in the northern Tohuku region of
Japan (Yonemaru et al. 2004). Polish Festulolium cultivars showed high forage yield and
quality comparable to L. multiflorum as well as better persistency, drought resistance, and

winter hardiness compared to L. multiflorum (Zwierzkowski 2004).

2) Introgression breeding programs

A major problem for amphidiploid breeding is the high level of homoeologous pairing
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between the different genomes, that leads to genetic instability and loss of hybridity in later
generations. To overcome these problems and reduce transfer of deleterious Festuca traits,
selective introgression of genes for desirable traits from Festuca into Lolium has become a
favoured methodology. This process involves the transfer of small segments of alien Festuca
chromatin into the recipient Lolium genome (Humphreys 1989; Humphreys and
Pasakinskien 1996), and has been successfully employed to produce novel Festulolium lines
(Humphreys and Thomas 1993; Humphreys et al. 2005).  Intergeneric hybrids between L.
multiflorum (2x) and F. arundinacea (6x) were used in the first putatively successful
introgression breeding program conducted at the University of Kentucky, USA, in which two
cultivars, ‘Kenhy’ (Buckner et al. 1977) and ‘Johnstone’ (Buckner et al. 1983) were developed,
although in both cases, the inclusion of Lolium genes was never confirmed.  ‘Kenhy’
showed improved palatability and a lower fiber content than tall fescue ‘Kentucky
31°(Buckner et al. 1979). Introgression procedures for the transfer of genes for drought
resistance from F arundinacea var. glucescens (2n=4x=28) into L. multiflorum (2n=2x=14)
using DNA markers derived from F. glucescens were described by Humphreys et al. (2005),
and has also been achieved recently from F arundinacea

(http://www.iger.bbsrc.ac.uk/SAGES2/sages2.html). An introgression-derived Festulolium

cultivar, ‘Felina’ exhibited better tolerance to summer stress in the warmer region of Japan

(Uchiyama et al. 2004).

3) Androgenesis
Androgenesis was found to be an effective procedure for selection of Lolium-Festuca

genotypes comprising gene combinations rarely or never recovered by conventional backcross

-8-


http://www.iger.bbsrc.ac.uk/SAGES2/sages2.html

breeding programs (Lesniewska et al. 2001; Humphreys et al. 2003) (Fig. 1). Androgenesis
from Festuca-Lolium complex had been studied using different parental hybrids such as F.
pratensis x L. multiflorum (Lesniewska et al. 2001; Rapacz et al. 2004) and L. multiflorum x F.
arundinacea (Humphreys et al. 1997, 1998b; Pasakinskien¢ et al. 1997; Zwierzykowski et al.
1999; Zare et al. 1999). Following androgenesis from F. pratensis x L. multiflorum
amphidiploid cultivars (2n=4x=28), over 80% of the resulting androgenic plants had 14
chromosomes and were likely to be dihaploids (n + n = 14) with a single genome of Lolium
and Festuca (Le$niewska et al. 2001). Androgenic plants derived either from Fg hybrids of F.
pratensis x L multiflorum (2n=4x=28) or from pentaploid F; hybrids of L.multiflorum x F.
arundinacea (2n=5x=35), contained rare gene combinations that contributed to drought
and/or freezing tolerance in excess of the parental genotypes (Humphreys et al. 2000).
Recent research has demonstrated that genotypes with high winter hardiness or snow mould
resistance were recovered at equal frequency in androgenic populations derived from both
resistant and susceptible parent genotypes and cultivars (Rapacz et al. 2005). Androgenesis
can therefore enhance gene expression and allow the realization of the potential of a genotype.
In androgenic populations derived from a F arundinacea x L. multiflorum hybrid,
Zwierzykowski et al. (1998) reported chromosome variation to be much wider than that
transmitted by conventional backcrossing. An androgenic population derived from a
pentaploid L. multiflorum x F arundinacea (2x=5x=35) showed extreme diversity in
freezing-tolerance (Zare et al. 1999). Another population derived from amphidiploid F.
pratensis x L. multiflorum (2n=4x=28) cultivars showed variation for winter survival, freezing
tolerance and resistance to cold-induced photoinactivation of photosystem II (PSII) (Rapacz

et al. 2004). For turf grass breeding androgenesis has been applied to reduce the ploidy level
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to diploid in intergeneric tetraploid hybrids of F pratensis with L. perenne and L.
multiflurum (Kopecky et al. 2005).

An introgression breeding program on intergenic hybridization between L. perenne
and F. pratensis using androgenesis has been recently initiated at the National Agricultural
Research Center for Hokkaido Region (NARCH).  Successful androgenesis in Festulolium
hybdids, L. perenne x F. pratensis was accomplished using PG-96 medium for embryo/callus
induction, and a large numbers of dihaploids were produced (Guo et al. 2005). The PG-96
medium was composed of relatively complex organic acids and vitamin compounds (Guo et
al. 1999). Modified PG-96 induction medium promoted regeneration from isolated
microspores of timothy and rye (Guo and Pulli 2000a, b). Androgenic progeny showed a
large variation in freezing tolerance, 7 % of 292 progeny exceeding that of freezing hardy F.
pratensis despite containing chromosomes of L. perenne, a more freezing-sensitive species
and more than 60% of flowering progeny produced dehiscent anthers with pollen stainability
ranging from 5% to 85% (Guo et al. 2005). Dihaploids with both freezing tolerance and
fertility potential have been backcrossed onto diploid L. perenne.  Superior plants with high
freezing tolerance have been found in the back-crossed progeny (Yamada et al. unpublished).
These valuable breeding materials will be used in Festulolium introgression breeding
programs to accelerate the breeding process and provide novel robust new forage grasses for

cultivation in marginal areas such as the eastern part of Hokkaido region of Japan.

4) Somatic hybridization
Somatic hybridization is a technique based upon protoplast fusion, which enables

hybridization between sexually incompatible species or genera. This technique may also
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provide an alternative approach in order to create novel genetic combination between Festuca
and Lolium species. A specific objective is the creation of novel cytoplasmic combinations,
e.g., a mixture of both parental cytoplasms. Symmetric somatic hybrids (Takamizo et al.
1991) and asymmetric somatic hybrids (Spangenberg et al. 1994) have been produced
between Farundinacea and L. multiflorum, but no further research regarding their progeny
with respect to agronomic traits were reported. Recently, Takamizo et al. (2004) reported the
yield and forage quality of progeny derived from somatic hybrid plants between F.
arundinacea and L. multiflorum. Intermediate-type progeny derived from somatic hybrids

plants showed good forage quality, but lower yield in comparison to Festuca-type progeny.

5) GISH and DNA-based genetic marker technology for introgression programs

The chromosomes of Lolium and Festuca species can be discriminated using genomic in Situ
hybridization (GISH) (Humphreys et al. 1997, Mizukami et al. 1998). The GISH technique
provides the means to identify segments of alien chromosomes introduced into the recipient
species, and has proved to be a powerful tool for determining their chromosome location
(Thomas et al. 1994, Humphreys et al. 1995; Humphreys and PaSakinskiené 1996;
Pasakinskien¢ 2004). However, there are potential difficulties in the identification of very
small introgressed chromosome segments using the GISH technique (Humphreys et al. 1998a).
By a combined approach of GISH analysis to identify selected stress resistant plants that carry
single Festuca chromatin segments and subsequently, the association of amplified fragment
length polymorphisms (AFLP) or similarly suitable molecular markers with these alien
segments, it is possible to ‘tag’ genes responsible for desirable agronomic traits in breeding

programs (King et al. 1998, 2002; Armstead et al. 2001; Humphreys et al. 2005).
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Molecular DNA markers based on Southern hybridization such as restriction fragment
length polymorphisms (RFLP) as well as PCR-based markers such as randomly amplified
polymorphic DNA (RAPD), AFLP and simple sequence repeats (SSR) have been developed
for grass species.  Yamada and Kishida (2003) applied rice cDNA RFLP probes from the
activity of the Rice Genome Program (RGP) of Japan to forage grasses in order to investigate
genetic variation within and between varieties of grasses, and to identify variety-specific
RFLP markers for use in breeding programs exploiting intergeneric hybridization of Lolium
and Festuca. RFLP analysis is a highly labour-intensive methodology compared to the
PCR-based methods. Recently, SSR markers have been developed in perennial ryegrass
(Jones et al. 2001; Kubik et al. 2001), Italian ryegrass (Hirata et al. 2000) and tall fescue
(Saha et al. 2004). SSR markers provide the current marker system of choice due to their
abundance, ubiquitous distribution in plant genomes, high level of reproducibility, ease of
PCR-based analysis, and detection of co-dominant multiallelic loci.  Momotaz et al. (2004)
have analyzed the genetic polymorphism of multiple genotypes derived from taxa of the
Lolium/Festuca complex using these distinct sets of SSR markers and applied these data to
investigate introgression and genetic relatedness in Festulolium accessions.  In addition,
sequence tagged site (STS) markers were generated in L. perenne from
sequence-characterized barley and oat sequences (Taylor et al. 2001). STS markers were
also developed from genomic sequences of Lolium and related species of Poaceae (Lem and
Lallemand 2003). A selection of genomic RFLP markers of Italian ryegrass have been
converted into STS markers (Inoue and Cai 2004). STS markers may be useful to monitor
gene introgression program for intergeneric hybridization between Lolium and Festuca

(Humphreys et al. 2005).  STS markers may also offer a reliable PCR-based system for
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mapping orthologous loci across distantly related species and hence, to assist the alignment of

genetic linkage maps from divergent species.

Genetic maps and QTL analysis

The majority of traits of interest to forage grass breeders, such as dry matter yield, forage
quality and environmental stress tolerance, show continuous phenotypic variation and are
controlled by a variable number of quantitative trait loci (QTL). Substantial advances have
been made in the genetic improvement of plant populations through artificial selection of
quantitative traits. Most of this selection has been on the basis of observable phenotype,
without knowledge of the genetic architecture of the selected characteristics. In major crop
species, the development of high-resolution genetic maps has made it possible to identify the
chromosomal regions, or in some instances, the individual sequence variants that are
responsible for trait variation. There have been relatively few reports to date of QTL analysis
for agronomic traits in forage grasses, due to the absence of a sufficiently well developed

genetic map.

1) Genetic maps

An enhanced molecular marker-based genetic linkage map of perennial ryegrass has recently
been constructed through the activities of the International Lolium Genome Initiative (ILGI)
(Forster et al. 2001), using the p150/112 one-way pseudo-testcross mapping population. The
current map contains 109 RFLP loci detected by heterologous probes from wheat, barley, oat
and rice. Comparative genetic mapping has allowed the alignment of the perennial ryegrass

genetic map with those of wheat, rice and oat, revealing substantial conserved synteny with
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the genomes of Poaceae species (Jones et al., 2002a). The syntenic chromosomal regions are
represented as a concentric circle alignment (Fig. 2). At the macrosyntenic level, each of the
7 linkage groups of perennial ryegrass chiefly corresponds to one of the seven basic
homeologous chromosome groups of the Triticeae cereals, and they have been numbered
accordingly. Seven linkage groups of perennial ryegrass also correspond to 12 linkage
groups of rice.

The p150/112 genetic map has been further enhanced by the assignment of nearly
100 polymorphic perennial ryegrass simple sequence repeat (LPSSR) loci (Jones et al. 2001)
to locations on each of the seven linkage groups (Jones et al. 2002b).  As a consequence, a
total of more than 200 co-dominant genetic markers have been mapped in the p150/112 family,
along with about 200 AFLP loci, permitting detailed genetic analysis of traits that vary within
this population.

Two genetic mapping populations of perennial ryegrass have been independently
developed as successors to the p150/112 population, and have been aligned to the reference
map using common markers (Armstead et al. 2002, 2004; Faville et al. 2004). These genetic
maps contain functionally-associated molecular marker information through the inclusion of
gene-associated cleaved amplified polymorphic sequences (CAPS) markers, and both RFLP
and SSR markers from expressed sequence tags (ESTs), respectively. In addition, high-
density molecular marker-based genetic maps have also recently been constructed for other
species of Lolium and Festuca (Alm et al. 2003; Inoue et al. 2004a; Warnke et al. 2004; Sim
et al. 2005: Saha et al. 2005). Genetic maps are consequently available for detailed dissection

of complex phenotypes to resolve the locations of pleiotropic and interacting genetic factors.
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2) Flowering time

Heading and flowering time is an important character that impacts on yield, forage quality,
and persistency. The genetic control of flowering time in Arabidopsis has been well
characterized through the interaction of photoperiod, vernalization, autonomous and
gibberellic acid-dependent pathways (e.g. Mouradov et al. 2002; Henderson et al. 2004). In
rice, a short-day flowering plant, QTL analysis for heading date was undertaken using
progeny derived from a single cross combination between Oryza sativa ssp. japonica and O.
sativa ssp. indica cultivars and this enabled 14 QTLs controlling flowering time to be
identified (Yano et al., 2001). Three heading QTLs (Hd1, Hd3 and Hd6) were mapped at
high resolution using near isogenic lines (NILs) and were isolated by a map-based cloning
approach (Yano et al. 2000; Kojima et al. 2002; Takahashi et al. 1998).  In cereals, genes
that regulate the timing of flowering can be divided into three categories based on their
interaction with environmental signals: vernalization response genes (Vrn) that regulate
flowering using low temperature; photoperiod response genes (Ppd) that regulate flowering
using day length; and ‘earliness per se’ factors that appear to be largely independent of these
controls (Laurie 1997). Conserved genomic locations for genes involved in processes such
as vernalization and photoperiodic induction have been identified between species by
comparative genetic studies (Dubcovsky et al. 1998; Laurie et al. 2004). A detailed physical
and genetic map of the VIrn-A"1 (Vrnl) region was constructed for the diploid wheat, Triticum
monococcum L. and found to be colinear with the corresponding region of rice chromosome 3
(Yan et al. 2003). A candidate gene for Vrnl was isolated by positional means, and was

identified as a relative of the Arabidopsis apetala-1 gene class (AP1). Allelic variation
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between spring and winter-type growth habit wheat at the AP1 gene was observed only in the
promoter region, suggesting that variation of gene expression was the causal factor for
differences between these two varietal groups. A second vernalization gene, designated
VIn-A"2, was assigned to the distal region of chromosome 5A™L within a segment
translocated from homoeologous group 4 (Dubcovsky et al. 1998). Yan et al. (2004) reported
the positional cloning of the V2 gene, which encodes a dominant repressor of flowering that
is down-regulated by vernalization. Loss of function at Vrn2, whether by natural point
mutation or deletion, resulted in lines with spring-type growth habit, which do not require
vernalization to flower.

A single QTL for heading date was observed on linkage group (LG) 4 in the p115/120
reference family of perennial ryegrass (Yamada et al. 2004). However, a number of QTL
positions for heading date have been reported from the analysis of single mapping populations
in other Poaceae species (Hayes et al. 1993; Laurie et al. 1995; Bezant et al. 1996; Borner et
al. 2002). The number of QTLs and their relative importance may vary according to the
origin of the genotypes used to construct mapping families. Studies on geographical
populations of Lolium species covering the climatic range from the Mediterranean region to
northern and central Europe revealed a regular cline in flowering responses to temperature
and photoperiod (Cooper 1960). The heterozygous parent of the pl150/112 mapping
population was derived from a cross between eastern European (Romanian), southern
European (north Italian ecotypes) and northern European (‘Melle’ or ‘S23”) genotypes, and
might be expected to represent a variety of response genes. In rice, the major heading date
QTL Hd6, which is associated with inhibition of flowering under long day conditions, is

located on chromosome 3 (Yamamoto et al. 2000) and encodes an o-subunit of CK2
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(Takahashi et al. 2001). Comparative genetic mapping studies between rice and wheat based
on the colinearity of four common RFLP markers (Kato et al. 1999) have revealed that the
rice Hd6 locus region on chromosome 3 is syntenic with the VInAl region on chromosome
S5AL. RFLP-based mapping of the wheat CK2[] gene (tck2a) probe detected a genetic
locus closely linked (by 1.1 ¢cM) to VrnAl (Kato et al. 2002). Two putative CK2a genes
(Lpck2a-1 and Lpck2a-2) genes have been isolated from a ¢cDNA library constructed with
mRNA isolated from cold-acclimated crown tissues of Lolium perenne using sequence
information derived from the tck2a gene. The Lpck2a-1 CAPS marker was assigned to LG 4
of the p115/120 reference family near to the location of the QTL for heading date, while the
Lpck2a-2 CAPS marker was assigned to LG 2 (Shinozuka et al. submitted). The location of
the Lpck2a-1 locus supports the inference of conserved synteny between perennial ryegrass
LG 4, the Triticeae homoeologous group 5L chromosomes and the corresponding segment of
rice chromosome 3 (Yamada et al. 2004).

A mapping population consisting of 184 F, genotypes from a cross between a genotype
from the perennial ryegrass synthetic variety ‘Veyo’ and a genotype from the perennial
ryegrass ecotype ‘Falster’ was measured for vernalization response as days to heading under
artificially controlled condition (Jensen et al. 2005).  In total, five QTLs were identified on
LGs 2, 4, 6 and 7. A CAPS marker derived from the putative orthologue of the Triticum
monococcum VRN1 gene co-located with a major QTL on LG 4 for vernalization response
(Jensen et al. 2005). This data further confirms the presence of flowering time gene
orthologues and corresponding QTLs on LG 4.

Heading date QTLs were also identified in one of the second generation reference

populations, derived from self-pollination of an F; hybrid obtained by crossing individuals
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from partially inbred lines developed from the two agronomically contrasting cultivars
‘Aurora’ and ‘Perma’ (Turner et al. 2001).  Genetic mapping of the F, (Aurora x Perma)
population identified seven linkage groups with a total map length of 628 cM (Armstead et al.,
2004), extending the studies of Armstead et al. (2002) and consistent with the ILGI reference
map (Jones et al. 2002a). A major QTL accounting for up to 70% of the variance was
identified on LG 7, along with additional small QTLs on LG 2 and 4 (Armstead et al. 2004).
The genomic region associated with the major QTL on LG 7 shows a high degree of
conserved synteny with the Hd3 region of rice chromosome 6.

Two annual ryegrass plants from the cultivar ‘Floregon’ were crossed with two
perennial ryegrass plants from the cultivar ‘Manhattan’. From the resultant F; populations,
two random plants were chosen and crossed to develop a pseudo-F, mapping family
(yF2[MFA-4 x MFB-2]). A total of 235 AFLP markers, 81 RAPD markers, 16 grass
comparative anchor probe RFLPs, 106 SSR markers, 2 isoenzyme loci and 2 morphological
characteristics, 8-h flowering and seedling root fluorescence were used to construct a male
map 537cM in length and a female map 712 cM in length, each with 7 LGs (Warnke et al.
2004). The genetic linkage map of the yF, (MFA-4 x MFB-2) population was enhanced and
extended existing comparative relationships of ryegrass with other Poaceae species via
heterologous RFLP markers (Sim et al. 2005). Two major QTLs influencing photoperiodic
control of flowering were identified in locations syntenic with flowering control regions of
the wheat and barley genomes (Warnke et al. 2003a,b).  In Italian ryegrass, a two way
pseudo-testcross F; population derived from a pair cross between single individuals selected
from cultivars ‘Nioudachi’ and ‘Nigatawase’ was used for linkage map construction (Inoue et

al. 2004a) and some QTLs for heading date were identified (Inoue et al. 2004b). QTLs
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identified on LGs 4 and 7 may be in conserved regions with those identified in perennial

ryegrass.

3) Morphological characters
The morphogenesis of individual grass plants within a grazed sward plays a key role in
determining herbage yield, persistence and recovery from grazing. In vegetative plants,
plant morphogenesis is described by three key variables: leaf appearance rate, leaf elongation
rate and leaf lifespan. The expression of each of these traits is under both genetic and
environmental control (Lemaire and Chapman 1996), and leaf development in Lolium has
been demonstrated to be under genetic control in a number of studies (Hazard et al. 1996).
Structural characteristics of plants such as tiller number, leaf number and leaf size are the
result of these morphogenetic traits, and their measurement in breeding programs allows a
dissection of the complex herbage yield trait as well as predictions of the response to grazing.
QTLs were detected for morphological traits such as plant height, tiller size, leaf
length, leaf width, fresh weight at harvest, plant type, spikelet number per spike and spike
length using the p150/112 genetic map (Yamada et al. 2004). A number of traits were
significantly correlated, and coincident QTL locations identified. For example, coincident
QTL for plant height, tiller size and leaf length were identified on LG 3. The rice SD1
semi-dwarfing gene, that launched the ‘green revolution’, encodes a gibberellin biosynthetic
enzyme (GA200x), and was assigned to the long arm of rice chromosome 1 (Sasaki et al.
2002). A CAPS marker developed for the perennial ryegrass ortholocus of the GA200x gene
was mapped to LG 3 close to the plant height QTL, in a region of conserved synteny with rice

chromosome 1 (Kobayashi et al. unpublished).  This finding provides further evidence for
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the utility of the candidate gene-based marker approach.

In Italian ryegrass, a total of 17 QTLs for six traits related to lodging resistance and
heading date were detected by single interval mapping (SIM), while 33 independent QTLs
from the male and female parents were detected by composite interval mapping (CIM) (Inoue
et al. 2004b). The QTL for plant height on LG 1 is potentially located in conserved regions

with that identified in perennial ryegrass.

4) Winter hardiness

Winter hardiness is the outcome of a number of interacting factors that may include
vernalization requirement, photoperiod response, low-temperature tolerance and resistance to
snow moulds.  An understanding of the genetic basis of these component traits permits
more efficient selection based on closely linked molecular marker loci. In the Triticeae
cereals, QTL analysis has identified a limited number of conserved genome regions as
responsible for the winter hardiness character. The most consistently identified region, on
homoeologous group 5 chromosomes, contain QTLs for vernalization response, low
temperature tolerance and photoperiod sensitivity (Sutka and Snape 1989; Pan et al. 1994;
Galiba et al. 1995: Sutka et al. 1999; Cattivelli et al. 2002). Close genetic linkage between
the major genes influencing winter hardiness and genes regulating cold-induced sugar
production was observed in wheat (Galiba et al. 1997). Recently, comprehensive
measurements of low temperature tolerance and vernalization requirement were used for
analysis of a new ‘winter’ x ‘spring’ barley population, and a QTL for accumulation of
proteins encoded by COR (COId Regulated) genes on chromosome 5H (Corl4b, tmc-ap3)

was coincident with a QTL for low temperature tolerance (Francia et al. 2004). C-repeat
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binding factor (CBF) family genes were also mapped in this region (Francia et al. 2004). In
wheat, CBF3 was also linked to the frost-tolerance locus Fr-A2 on chromosome 5A
(Vagujfalvi et al. 2003). In Arabidopsis thaliana, the transcription factors encoded by CBF
family genes have been shown to be key determinants of low temperature tolerance
(Thomashow et al. 2001).

No significant QTLs for winter survival in the field were identified in the reference map
of p150/112 perennial ryegrass (Yamada et al. 2004). However, a QTL for electrical
conductivity corresponding to frost tolerance (Dexter et al. 1932) was located close to a
heading date QTL in a region is likely to show conserved synteny with chromosomal regions
associated with both winter hardiness and flowering time variation in cereals, as described
above.

The F, (Aurora x Perma) genetic map population was also used to identify QTLs for
traits relating to winter hardiness, as well as sugar content. Snow mould-resistant varieties
accumulate higher levels of fructan and metabolise them at slower rates compared to
susceptible varieties (Yoshida et al. 1998).  Many of the snow mould fungi, such as Typhula
spp., Microdochium nivale and Myriosclerotinia borealis, can co-infect on single plants, and
their interactions may obscure the respective effects on plant survival (Matsumoto and Araki
1982; Matsumoto et al. 1982). The use of fungicides with a limited spectrum of activity may
clarify these specific effects. Typhula snow moulds such as T. ishikariensis and T. incarnata
generally occur in the deep snow environment of the western region of Hokkaido, Japan,
including Sapporo. In this environment, control of S. borealis and M. nivale infections with
the fungicide iminoctadine-triacetate is an effective method for evaluation of resistance to

Typhula snow moulds (Takai et al. 2004). Scores of winter survival were measured in the F;
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(Aurora x Perma) population using this control regime, and QTLs for this trait were identified
on LGs 2, 4, 6 and 7. Fructan content was also measured by high performance liquid
chromatography (HPLC) using crown tissues from plants grown outdoor in December.
QTLs for content of high molecular fructan with more than eight degrees of polymerization
(DP) were observed on LGs 1,2 and 4. QTLs for winter survival in LGs 2 and 4 are close to
QTLs for high molecular weight fructan content.

Two major QTLs for freezing tolerance (Frf) and 4 QTLs for winter survival have
been identified in the closely related pasture grass species meadow fescue (Festuca pratensis
Huds.) (Rognli et al. 2002). Comparative mapping with heterologous wheat anchor probes
indicated that Frf4_1 on LG 4 of F. pratensis was orthologous to the frost-tolerance loci Frl
and Fr2 in wheat. The QTLs for winter survival, by contrast, were located on LGs 1, 2, 5,
and 6 (Rognli et al. 2002).

The gene for a putative glycine-rich RNA binding protein, LpGRP1, was isolated from a
cDNA library constructed from crown tissues of cold-treated perennial ryegrass plants
(Hisano et al. submitted). An RFLP locus detected by the LpGRP1 cDNA probe was
mapped to a distal location on LG 2 in the p150/112 population. A full length sucrose
synthase cDNA (LpSS) from perennial ryegrass was isolated and CAPS marker for this was
mapped on LG 7 in the F, (Aurora x Perma) population (Bhowmik et al. in preparation).

Fructosyltransferase genes involved in fructan biosynthesis such as 1-SST, 1-FFT and
6G-FFT were isolated from perennial ryegrass and characterized by heterologous expression
in the Pichia pastoris system (Hisano et al. in preparation). Lp1-SST and Lpl-FFT mapped
to the upper region of LG 7 in the F, (Aurora x Perma) genetic map, but failed to show

coincidence with any fructan content QTLs. The Lp1-SST gene (Chalmers et al. 2003) was
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also assigned to the equivalent region of LG 7 as a single nucleotide polymorphism (SNP)
locus in the F; (NAg x AUs) second-generation reference family (Faville et al. 2004). However,
Lp6G-FFT mapped to LG 3 close to a QTL for low-molecular weight fructan content (Hisano
et al. in preparation). As previously described, evidence from comparative genome studies
suggests that the terminal part of LG4 in perennial ryegrass may contain a region of
conserved synteny with the long arms of the Triticeae homoeologous group 5 chromosome.
It is possible that allelic variation in regulatory genes such as those for the CBF transcription
factor family may contribute to the QTLs for winter survival and fructan content observed on
LG 4. We are currently isolating CBF genes from perennial ryegrass with the intention pf

performing mapping studies.

5) Forage quality

Quality is the most important of all agronomic traits for forage due to the nutritive
requirements of grass-fed livestock. The genetic control of nutritive value parameters in grass
species has been reviewed (e.g. Casler 2001), and genetic variation for specific traits has been
established. Digestibility is generally considered to be the most important temperate grass
nutritive value trait for either live-weight gain (Wheeler and Corbett 1989) or dairy
production (Smith et al. 1997). Deliberate attempts to improve dry matter digestibility
(DMD) in forage crop species have led to rates of genetic gain in the range of 1 - 4.7 % per
annum as a proportion of the initial population means (Casler 2001). Progress in simultaneous
improvement of yield and DMD in forage grasses has, however, been variable (Wilkins and
Humphreys 2003).

Forage quality may be directly evaluated by feeding trials using animals, but this
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approach is costly, laborious and limited for small quantities of herbage from breeding
experiments. Indirect methods of assessment include in vitro digestibility with rumen liquor
(Menke et al. 1979; Tilly and Terry 1963), enzymatic digestion (De Boever et al. 1986) and
chemical analysis of cellular components (van Soest 1963). The development of near
infra-red reflectance spectroscopy (NIRS) analysis for prediction of forage quality has
facilitated rapid and non-destructive evaluation of samples from plant breeding programs.
NIRS has been used to develop calibrations to predict a wide range of forage quality traits
(Marten et al. 1984; Smith and Flinn 1991) including crude protein (CP) content, estimated in
vivo dry matter digestibility (IVVDMD), neutral detergent fibre (NDF) content (Smith and
Flinn 1991), and water-soluble carbohydrate (WSC) content (Smith and Kearney 2000) in
perennial ryegrass. NIRS estimates of DMD and related nutritive value traits have been
reported in a range of forage systems (e.g. Carpenter and Casler 1990; Hopkins et al. 1995;
Smith et al. 2004).

Liibberstedt et al. (1997, 1998) published the first QTL analysis devoted to forage
quality in maize. QTL for cell-wall digestibility and lignification traits in maize were also
investigated in two recombinant inbred lines (RILs) progeny by Méchin et al. (2001).
Cardinal et al. (2003) detected 65 QTLs related to fiber and lignin content in maize. The
best options for breeding of grasses for improved digestibility was assessed based on a search
for genome locations involved in forage quality traits through QTL analysis (Ralph et al.
2004).

Ground herbage samples from genotypes of the p150/112 population were measured for
quality traits such as CP, IVVDMD, NDF, estimated metabolisable energy (EstME) and WSC

by NIRS analysis (Cogan et al. 2005). A total of 42 QTLs were observed in six different
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sampling experiments varying by developmental stage (anthesis or vegetative growth),
location or year. Coincident QTLs were detected on LGs 3, 5 and 7. The region on LG 3
was associated with variation for all measured traits across various experimental datasets. The
region on LG 7 was associated with variation for all traits except CP, and is located in the
vicinity of the lignin biosynthesis gene loci Xlpomtl (caffeic acid-O-methyltransferase),
xlpcerl (cinnamoyl CoA-reductase) and xIpssrcad2.1 (cinnamyl alcohol dehydrogenase).

WSC provides the most readily available source of energy for grazing ruminants. In
the F, (Aurora x Perma) population, high molecular fructan which constitutes the major part
of the WSC pool, was analyzed in samples collected during spring and autumn in tiller bases
and leaves with replication of data over years (ie collection one replicate each year for several
years) (Turner et al. unpublished). Correlations between traits did not always lead to
corresponding cluster of QTL and some traits revealed no reproducible QTLs. Tiller base
QTLs were identified on LGs 1 and 5, and leaf QTLs on LGs 2 and 6 (Humphreys et al.
2003).

Improvements of forage quality may also be obtained by alteration of the content and
ratios of minerals in grasses, to prevent metabolic disorders. Grass tetany (hypomagnesaemia)
is caused by low levels of magnesium in the blood of cattle or sheep. Varieties of Italian
ryegrass and tall fescue with markedly different levels of magnesium have proved to be very
effective in maintaining levels of blood magnesium in grazing sheep (Moseley and Baker
1991) and cattle (Crawford et al. 1998). Milk fever, caused by low blood calcium, produces
animal welfare and production problems that could be addressed by reducing potassium
content of forage without reducing calcium and magnesium concentrations (Sanchez et al.

1994). Variation in mineral content in grasses may be strongly influenced by genetic factors
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and is amenable to QTL analysis. Herbage samples of the p150/112 population from four
sampling experiment were analyzed for mineral content (aluminum, calcium, cobalt, copper,
iron, magnesium, manganese, molybdenum, nickel, phosphorus, potassium, sodium, sulfur
and zinc) by inductively-coupled plasma mass spectroscopy (ICP-MS) and a total of 45 QTLs
were identified (Cogan et al. submitted). QTL clusters were observed on LGs 1, 2, 4 and 5.
QTLs for the important traits for control of grass tetany, and magnesium content were
detected on LGs 2 and 5. Field herbage samples from the F; (NA¢ x AUs) population were
also analyzed for mineral content by ICP-MS. A total of 14 QTLs were identified on the
NAg map, and 9 QTLs were identified on the AUs genetic map. A number of clustered QTL

locations showed coincidence between the two different populations.

6) Disease resistance

Crown rust (Puccinia coronata f. sp. lolii) is the most serious foliar disease of ryegrasses
and causes severe losses in forage yield and quality. Dumsday et al. (2003) mapped a major
QTL for crown rust resistance on LG 2 in perennial ryegrass in region of conserved synteny
with the Pca crown rust resistance region from the diploid oat species Avena strigosa. In
addition, two closely linked QTLs for crown resistance were identified on LG 1 from analysis
of the F; (NAg x AUg) population (Forster et al. 2004). In Italian ryegrass, three crown rust
resistance genes loci, Pcl, Pc2 and Pc3 were identified at the molecular level (Fujimori et al.
2004; Fujimori 2004). Three AFLP markers were tightly linked to Pcl and these DNA
markers will be useful for the selection and development of resistant varieties (Fujimori et al.
2004). Roderick et al. (2003) reported the transfer of genes from crown rust resistance from

F. pratensis to chromosome 5 of L. multiflorum.
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7) Future prospects

Although the existing QTL information in forage grasses is relatively underdeveloped
compared to other major crops such as rice and barley, the recent establishment of detailed
molecular genetic maps is rapidly stimulating QTL analysis and trait dissection. The current
genetic maps are largely populated by anonymous genetic markers, with limited diagnostic
value. The next generation of molecular genetic markers for forage grasses will be derived
from expressed sequences, with an emphasis on functionally-defined genes associated with
biochemical and physiological processes that are likely to be correlated with target phenotypic
traits (Andersen and Liibberstedt 2003; Forster et al. 2004; Faville et al. 2004). The
large-scale gene sequence collections generated by ESTs provides the resource for
functionally-associated marker development. Single nucleotide polymorphism (SNP)
markers can in principle be developed for any gene, and show the benefits of locus-specificity,
high data fidelity and high-throughput analysis. Comparative genomics with other Poaceae
species such as rice, wheat, barley and maize will support the development of such high value
molecular markers through orthologous QTL detection and co-location of candidate genes.
Alternatively linkage disequlibrium (LD) based method may allow the detection of accuracy
QTLs for traits of interest. Genome-wide association studies will soon become possible and
could open new frontiers in our understanding of complex traits (Hirschhorn and Daly 2005;
Wang et al. 2005). Based on the population biology of perennial ryegrass (outbreeding with
relatively large effective population sizes, at least for ecotypic populations), LD is expected to
extend over relatively short molecular distances (Forster et al. 2004).  In this instance, it

should be possible to identify diagnostic variants for the selection of individual parental
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genotypes on the basis of superior allele content. This will allow more efficient use of
germplasm collections for parental selection. In addition, such ‘perfect’ markers will allow
highly effective progeny selection. The Primary Industries Research Victoria (PIRV),
Australia and the Institute of Grassland and Environmental Research (IGER), UK have
commenced the preliminary association analysis in L. perenne. The progress at IGER in
association mapping flowering time genes in Lolium perenne has been reported recently (Sket
et al. 2005). Accuracy in phenotypic assessment will be essential for precise detection of
significant associations. The stability of QTLs and other genetic effects across different
environmental conditions is also an important target of study. International collaborations of

NARCH with IGER and PIRV are being conducted to achieve this objective.

Functional Genomics
Recently, two complete plant genome sequences, one from a dicot, Arabidopsis thaliana and
one from a monocot, rice (Oryza sativa) have been completed. This progress has opened a
floodgate of relevant information for molecular genetics and breeding in flowering plants.

An EST is generated by single-pass sequencing of cDNA and provides a starting point
for elucidation on gene function. ESTs have been developed for many organisms

(http://www.ncbi.nih.gov/dbEST/index.html). Sawbridge et al. (2003) reported the

generation of more than 44,000 ESTs from 29 cDNA libraries of L. perenne representing a
range of plant organs and developmental stages. The ESTs were analyzed by BLAST
searches, categorized functionally, and were subjected to a cluster analysis leading to the
identification of a unigene set corresponding to 14,767 genes. A total of 1,500 ESTs have

been generated from a cDNA library constructed from crown tissues of cold-treated L.

-08 -


http://www.ncbi.nih.gov/dbEST/index.html

perenne plants (Yamada et al. unpublished). In L. multiflorum 5,922 ESTs have been
generated from seven cDNA libraries from various tissues and leaves under biotic and abiotic
stresses (Ikeda et al. 2004). In F arundinacea, a heat stressed shoot cDNA library was
constructed and an EST collection is underway (Zhang et al. 2004). The first forage grass
gene chip with 15K ryegrass unigenes was constructed recently by Primary Industries
Research Victoria, Australia, and AgResearch, New Zealand (Spangenberg et al. 2004). This
cDNA-based microarray will be highly for novel gene expression profiling and promoter
discovery in ryegrasses and fescues. An international consortium program on transcriptome
analysis in Lolium and Festuca species (ITIFT) has been proposed (Spangenberg pers.
comm.).

Resistant (R) gene-mediated disease resistance in plants has been studied intensively
(Hulbert et al. 2001). Nearly all of the known R gene belong to one of six major classes
(Jones 2001). Although these genes confer resistance to a range of pathogens that are
taxonomically unrelated, most of them encode members of the nucleotide-binding
(NB)-leucine-rich repeat (LRR) class (Jones and Jones 1997). Initial step towards the cloning
R gene analogues (RGAs) from Italian ryegrass have been undertaken (Ikeda 2005). In this
study, clones amplified from NBS-LRR-type RGAs by using primers designed from sequence
motifs conserved among R genes were sequenced and primer sets of unique NBS-LRR
sequences developed. This study may be useful for development of the R gene-mediated

disease resistant markers in forage grass species.

Genetic transformation

Conventional forage grass breeding has been based on the use of natural genetic variation as
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found between and within ecotypes or created through sexual recombination. Gene
technology and the production of transgenic plants offer the opportunity to generate unique
genetic variation. Application of transgenesis to forage plant improvement  has been
focused on the development of transformation events with unique genetic variation and in
studies on the molecular dissection of plant biosynthetic pathways and developmental
processes of high relevance for forage production (Spangenberg et al. 1998; Spangenberg et al.
2001). The biolistic methodology, based on particle bombardment, has been the most
successful means of transforming grasses. A protocol for rapid production of large numbers of
independently transformed fertile perennial ryegrass plants from commercially important
forage and turf-type cultivars has been developed using the biolistic procedures (Altpeter et al.
2000).  Takahashi et al. (2002) have also developed a transformation technique in Italian
ryegrass cv. ‘Waseaoba’ using microprojectile bombardment of embryogenic calli. A
successful Agrobacterium-mediated transformation method has been reported for tall fescue
and Italian ryegrass (Bettany et al. 2003) and more efficient Agrobacterium-mediated
transformation has been reported for tall fescue (Lee et al. 2004; Wang and Ge 2005).
Fructans, a polymer of fructose and a major component of nonstructural carbohydrates is
accumulated in temperate grasses.  The increased level of soluble carbohydrates appears to
improve the nutritional value of grasses, particularly during summer when grasses suffer a
major decline in digestibility. The soluble carbohydrate composition of Italian ryegrass has
been altered by transformation with the Bacillus subtilis sac B gene (Ye et al. 2001).
Lignification of plant well walls has been identified as the major factor responsible for
lowering digestibility of forage tissues. Molecular breeding for improved digestibility by

down-regulating monolignol biosynthetic enzymes through transgenesis has been explored.
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Forage digestibility of tall fescue has been improved by transgenic down-regulation of
cinnamyl alcohol dehydrogenase (Chen et al. 2003) and caffeic acid O-methyltransferase
(Chen et al. 2004). Sulphur-containing (S-) amino acids, methionine and cysteine, are
among the most limiting essential amino acids in ruminant animal nutrition. A sulphur-rich
albumin gene from sunflower has been expressed in leaves of transgenic tall fescue (Wang et
al. 2001).

Transgenic approaches have been explored to enhance resistance to diseases. A rice
chitinase (Cht-2; RCC2) gene has been introduced into Italian ryegrass and bioassay of leaves
in transgenic plants indicated increased resistance to crown rust (Takahashi et al. in press).
The coat protein-mediated transgenic resistance approach has also been applied. Resistance
of perennial ryegrass to ryegrass mosaic virus (RMV) has been increased by transformation
with an RMV coat protein gene (Xu et al. 2001).

Hayfever and seasonal allergic asthma due to grass pollen are environmental diseases
that afflict many peoples around the world.  Manipulation of pollen allergens in grasses is
one of the important solutions for this disease. Transgenic plants with reduced levels of the
main ryegrass pollen allergens ( Lolpl and Lolp2) have been generated for L. perenne and L.
multiflorum (Petrovska et al. 2004).

Fructan accumulation is also associated with winter hardiness. Transgenic perennial
ryegrass plants that over-expressed the wheat fructosyltransferase genes, wftl and wft2, which
encode sucrose-fructan 6-fructosyltransferase (6-SFT) and SUCrose-sucrose
1-fructosyltransferase (1-SST), respectively, under the control of CaMV 35S promoter have
been produced using a biolistic transformation (Hisano et al. 2004). Transgenic plants that

accumulated a greater amount of fructan than non-transgenic plants showed increased
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tolerance to cellular freezing. The results suggest that the over-expression of the genes
involved in fructan synthesis serves as a novel strategy to produce freezing-tolerant grasses
(Hisano et al. 2004). Transgenesis is powerful tool for the elucidation of genetic mechanism
in metabolic pathways. Further analysis of the perennial ryegrass fructosyltransferase genes
will involve detailed molecular genetic studies based on gene silencing (Vance and Vaucheret
2001) to determine the effects of these genes on fructan biosynthesis.

Forage grasses are wind-pollinated and outcrossing species. Significant spread of the
transgenes to other species or wild populations of the same species would be inevitable
without strict control of pollination. Wang et al. (2004) reported pollen-mediated transgene
flow using T; and T, progenies derived of transgenic tall fescue plants (Wang et al. 2003 a,b).
No transgene was detected at 200 m distance in any direction. This experiment indicated
that the isolation distance 300 m is enough to prevent transgene flow to neighboring plants, at

least small-scale field trials.

Acknowledgements

The unpublished research from NARCH described in this review paper was carried out by Dr.
S. Kobayashi, Dr. H. Hisano, Dr. Y. Guo, Dr. P. K. Bhowmik, Mr. H. Shinozuka, Mr. K.
Tamura and Mr. Y. Sanada. QTL research was carried out in collaboration with Dr. K. F.
Smith, Dr. N.O.I. Cogan and Prof. G. S. Spangenberg of Primary Industries Research Victoria,
Australia and Prof. M.O. Humphreys and, Drs. I.P. Armstead and L. Turner of the Institute of
Grassland and Environmental Research, UK. This work was supported in part by

Grants-in-Aid for Scientific Research (No. 14360160) from the Ministry of Education,

-32.-



Science, Sports and Culture, Japan and fund on ‘Development of DNA Marker-aided
Selection Technology for Plants and Animals’ from the Ministry of Agriculture, Forestry and

Fisheries, Japan.

References

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. Theor Appl Genet 108:25-40

Altpeter F, Xu J, Ahmed S (2000) Generation of large numbers of independently transformed
fertile perennial ryegrass (Lolium perenne L.) plants of forage- and turf-type cultivars.
Mol Breed 6: 519-528

Andersen JR, Liibberstedt T (2003) Functional markers in plants. Trends Plant Sci 8: 554-560

Arakawa A, Fujimori M, Sugita S, Uchiyama K, Komatsu T (2004) Characterstics and
breeding strategy of F; hybrid Festulolium. In: Development of a Novel Grass with
Environmental Stress and High Forage Quality through Intergeneric Hybridization
between Lolium and Festuca (Eds Yamada T, Takamizo T), NARO, Tsukuba, p63-67

Armstead IP, Bollard A, Morgan WG, Harper JA, King IP, Jones RN, Forster JW, Hayward
MD, Thomas HM (2001) Genetic and physical analysis of a single Festuca pratensis
chromosome segment substitution in Lolium perenne. Chromosoma 110: 52-57

Armstead IP, Turner LB, King IP, Cairns AJ, Humphreys MO (2002) Comparison and

integration of genetic maps generated from F, and BC;-type mapping populations in

-33-



perennial ryegrass. Plant Breed 121:501-507

Armstead [P, Turner LB, Farrell M, Sket L, Gomez P, Montoya T, Donnison 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. Theor Appl Genet
108:822-828

Barnes RF, Miller DA, Nelson CJ (1995) Forages 4™ Ed, Iowa State University Press, Ames

Bettany AJE, Dalton SJ, Timms E, Manderyck B, Dhanoa MS, Morris P (2003)
Agrobacterium tumefaciens-mediated transformation of Festuca arundinacea (Schreb.)
and Lolium multiflorum (Lam.). Plant Cell Rep 21:437-444

Bezant J, Laurie D, Pratchett N, Chojecki J, Kearsey M (1996) Marker regression mapping of
QTL controlling flowering time and plant height in a spring barley (Hordeum vulgare
L.) cross. Heredity 77:64-73

Borner A, Buck-Sorlin GH, Hayes PM, Malyshev S, Korzun V (2002) Molecular mapping of
major genes and quantitative trait loci determining flowering time in response to
photoperiod in barley. Plant Breed 121:129-132

Buckner RC, Burrus II PB, Bush LP (1977) Registration of Kenhy tall fescue. Crop Sci 17:
672-673

Buckner RC, Bush LP, Burrus II PB (1979) Succulence as a selection criterion for improved
forage quality in Lolium-Festuca hybrids. Crop Sci 19: 93-96

Buckner RC, Boling JA, Burrus I PB, Bush LP, Hemken RA (1983) Registration of
Johnstone tall fescue. Crop Sci 23: 399-400

Burton GW (1992) Recurrent restricted phenotypic selection. Plant Breed Rev 9: 101-113

Cardinal AJ, Lee M, Moore KJ (2003) Genetic mapping and analysis of quantitative trait loci

-34 -



affecting fiber and lignin content in maize. Theor Appl Genet 106:866-874

Carpenter JA, Casler MD (1990) Divergent phenotypic selection response in smooth
bromegrass for forage yield and nutritive value. Crop Sci 30:17-22

Casler MD, Pitts PG, Rose-Fricker C, Bilkey PC, Wipft JK (2001) Registration of ‘Spring
Green’ Festulolium. Crop Sci 41: 1365-1366

Casler MD (2001) Breeding forage crops for increased nutritional value. Adv Agron
71:51-107

Cattivelli L, Baldi P, Crosatti C, Di Fonzo N, Faccioli P, Grossi M, Mastrangelo AM,
Pecchioni N, Stanca AM (2002) Chromosome regions and stress-related sequences
involved in resistance to abiotic stress in Triticeae. Plant Mol Biol 48:649-665

Chalmers J, Johnson X, Lidgett A, Spangenberg G (2003) Isolation and characterisation of a

sucrose:sucrose 1-fructosyltransferase gene from perennial ryegrass (Lolium perenne).
J Plant Physiol 160:1385-1391

Chen L, Auh C, Dowling P, Bell J, Chen F, Hopkins A, Dixon RA,Wang Z-Y (2003)
Improved forage digestibility of tall fescue (Festuca arundinacea) by transgenic
down-regulation of cinnamyl alcohol dehydrogenase. Plant Biotechnol J 1: 437-449

Chen L, Auh C, Dowling P, Bell J, Lehmann D, Wang Z-Y (2004) Transgenic
down-regulation of caffeic acid O-methyltransferase (COMT) led to improved
digestibility in tall fescue (Festuca arundinacea). Funct Plant Biol 31: 235-245

Cogan NOI, Smith KF, Yamada T, Francki MG, Vecchies AC, Jones ES, Spangenberg GC,
Forster JW (2005) QTL analysis and comparative genomics of herbage quality traits in
perennial ryegrass (Lolium perenne L.). Theor Appl Genet 110: 364-380

Cooper JP (1960) Short-day and low-temperature induction in Lolium. Ann Bot 24:232-246

-35-



Cornish MA, Hayward MD, Lawrence MJ (1979) Self-incompatibility in ryegrass. I. Genetic
control in diploid Lolium perenne L.. Heredity 43: 95-106

Crawford RJ, Massie MD, Sleper DA, Mayland HF (1998) Use of an experimental
high-magnesium tall fescue to reduce grass tetany in cattle. J Production Agric
11:491-496

De Boever JL, Cottyn BG, Buysse FX, Wainman FW, Vanacker JM (1986) The use of an
enzymatic technique to predict digestibility, metabolizable and net energy of compound
feedstuffs for ruminants. Anim Feed Sci Tech 14:203-214

Dexter ST, Tottingham WE, Graber LF (1932) Investigations of the hardiness of plants by
measurement of electrical conductivity. Plant Physiol 7:63-78

Dubcovsky J, Lijavetzky D, Appendino L, Tranquilli G (1998) Comparative RFLP mapping
of Triticum monococcum genes controlling vernalization requirement. Theor Appl Genet
97:968-975

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

Faville MJ, 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.). Theor Appl Genet 110: 12-32

Forster JW, Jones ES, Kolliker R., Drayton MC, Dumsday J, Dupal MP, Guthridge KM,.
Mahoney NL, van Zijll de Jong E, Smith KF (2001) Development and Implementation

of Molecular Markers for Forage Crop Improvement. In: Molecular Breeding of Forage

-36 -



Crops (Ed Spangenberg G), Kluwer Academic Press, Dordrecht, p101-133

Forster JW, Jones ES, Batley J, Smith KF (2004) Molecular marker-based genetic analysis of
pasture and turf grasses. In: Molecular Breeding of Forage and Turf (Eds Hopkins A,
Wang Z-Y, Mian R, Sledge M, Barker RE), Kluwer Academic Publishers, Dordrecht,
p197-238

Francia E, Rizza F, Cattivelli L, Stanca AM, Galiba G, Toth B, Hayes PM, Skinner JS,
Pecchioni N (2004) Two loci on chromosome 5H determine low-temperature tolerance
in a ‘Nure’ (winter) x ‘Tremois’ (spring) barley map. Theor Appl Genet 108:670-680

Fujimori M (2004) Toward maker assisted introgression from Lolium spp. to Festuca
arundinacea. In: Development of a Novel Grass with Environmental Stress and High
Forage Quality through Intergeneric Hybridization between Lolium and Festuca (Eds
Yamada T, Takamizo T), NARO, Tsukuba, p59-62

Fujimori M, Hayashi K, Hirata M, lkeda 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: Molecular Breeding of Forage and Turf (Eds Hopkins A,
Wang ZY, Mian R, Sledge M, Barker RE) Kluwer Academic Publishers, Dordrecht,
p21-35

Galiba G, Quarrie SA, Sutka J, Morgounov A, Snape JW (1995) RFLP mapping of the
vernalization (Vrn-Al) and frost resistance (Frl) genes on chromosome 5A of wheat.
Theor Appl Genet 90:1174-1179

Galiba G, Kerepesi I, Snape JW, Sutka J (1997) Location of gene regulating cold-induced
carbohydrate production on chromosome 5A of wheat. Theor Appl Genet 95:265-270

Guo Y-D, Sewon P, Pulli S (1999) Improved embryogenesis from anther culture and plant

-37-



regeneration in timothy. Plant Cell Tiss Org Cul 57: 85-93
Guo Y-D, Pulli S (2000a) An efficient androgenic embryogenesis and plant regeneration
through isolated microspore culture in timothy (Phleum pratense L.). Plant Cell Rep 19:
761-767
Guo Y-D, Pulli S (2000b) Isolated microspore culture and plant regeneration in rye (Secale
cereale L.). Plant Cell Rep 19: 875-880

Guo Y-D, Mizukami Y, Yamada T (2005) Genetic characterization of androgenic progeny
derived from Lolium perenne x Festuca pratensis cultivars. New Phytol, 166:
455-464

Hayes PM, Blake T, Chen THH, Tragoonrung S, Chen F, Pan A, Liu B (1993) Quantitative
trait loci on barley (Hordeum vulgare L.) chromosome 7 associated with components of
winter hardiness. Genome 36:66-71

Hazard L, Ghesquicre M, Barraux C (1996) Genetic variability for leaf development in
perennial ryegrass populations. Can J Plant Sci 76:113-118

Henderson I R, Dean C (2004). Control of Arabidopsis flowering: the chill before the bloom.
Development 131: 3829-3838.

Hirata M, Fujimori M, Komatsu T (2000) Development of simple sequence repeats (SSR)
markers in Italian ryegrass. Abstract in Molecular Breeding of Forage Crop 2000,
Lorne and Hamilton, Australia, 1924 November, p51

Hirschhorn JN, Daly MJ (2005) Genome- wide association studies for common diseases and
complex traits. Nature Rev Genet 6: 95-108

Hisano H, Kanazawa A, Kawakami A, Yoshida M, Shimamoto Y, Yamada T (2004)

Transgenic perennial ryegrass plants expressing wheat fructosyltransferase genes

-38 -



accumulate increased amounts of fructan and acquire increased tolerance on a cellular
level to freezing. Plant Sci 167: 861-868

Hopkins AA, Vogel KP, Moore KJ, Johnson KD, Carlson IT (1995) Genotype effects and
genotype by environment interactions for traits of elite switchgrass populations. Crop
Sci 35:125-132

Hopkins A, Wang Z-Y, Mian R, Sledge M, Barker RE (Eds) (2003) Molecular Breeding of
Forage and Turf. Kluwer Academic Publishers, Dordrecht, p1-395

Hulbert SH, Webb CA, Smith SM, Sun Q (2001) Resistance gene complexes: Evolution and
Utilization. Annu Rev Phytopathol 39:285-312

Humphreys J, Harper JA, Armstead IP, Humphreys MW (2005) Introgression-mapping of
genes for drought resistance transferred from Festuca arundinacea var. glaucescens into
Lolium multiflorum. Theor Appl Genet, 110: 579-589

Humphreys M, Turner L, Sket L, Humphreys M, King I, Armstead I, Wilkins P (2003) The
use of genetic markers in grass breeding. Czech J Genet Plant Breed 39:112-119
(Biodiversity and Genetic Resources as the Bases for Future Breeding. 25th Meeting of
the Fodder Crops and Amenity Grasses Section of Eucarpia, Brno, Czech Republic)

Humphreys MW (1989) The controlled introgression of Festuca arundinacea genes into
Lolium multiflorum. Euphytica 42: 105-116

Humphreys MW, Thomas H (1993) Improved drought resistance in introgression lines
derived from Lolium multiflorum x Festuca arundinacea hybrids. Plant Breed 111:
155-161

Humphreys MW, Thomas HM, Morgan WG, Meredith MR, Harper JA, Thomas H,

Zwierzykowski Z, Ghesquiere M (1995) Discriminating the ancestral progenitors of

-39.



hexaploid Festuca arundinacea using genomic in situ hybridization. Heredity 75:
171-174
Humphreys MW, Pasakinskiené I (1996) Chromosome painting to locate genes for drought
resistance transferred from Festuca arundinacea into Lolium multiflorum. Heredity 77:
530-534
Humphreys M, Thomas HM, Harper J, Morgan G, James A, Ghamari-Zare A, Thomas H
(1997) Dissecting drought- and cold-tolerance traits in the Lolium-Festuca complex by
introgression mapping. New Phytol 137: 55-60
Humphreys MW, PaSakinskien¢ I, James AR, Thomas H (1998a) Physically mapping
quantitative traits for stress-resistance in the forage grasses. J Exp Bot 49: 1611-1618
Humphreys MW, Zare AG, Pasakinskiené I, Thomas H, Rogers WJ, Collin HA (1998b)
Interspecific genomic rearrangements in androgenic plants derived from a Lolium
multiflorum x Festuca arundinacea (2n=5x=35) hybrid. Heredity 80:78-82
Humphreys MW, Zwierzykowski Z, Collin HA, Rogers WJ, Zare A-G, Liesniewska A (2000)
Adrogenesis in grasses - methods and aspects for future breeding . In: Biotechnological
Approaches for Utilization of Gametic Cells, Proceedings of the COST 824 final
meeting, Bled, Slovenia, 1-5 July 2000, p 5-13
Humphreys MW, Canter PJ, Thomas HM (2003) Advances in introgression technologies for
precision breeding within the Lolium-Festuca complex. Ann Appl Biol 143:1-10
Humphreys MW (2004) Development of a novel grass with resistance to environmental stress
and high forage quality through intergeneric hybridization between Lolium and Festuca.
In: Development of a Novel Grass with Environmental Stress and High Forage Quality

through Intergeneric Hybridization between Lolium and Festuca (Eds Yamada T,

- 40 -



Takamizo T), NARO, Tsukuba, p7-15

Ikeda S, Takahashi W, Oishi H (2004) Generation of expressed sequence tags from cDNA
libraries of Italian ryegrass (Lolium multiflorum Lam.). Grassl Sci 49: 593-598

Ikeda S (2005) Isolation of resistance gene analogs from Italian ryegrass (Lolium multiflorum
Lam.). Grassl Sci 51: 63-70

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

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 polymorphism, and telomeric repeat
associated sequence markers. Genome 47:57-65

Inoue M, Gao Z, Cai H (2004b) QTL analysis of lodging resistance and related traits in
[talian ryegrass (Lolium multiflorum Lam.). Theor Appl Genet 109:1576-1585

Jauhar PP (1993) Cytogenetics of the Festuca-Lolium complex. Monographs on Theoretical
and Applied Genetics 18, Springer-Verlag, Berlin, p1-243

Jensen LB, Andersen JR, Frei U, Xing Y, Taylor C, Holm PB, Liibberstedt T (2005) QTL
mapping of vernalization response in perennial ryegrass (Lolium perenne L.) reveals
co-location with an orthologue of wheat VRN1. Theor Appl Genet 110: 527-536

Jones DA, Jones JDG (1997) The role of leucine-rich repeat proteins in plant defences. Adv
Bot Res 24:89-167

Jones J (2001) Putting knowledge of plant disease resistance genes to work. Curr Opin Plant

Biol 4:28-287

-41 -



Jones ES, Dupal MP, Koélliker R, Drayton MC, Forster JW (2001) Development and
characterisation of simple sequence repeat (SSR) markers for perennial ryegrass
(Lolium perenne L.). Theor Appl Genet 102: 405-415

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

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

Kato K, Miura H, Sawada S (1999) Comparative mapping of the wheat Vrn-Al region
with the rice Hd-6 region. Genome 42:204-209

Kato K, Kidou S, Miura H, Sawada S (2002) Molecular cloning of the wheat CK2« gene and
detection of its linkage with Vrn-Al on chromosome 5A. Theor Appl Genet
104:1071-1077

King J, Armstead IP, Donnison IS, Thomas HM, Jones RN, Kearsey MJ, Robersts LA,
Thomas A, Morgan WG, King IP (2002) Physical and genetic mapping in the grasses
Lolium perenne and Festuca pratensis. Genetics 161: 315-324

King IP, Morgan WG, Armstead IP, Harper JA, Hayward MD, Bollard A, Nash JV, Forster JW,
Thomas HM (1998) Introgression mapping in the grasses. I. Introgression of Festuca
pratensis chromosomes and chromosome segments into Lolium perenne. Heredity 81:
462-467

Kojima S, Takahashi Y, Kobayashi Y, Monna L, Sasaki T, Araki T, Yano M (2002) Hd3a, a

-42 -



rice orhololog of the Arabidopsis FT gene, promotes transition to flowering downstream
of Hd1 under short-day condition. Plant Cell Physiol 43:1096-1105

Kopecky D, Lukaszewski AJ, Gibeault V (2005) Reduction of ploidy levels by androgenesis
in intergeneric Lolium-Festuca hybrids for turf grass breeding. Crop Sci 45: 274-281

Kubik, C, Sawkins M, Meyer WA, Gaut BS (2001) Genetic diversity in seven perennial
ryegrass (Lolium perenne L.) cultivars based on SSR markers. Crop Sci 41: 1565-1572

Laurie DA, Pratchett N, Bezant JH, Snape JW (1995) RFLP mapping of five major genes and
eight quantitative trait loci controlling flowering time in a winter x spring barley
(Hordeum vulgare L.) cross. Genome 38:575-585

Laurie DA (1997) Comparative genetics of flowering time. Plant Mol Biol 35:167-177

Laurie DA, Griffiths S, Dunford RP, Christodoulou V, Taylor SA, Cockram J, Beales J, Turner
A (2004) Comparative genetic approaches to the identification of flowering time genes
in temperate cereals. Field Crops Res 90:87-99

Lee SH, Lee DG, Woo HS, Lee BY (2004) Development of transgenic tall fescue plants from
mature seed-derived callus via Agrobacterium-mediated transformation. Asian-Aust J
Anim Sci 17:1390-1394

Lem P, Lallemand J (2003) Grass consensus STS markers: an efficient approach for detecting
polymorhism in Lolium. Theor Appl Genet 107: 1113-1122

Lemaire G, Chapman D (1996) Tissue flows in grazed plant communities. In: The ecology
and management of grazing systems (Eds Hodgson J, Illius AW). CAB International,
Wallingford, UK, p 3-36

Lesniewska A, Ponitka A, lusarkiewicz-Jarzina A, Zwierzykowska E, Zwierzykowski Z,

James AR, Thomas H, Humphreys MW (2001) Androgenesis from Festuca pratensis x

-43 -



Lolium multiflorum amphidiploid cultivars in order to select and stabilize rare gene
combinations for grass breeding. Heredity 86: 167-176

Lundqvist A (1962) The nature of the two-loci incompatibility system in grasses. 1. The
hypothesis of a duplicative origin. Hereditas 48:153-168

Liibberstedt T, Melchinger AE, Klein D, Degenhardt H, Paul C (1997) QTL mapping in
testcrosses of European flint lines of maize: II. Comparison of different testers for
forage quality traits. Crop Sci 37:1913-1922

Liibberstedt T, Melchinger AE, Féhr S, Klein D, Dally A, Westhoff P (1998) QTL
mapping in testcrosses of flint lines of maize: III. Comparison across populations for
forage traits. Crop Sci 38:1278-1289

Marten GC, Brink GE, Buxton DR, Halgerson JL, Hornstein JS (1984) Near infra red
reflectance spectroscopy analysis of forage quality in four legume species. Crop Sci 24:
1179-1182

Matsumoto N, Araki T (1982) Field observation of snow mold pathogens of grasses under
snow cover in Sapporo. Res Bull Hokkaido Natl Agric Exp Stn 135:1-10

Matsumoto N, Sato T, Araki T (1982) Biotype differentiation in the Typhula ishikariensis
complex and their allopatry in Hokkaido. Ann Phytopath Soc Jap 48:275-280

Meéchin V, Argillier O, Hébert Y, Guingo E, Moreau L, Charcosset A, Barriere Y (2001)
Genetic analysis and QTL mapping of cell wall digestibility and lignification in silage
maize. Crop Sci 41:690-697

Menke KH, Raab L, Salewski A, Steingass H, Fritz D, Schneider W (1979) The estimation
of the digestibility and metabolizable energy content of ruminant feedingstuffs from the

gas production when they are incubated with rumen liquor in vitro. J Agric Sci (Cam)

-44 -



93:217-222

Mizukami Y, Sugita S, Ohmido N, Fukui K (1998) Agronomic and -cytological
characterization of F; hybrids between Lolium multiflorum Lam. and Festuca
arundinacea var. glaucescens Boiss. Grassl Sci 44: 14-21

Momotaz A, Forster JW, Yamada T (2004) Identification of cultivars and accessions of Lolium,
Festuca and Festulolium hybrids through the detection of simple sequence repeat (SSR)
polymorphism. Plant Breed 123: 370-376

Moseley G, Baker DH (1991) The efficacy of a high magnesium grass cultivar in controlling
hypomagnesaemia in grazing animals. Grass Forage Sci 46:375-380

Mouradov A, Cremer F, Coupland G (2002) Control of Flowering Time: Interacting
Pathways as a Basis for Diversity. Plant Cell (Suppl) S111-S130

Pan A, Hayes PM, Chen F, Chen THH, Blake T, Wright S, Karsai I, Bed6 Z (1994) Genetic
analysis of the components of winterhardiness in barley (Hordeum vugare L.). Theor
Appl Genet 89:900-910

Pasakinskiené I, Anamthawat-Jonsson K, Humphreys MW, Jones RN (1997) Novel diploids
following chromosome elimination and somatic recombination in Lolium multiflorum x
Festuca arundinacea hybrids. Heredity 78: 464-469

Pasakinskiené I (2004) Genome reconstruction and analysis within ryegrass (Lolium L.) and
fescue (Festuca L.) species. In: Development of a Novel Grass with Environmental
Stress and High Forage Quality through Intergeneric Hybridization between Lolium and
Festuca (Eds Yamada T, Takamizo T), NARO, Tsukuba, p31-41

Petrovska N, Wu X, Donato R, Wang Z, Ong E-K , Jones E, Forster J, Emmerling M, Sidoli

A, O’Hehir R, Spangenberg G (2004) Transgenic ryegrasses (Lolium spp.) with

-45 -



down-regulation of main pollen allergens. Mol Breed 14: 489-501

Ralph J, Guillaumie S, Grabber JH, Lapierre C, Barriere Y (2004) Genetic and molecular
basis of grass cell-wall biosynthesis and degradability. III. Towards a forage grass
ideotype. C R Biologies 327:467-479

Rapacz M, Gasior D, Zwierzykowski Z, Lesniewska-Bocianowska A, Humphreys MW, Gay
AP (2004) Changes in cold tolerance and the mechanisms of acclimation of
photosystem II to cold hardening generated by anther culture of Festuca pratensis x
Lolium multiflorum cultivars. New Phytol 162: 105-114

Rapacz M, Gasior D, Humphreys MW, Zwierzykowski Z, Plazek A,
Lesniweska-Bocianowska A (2005) Variation for winter hardiness generated by
androgenesis from Festuca pratensis x Lolium multiflorum amphidiploid cultivars with
different winter susceptibility. Euphytica 142: 65-73

Roderick HW, Morgan WG, Harper JA, Thomas HM (2003) Introgression of crown rust
(Puccinia coronata) resistance from meadow fescue (Festuca pratensis) into Italian
ryegrass (Lolium multiflorum) and physical mapping of the locus. Heredity 91:
396-400

Rognli OA, Alm V, Busso C, Fang C, Larsen A, Devos K, Humphreys M, Vollan K, Grieg Z
(2002) Comparative mapping of quantitative trait loci controlling frost and drought
tolerance. In: Abstracts of Plant & Animal Genome X Conference, January 12-16, San
Diego, CA, W167

Saha MC, Mian MAR, Eujayl I, Zwonitzer JC, Wang L, May GD (2004) Tall fescue EST-SSR
markers with transferability across several grass species. Theor Appl Genet 109:

783-791

- 46 -



Saha MC, Mian R, Zwonitzer JC, Chekhovskiy K, Hopkins AA (2005) An SSR- and
AFLP-based genetic linkage map of tall fescue (Festuca arundinacea Schreb.). Theor
Appl Genet 110: 323-336

Sanchez WK, Beede DK, Cornell JA (1994) Interactions of sodium potassium, and chloride
on lactation, acid-base status, and mineral concentrations. J Dairy Sci 77:1661-1675

Sasaki A, Ashikari M, Ueguchi-Tanaka M, Itoh H, Nishimura A, Swapan D, Ishiyama K, Sato
T, Kobayashi M, Khush GS, Kitano H, Matsuoka M (2002) Green revolution: A mutant
gibberellin-synthesis gene in rice. Nature 416: 701-702

Sawbridge T, Ong E-K, Binnion C, Emmerling M, McInnes R, Meath K, Nguyen N, Nunan K,
O’Neill M, O’Toole F, Rhodes C, Simmonds J, Tian P, Wearne K, Webster T,
Winkworth A, Spangenberg G (2003) Generation and analysis of expressed sequence
tags in perennial ryegrass (Lolium perenne L.). Plant Sci 165: 1089-1100

Sim S, Chang T, Curley J, Warnke SE, Barker RE, Jung G (2005) Chromosomal
rearrangements differentiating the ryegrass genome from the Triticeae, oat, and rice
genomes using common heterologous RFLP probes. Theor Appl Genet, 110:
1011-1019

Sket L, Humphreys MO, Armstead I, Heywood S, Sket KP, Sanderson R, Thomas ID,
Chorlton KH, Sackville-Hamilton NR (2005) An association mapping approach to
identify flowering time genes in natural populations of Lolium perenne (L.). Mol
Breed 15: 233-245

Smith KF, Flinn PC (1991) Monitoring the performance of a broad-based calibration for
measuring the nutritive value of two independent populations of pasture using near

infra-red reflectance spectroscopy. Aust J Exp Agric 31:205-210

-47 -



Smith KF, Reed KFM, Foot JZ (1997) An assessment of the relative importance of specific
traits for the genetic improvement of nutritive value in dairy pasture. Grass Forage Sci
52:167-175

Smith KF, Kearney GA (2000) The distribution of errors associated with genotype and
environment during the prediction of the water-soluble carbohydrate concentration of
perennial ryegrass cultivars using near infrared reflectance spectroscopy. Aust J Agric
Res 51:481-486

Smith KF, Simpson RJ, Oram RN (2004) The effects of site and season on the yield and
nutritive value of cultivars and half-sib families of perennial ryegrass (Lolium perenne
L.). Aust]JExp Agric 44:763-769

Soest PJ van (1963) Use of detergents in the analysis of fibrous feeds. J Assoc Offic Agric
Chem 46:825-835

Spangenberg G, Valles MP, Wang Z-Y, Montavon P, Nagel J, Potrykus I (1994) Asymmetric
somatic hybridization between tall fescue (Festuca arundinacea Schreb) and irradiated
Italian ryegrass(Lolium multiflorum Lam) protoplasts. Theor Appl Genet 88: 509-516

Spangenberg G, Wang Z-Y, Potrykus I (1998) Biotechnology in Forage and Turf Grass
Improvement. Monographs on Theoretical and Applied Genetics 23, Springer-Verlag
Berlin, p1-200

Spangenberg G (Ed) (2001) Molecular Breeding of Forage Crops. Kluwer Academic
Publishers, Dordrecht, p1-337

Spangenberg G, Kalla R, Lidgett A, Sawbridge T, Ong EK, John U (2001) Breeding forage
plants in the genome era. In: Molecular Breeding of Forage Crops (Ed Spangenberg

G), Kluwer Academic Publishers, Dordrecht, p1-39

- 48 -



Spangenberg G, Felitti SA, Shields K, Ramsperger M, Tian P, Ong E K, Singh D, Logan E,
Edwards D (2004) Gene discovery and microarray-based transcriptome analysis. In
Proc 5th Intl Symp on Neotyphodium/Grass Interactions (Eds Kallenbach R,
Rosenkarans C Jr, Lock T R) University of Arkansas, Fayetteville, AR, p23-26

Sutka J, Snape JW (1989) Location of a gene for frost resistance on chromosome 5A of wheat.
Euphytica 42:41-44

Sutka J, Galiba G, Vagujfalvi A, Gill BS, Snape JW (1999) Physical mapping of the Vrn-Al
and Frl genes on chromosome 5A of wheat using deletion lines. Theor Appl Genet
99:199-202

Takahashi W, Oishi H, Ebina M, Takamizo T, Komatsu T (2002) Production of transgenic
Italian ryegrass (Lolium multiflorum Lam.) via microprojectile bomberdment of
embryogenic calli. Plant Biotechnol 19:241-249

Takahashi W, Fujimori M, Miura Y, Komatsu T, Nishizawa Y, Hibi T, Takamizo T (2005)

Increased resistance to crown rust disease in transgenic Italian ryegrass (Lolium
multiflorum Lam.) expressing the rice chitinase gene. Plant Cell Reports, 23: 811-818

Takahashi Y, Shomura A, Sasaki T, Yano M (2001) Hd6, a rice quantitative trait locus
involved in photoperiod sensitivity, encodes the a subunit of protein kinase CK2. Proc
Natl Acad Sci USA 98:7922-7927

Takai T, Sanada Y, Yamada T (2004) Varietal differences of meadow fescue (Festuca
pratensis Huds.) in resistance to Typhula snow mold. Grassl Sci 49:571-576

Takamizo T, Spangenberg G, Suginobu K, Potrykus I (1991) Somatic hybridization in
Gramineae: somatic hybrid plants between tall fescue (Festuca arundinacea Schreb.)

and Italian ryegrass (Lolium multiflorum Lam.). Mol Gen Genet 231:1-6

-49 .



Takamizo T, Sasaki T, Fujimori M, Mano Y, Sato H (2004) Yiled and forage quality of somtic
hybrid derived progenies between tall fescue and Italian ryegrass. In: Development of a
Novel Grass with Environmental Stress and High Forage Quality through Intergeneric
Hybridization between Lolium and Festuca (Eds Yamada T, Takamizo T), NARO,
Tsukuba, p59-62

Taylor C, Madsen K, Borg S, Mgller MG, Boelt B, Holm PB (2001) The development of
sequence-tagged sites (STSs) in Lolium perenne L.: the application of primer sets
derived from other genera. Theor Appl Genet 103: 648-658

Thomas H, Humphreys MO (1991) Progress and potential of interspecific hybrids of Lolium
and Festuca. J Agric Sci (Cam) 117: 1-8

Thomas HM, Morgan WG, Meredith MR, Humphreys MW, Thomas H, Leggett JM (1994)
Identification of parental and recombined chromosomes of Lolium multiflorum x
Festuca pratensis by genome in situ hybridization. Theor Appl Genet 88: 909-913

Thomas HM, Morgan WG, Humphreys MW (2003) Designing grasses with a future -
combining the attributes of Lolium and Festuca. Euphytica 133: 19-26

Thomashow MF, Gilmour SJ, Stockinger EJ, Jaglo-Ottosen KR, Zarka DG (2001) Role of
Arabidopsis CBF transcriptional activators in cold acclimation. Physiol Plant
112:171-175

Tilly JMA, Terry RA (1963) A two-stage technique for the in vitro digestion of forage crops.
J Br Grassl Soc 18:104-111

Turner LB, Humphreys MO, Cairns AJ, Pollock CJ (2001) Comparison of growth and
carbohydrate accumulation in seedling of two varieties of Lolium perenne. J Plant

Physiol 158:891-897

-50 -



Uchiyama K, Arakawa A, Komatsu T (2004) Breeding and evaluation of Festulolium cultivars
in warm region of Japan. In: Development of a Novel Grass with Environmental
Stress and High Forage Quality through Intergeneric Hybridization between Lolium and
Festuca (Eds Yamada T, Takamizo T ), NARO, Tsukuba, p69-74

Vagujfalvi A, Galiba G, Cattivelli L, Dubcovsky J (2003) The cold-regulated transcriptional
activator Cbf3 is linked to the frost-tolerance locus Fr-A2 on wheat chromosome 5A.
Mol Genet Genom 269: 60-67

Vance V, Vaucheret H (2001) RNA silencing in plants - defence and counterdefence. Science
292:2277-2280

Vogel KP, Pedersen JF (1993) Breeding systems for cross-pollinated perennial grasses. Plant
Breed Rev 11: 251-274

Wang WYS, Barratt BJ, Clayton DG, Todd JA (2005) Genome-wide association studies:
theoretical and practical concerns. Nature Rev Genet 6: 109-118

Wang Z-Y, Ye XD, Nagel J, Potrykus I, Spangenberg G (2001) Expression of sulphur-rich
sunflower albumin gene in transgenic tall fescue (Festuca arundinacea Schreb.) plants.
Plant Cell Rep 20: 213-219

Wang Z-Y, Bell J, Ge YX, Lehmann D (2003a) Inheritance of transgenes in transgenic tall
fescue (Festuca arundinacea Schreb.). In Vitro Cell Dev Biol Plant 39: 277-282

Wang Z-Y, Scott M, Bell J, Hopkins A, Lehmann D (2003b) Field performance of transgenic
tall fescue (Festuca arundinacea Schreb.) plants and their progenies. Theor Appl Genet
107: 406-412

Wang Z-Y, Lawrence R, Hopkins A, Bell J and Scott M (2004) Pollen-mediated transgene

flow in the wind-pollinated grass species tall fescue (Festuca arundinacea Schreb.).

-51-



Mol Breed 14:47-60

Wang Z-Y, Ge Y (2005) Agrobacterium-mediated high efficiency transformation of tall fescue
(Festuca arundinacea). J Plant Physiol 162: 103-113

Warnke S, Barker RE, Sim S.-C, Jung G, Forster JW (2003a) Genetic map development and
syntenic relationships an annual x perennial ryegrass mapping population. In: Abstract
of Plant & Animal Genome XI Conference, January 11-15, San Diego, CA, W 206

Warnke S, Barker RE, Sim S.-C, Jung G, Mian MAR (2003b) Identification of flowering
time QTL’s in an annual x perennial ryegrass mapping population. In: Abstracts of
Molecular Breeding of Forage and Turf, Third International Symposium, May 18-22,
Dallas, Texas and Ardmore, Oklahoma, p 122

Warnke SE, Barker RE, Jung G, Sim S-C, Mian MAR, Saha MC, Brilman LA, Dupal MP,
Forster JW (2004) Genetic linkage mapping of an annual x perennial ryegrass
population. Theor Appl Genet 109:294-304

Wheeler JL, Corbett JL (1989) Criteria for breeding forages of improved nutritive value:
results of a Delphi survey. Grass Forage Sci 44:77-83

Wilkins PW, Humphreys MO (2003) Progress in breeding perennial forage grasses for
temperate agriculture. J Agric Sci (Cam) 140:129-150

Xu J, Schubert J, Altpeter F (2001) Dissection of RNA-mediated ryegrass mosaic virus
resistance in fertile transgenic perennial ryegrass (Lolium perenne L.). Plant J
26:265-274

Yamada T, Sugita S, Fukuzawa A, Yokoyama B, Hokura K, Kishida T, Komai F, Kikushima T,
Koizumi I (1999) A new variety of perennial ryegrass ‘Yatsukaze’. Bull Yamanashi

Pref Dairy Exp Stn 12: 1-24*

-52 -



Yamada T, Sugita S, Fukuzawa A, Yokoyama B, Hokura K, Kishida T, Kikushima T, Koizumi
I (2001) A new variety of perennial ryegrass ‘Yatsuyutaka’. Bull Yamanashi Pref
Dairy Exp Stn 13: 1-23*

Yamada T, Kishida T (2003) Genetic analysis of forage grasses based on heterologous RFLP
markers detected by rice cDNAs. Plant Breed 122: 57-60

Yamada T, Takamizo T (Ed) (2004) Development of a Novel Grass with Environmental Stress
and High Forage Quality through Intergeneric Hybridization between Lolium and
Festuca, NARO, Tsukuba, p1-90

Yamada T, Jones ES, Nomura T, Hisano H, Shimamoto Y, Smith KF, Hayward MD, Forster
JW (2004) QTL analysis of morphological, developmental and winter
hardiness-associated traits in perennial ryegrass (Lolium perenne L.). Crop Sci
44:925-935

Yamamoto T, Lin H, Sasaki T, Yano M (2000) Identification of heading data quantitative
locus Hd6 characterization of its epistatic interaction with Hd2 in rice using advanced
back-cross progeny. Genetics 154:885-891

Yan L, Loukoianov A, Tranquilli G, Helguera M, Fahima T, Dubcovsky J (2003) Positional
cloning of the wheat vernalization gene VRN1. Proc Natl Acad Sci USA
100:6263-6268

Yan L, Loukoianov A, Blechl A, Tranquilli G, Ramakrishna W, SanMiguel P, Bennetzen JL,
Echenique V, Dubcovsky J (2004) The wheat VRN2 gene is a flowering repressor
down-regulated by vernalization. Science 303:1640-1644

Yano M, Katayose Y, Ashikari M, Yamanouchi U, Monna L, Fuse T, Baba T, Yamamoto K,

Umehara Y, Nagamura Y, Sasaki T (2000) Hd1l, a major photoperiod sensitivity

-53-



quantitative trait locus in rice, is closely related to the Arabidopsis flowering time gene
CONSTANS. Plant Cell 12:2473-2483

Yano M, Kojima S, Takahashi Y, Lin H, Sasaki T (2001) Genetic control of flowering time in
rice, a short-day plant. Plant Physiol 127:1425-1429

Ye XD, Wu XL, Zhao H, Frehner M, Nosberger J, Potrykus I, Spangenberg G (2001) Altered
fructan accumulation in transgenic Lolium multiflorum plants expressing a Bacillus
subtilis SacB gene. Plant Cell Rep 20: 205-212

Yonemaru J, Kubota A, Ueyama Y (2004) Individual variation and selection effectiveness on
regrowth after summer of the Festulolium cultivars in cold climates. Grassl Sci 50:
415-420*

Yoshida M, Abe J, Moriyama M, Kuwahara T (1998) Carbohydrate levels among wheat
cultivars varying in freezing tolerance and snow mold resistance during autumn and
winter. Physiol Plant 103:8-16

Zare A-G, Humphreys MW, Rogers WJ, Collin HA (1999) Androgenesis from a Lolium
multiflorum x Festuca arundinacea hybrid to generate extreme variation for
freezing-tolerance. Plant Breed 118: 497-501

Zhang Y, Zwonitzer J, Chekhovskiy K, May GD, Mian MAR (2004) A functional genomics
approach for identification of heat tolerance genes in tall fescue. In: Molecular Breeding
of Forage and Turf (Eds Hopkins A, Wang Z-Y, Mian R, Sledge M, Barker RE). Kluwer
Academic Publishers, Dordrecht, p 87-96

Zwierzykowski Z, Lukaszewski AJ, Lesniewska A, Naganowska B (1998) Genomic structure
of androgenic progeny of pentaploid hybrids, Festuca arundinacea x Lolium

multiflorum. Plant Breed 117: 457-462

-54 -



Zwierzykowski Z, Zwierzykowska E, Slusarkiewicz-Jarzina A, Ponitka A (1999)
Regeneration of anther-derived plants from pentaploid hybrids of Festuca arundinacea
x Lolium multiflorum. Euphytica 105: 191-195

Zwierzykowski Z (2004) Amphiploid and introgression breeding within the Lolium-Festuca
complex- achievements and perspectives. In: Development of a Novel Grass with
Environmental Stress and High Forage Quality through Intergeneric Hybridization

between Lolium and Festuca (Eds Yamada T, Takamizo T), NARO, Tsukuba, p17-29

* In Japanese with English summary

-55 -



Legends of figures

Fig. 1. Introgression program using androgenesis in the combination of Lolium perenne and

Festuca pratensis

Fig. 2. Concentric circle alignment of Poaceae genomes (from Jones et al. 2002a)
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Table 1. Festulolium cultivars developed in Europa and USA.

Hybrid combination cultivar name Type Country year
L. multiflorum x F. pratensis Elmet amphidiploid United Kingdom 1973
Perun amphidiploid Czech Republic 1991
Rakopan amphidiploid Poland 2001
F. pratensis x L. multiflorum Paulita amphidiploid Germany 1986
Paulena amphidiploid Germany 1995
Punia amphidiploid Lithuania 1997
Felopa amphidiploid Poland 1998
Sulino amphidiploid Poland 1998
Agula amphidiploid Poland 2002
L. perenne x F. pratensis Prior amphidiploid United Kingdom 1973
Spring Green amphidiploid USA 2001
L. multiflorum x F. arundinacea Kenhy introgression USA 1977
Johnstone introgression USA 1983
Felina introgression Czech Republic 1988
Hykor introgression Czech Republic 1991
Korina introgression Czech Republic 1997
Be va introgression Czech Republic 1989

From Z. Zwierzykowski (2004).
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Amphidiploids
L. perenne x F.pratensis (2n=4x=28)
FpFptP LpLp™™

~_androgenesis >
L

dihaploids (2x=n+n=14)
Fp/FptP Lp/LpFP

!

Several backcrosses with L. perenne (2x=14)

!

L. perenne (2x=14)
LpLp™
A novel robust and high quality grass

Fig 1.
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	Summary
	2) Flowering time
	4) Winter hardiness
	5) Forage quality
	6) Disease resistance
	Conventional forage grass breeding has been based on the use of natural genetic variation as found between and within ecotypes or created through sexual recombination.   Gene technology and the production of transgenic plants offer the opportunity to generate unique genetic variation.  Application of transgenesis to forage plant improvement   has been focused on the development of transformation events with unique genetic variation and in studies on the molecular dissection of plant biosynthetic pathways and developmental processes of high relevance for forage production (Spangenberg et al. 1998; Spangenberg et al. 2001).  The biolistic methodology, based on particle bombardment, has been the most successful means of transforming grasses. A protocol for rapid production of large numbers of independently transformed fertile perennial ryegrass plants from commercially important forage and turf-type cultivars has been developed using the biolistic procedures (Altpeter et al. 2000).   Takahashi et al. (2002) have also developed a transformation technique in Italian ryegrass cv. ‘Waseaoba’ using microprojectile bombardment of embryogenic calli.  A successful Agrobacterium-mediated transformation method has been reported for tall fescue and Italian ryegrass (Bettany et al. 2003) and more efficient Agrobacterium-mediated transformation has been reported for tall fescue (Lee et al. 2004; Wang and Ge 2005).
	    Fructans, a polymer of fructose and a major component of nonstructural carbohydrates is accumulated in temperate grasses.   The increased level of soluble carbohydrates appears to improve the nutritional value of grasses, particularly during summer when grasses suffer a major decline in digestibility.  The soluble carbohydrate composition of Italian ryegrass has been altered by transformation with the Bacillus subtilis sac B gene (Ye et al. 2001).  Lignification of plant well walls has been identified as the major factor responsible for lowering digestibility of forage tissues.  Molecular breeding for improved digestibility by down-regulating monolignol biosynthetic enzymes through transgenesis has been explored.  Forage digestibility of tall fescue has been improved by transgenic down-regulation of cinnamyl alcohol dehydrogenase (Chen et al. 2003) and caffeic acid O-methyltransferase (Chen et al. 2004).  Sulphur-containing (S-) amino acids, methionine and cysteine, are among the most limiting essential amino acids in ruminant animal nutrition.  A sulphur-rich albumin gene from sunflower has been expressed in leaves of transgenic tall fescue (Wang et al. 2001).
	     Transgenic approaches have been explored to enhance resistance to diseases.  A rice chitinase (Cht-2; RCC2) gene has been introduced into Italian ryegrass and bioassay of leaves in transgenic plants indicated increased resistance to crown rust (Takahashi et al. in press). The coat protein-mediated transgenic resistance approach has also been applied.  Resistance of perennial ryegrass to ryegrass mosaic virus (RMV) has been increased by transformation with an RMV coat protein gene (Xu et al. 2001).   
	     Hayfever and seasonal allergic asthma due to grass pollen are environmental diseases that afflict many peoples around the world.   Manipulation of pollen allergens in grasses is one of the important solutions for this disease.  Transgenic plants with reduced levels of the main ryegrass pollen allergens ( Lolp1 and Lolp2) have been generated for L. perenne and L. multiflorum (Petrovska et al. 2004).
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