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Introduction
In the years to come, European livestock
production will face a number of chal-
lenges to remain competitive at the in-
ternational market. At the same time
European agricultural policies emphasize
the need for improved quality, environ-
mentally sustainable production me-
thods, traceability of the feed and food
supply, and diversity. On-farm forage is
vital in underpinning European livestock
production of the future. To fulfill this
strategy, improved production of forage
grasses is essential. In contrast to high
performing cereals and other „cash
crops“, forage grasses allow for econo-
mic and consumer-friendly feed produc-
tion under low input conditions (fertili-
zers, pesticides). Traditionally, forage
grass breeding objectives have concen-
trated on improving sward yield and per-
sistency (JOHNSON and BEYER 1974).
However, in the future, breeding pro-
grams must pay more attention to speci-
fic nutritional needs of grazing ruminants
and the impact of livestock farming on
the environment (SPANGENBERG et
al. 2001).
The genus Lolium contains the most im-
portant forage grass species in Europe,
L. perenne and L. multiflorum. Together
the two species cover 23% of the grass-
land area (52 million ha) in Europe with
the perennial L. perenne being the most
prevalent grass species. About 45 000 t
of ryegrass seed is used each year at a
cost of about 160 million Euro with Eu-
rope being a net exporter of Lolium
seeds. Progress in conventional Lolium
breeding is hampered by the application
of simple but inefficient population bree-
ding schemes and by the slow phenoty-

pic evaluation process. Taking into ac-
count the high degree of diversity of the
breeding materials used by ryegrass bree-
ders, molecular tools for early selection
would dramatically accelerate progress
in breeding especially of perennials. In
the past few years the amount of basic
biological information has increased dra-
matically on the function of hundreds of
plant genes, largely through studies on
the molecular genetics of the model plant
Arabidopsis thaliana. Current research
in the field of plant genomics has focus-
ed on analyses of mutant alleles, created
by insertional mutagenesis, and sequen-
cing the entire genomes of selected plant
species. This has provided extensive
knowledge on gene functions. Several
genomics projects act at the level of ge-
nes, i.e., gene function is deter-mined by
comparison of „wildtype“ with „loss of
function“ alleles. However, plant bree-
ding primarily acts at the level of minor
allelic variation among wildtype alleles
of a given gene. Thus, allele and SNP
identification is of crucial importance to
effective and competitive plant breeding
but very little information has been ge-
nerated on the naturally occurring alle-
lic sequence variation in crop plants
(THORNSBERRY et al. 2001).
It constitutes a complementary approach
to map based cloning and insertional
mutagenesis and with the technologies
currently available for most of our crop
plants it may be the most realistic and
readily applicable strategy for improve-
ment of forage grasses to determine al-
lele functions for relevant genes. Deve-
lopment of gene-derived and allele-spe-
cific markers associated with relevant
characters is the goal in the EU project
GRASP (http://www-grasp-euv.dk;
LÜBBERSTEDT et al. 2003). GRASP
is a EU framework V project involving
eight public institutions and one com-
mercial partner. The major target of

GRASP is the development of „functio-
nal“ gene-derived and allele-specific sin-
gle nucleotide polymorphism markers
associated with relevant traits in Lolium
perenne such as forage quality, nitrogen
use efficiency, disease resistance, and
abiotic stress tolerance.
Crown rust (Puccinia coronata Corda
f.sp. lolii) is one of the most devastating
pathogens of perennial ryegrass (Lolium
perenne L.), an important forage and turf
grass species world-wide (HOPKINS
2000; SIMONS 1970). Resistance to
crown rust involves both major and mi-
nor resistance genes (KIMBENG 1999).
Two independent dominant resistance
genes named Cr1 and Cr2 have been
identified in three BC1 populations
(LELLBACH 2001), but not mapped so
far. Several QTL for rust resistance have
been identified so far (DUMSDAY et al.
2003; MUYLLE et al. 2005; RODE-
RICK et al. 2003; SIM et al. 2005). Mar-
kers linked to resistance loci, as identi-
fied in QTL studies, can be employed in
pyramiding strategies in breeding pro-
grams to reduce the risk of resistance
breakdown (CRUTE 1998). Ideally the-
se markers would be derived from the
respective resistance genes to provide a
high level of informativeness (ANDER-
SEN and LÜBBERSTEDT 2003). Me-
anwhile more than 40 resistance genes
have been isolated in plants (QUINT,
2006), and used to find additional resis-
tance gene analogues (RGAs) in several
species (e.g., MADSEN et al. 2003).
Resistance genes can be divided into five
classes of which the largest class inclu-
des NBS-LRR (Nucleotide binding site
- leucine rich repeat) genes (DANGL and
JONES 2001). The NBS-LRR genes
contain regions with highly conserved
amino acid sequences such as P-loop,
kinase2, GLPL, and MHD (The names
refer to the conserved amino acid se-
quences).
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These motifs have been used to isolate
NBS-LRR genes based on sequence ho-
mology from several plant species inclu-
ding maize, rice, barley, soybean, and
lettuce (e.g, Madsen et al. 2003). In Itali-
an ryegrass (Lolium multiflorum) 62
RGAs have been cloned by the use of
degenerate primers (Ikeda 2005). Futher-
more, one RGA has been published and
mapped to LG1 in a perennial ryegrass
population (MUYLLE et al. 2005). Ad-
ditional EST-derived RGAs have been
mapped, but no sequence information
released (FAVILLE et al. 2004). In this
study, we sequenced about 1kb regions
of 11 expressed disease resistance can-
didate genes and 3 laccases from 20 ge-
notypes (Lolium Test Set, LTS) emplo-
yed in the EU project GRASP (LÜB-
BERSTEDT et al. 2003).
The objectives were to
(1) compare the nucleotide diversity
within and between different gene clas-
ses,
(2) study effects of natural selection on
gene mutations,
(3) determine the amount and structure
of LD within these genes, and
(4) to discuss the prospects of candida-
te-gene based association mapping in
ryegrass.

Materials and methods
A total of 20 genotypes of perennial ry-
egrass (Lolium perenne L.) originating
from various sources were included in
this study (= Lolium Test Set, LTS).
These genotypes represent a wide range
of genetic diversity within ryegrass
(POSSELT et al. submitted). Three lac-
case genes and 11 potential disease re-
sistance genes were selected from the
annotation of EST sequences generated
within the project DAFGRI (http://www.
dafgri.dk), which included homologues
of nucleotide binding site and leucine
rich repeat (NBS-LRR) like, pathogene-
sis related (PR), Mitogen-activated pro-
tein kinase (MAPK), enhanced disease
resistance (EDR), and plastid pyruvate
kinase A (PKpA) protein coding genes.
On the basis of candidate mRNA se-
quences, 14 pairs of primers were desig-
ned to amplify about 1 kb genomic frag-
ments from the 20 genotypes for each of
the 14 genes. A touch down PCR pro-

gram was used beginning with 5 min at
94oC, followed by 12 cycles of 30 s at
94oC, 60 s at annealing temperature 67
oC, 60 s at 72oC with the annealing tem-
perature decreasing by 1oC per cycle,
followed by 29 cycles of 30 s at 94oC,
60 s at 55oC, 60 s at 72oC and 10 min at
72oC. All 14 primer pairs ran with the
same PCR program on a MJ Research
thermocycler (Applied Biosystems, Ca-
lifonia) in 25 µl reaction mixtures con-
taining 20 ng DNA, 0.2 µM primer, 0.2
mM dNTPs, 0.4 u BD Advantage 2 po-
lymerase, and 2.5 µl 10×BD advantage
2 PCR buffer.

The PCR products were purified from
agarose gel using QiaQuick spin columns
(Qiagen, Valencia, USA) according to
manufacturer instructions. Purified frag-
ments were cloned into vector pCRâ2.1-
TOPO (TOPO TA cloning kit, Invitro-
gen, Califonia). Five clones per gene for
each genotype were randomly picked for
plasmid DNA extraction. Purified plas-
mid DNA was used for allele sequencing
on the MegaBACE1000 (Amersham
Bioscience, Califonia). Sequence chro-
matogram files from the same genotype
were assembled into contigs by using
SEQMAN (DNA star, Madison, WI),
and consensus sequences were edited
manually to resolve discrepancies. Con-
sensus sequences for all the 20 genotypes
were aligned by using CLUSTAL align-
ment. Polymorphisms which appeared
only in one genotype were rechecked in
chromatogram files.

When calculating the number of haplo-
types, all polypmorphic sites including
Indels and segregating sites with 2 and
more variants were taken into conside-
ration. Direct comparison of mRNA se-
quence and its corresponding genomic
DNA sequences was used to determine
exon and intron regions. Alignment data
for each candidate gene were used for
nucleotide diversity and linkage disequi-
librium (LD) analysis. DnaSP version 4
(ROZAS et al. 2003) was used for the
following analyses. All calculations were
based on 40 alleles from the 20 hetero-
zygous diploid genotypes. If one geno-
type was homozygous in the sequenced
region, its allele sequence was presen-
ted twice in the alignment in order to
determine the allele frequency for the 20
genotypes.

LD was estimated by using standardized
disequilibrium coefficients (D’) (HED-
RICK 1987) and squared allele-frequen-
cy correlations (r2) (WEIR 1996) for
pairs of SNP loci. Sites with alignment
gaps or polymorphic sites segregating for
three or four nucleotides were comple-
tely excluded from the analysis. Fisher’s
exact test (1935) was used to determine
the statistical significance of LD. Decay
of LD with distance in base pairs (bp)
between sites within the same gene was
evaluated by nonlinear regression in Sta-
tistica (HILL and LEWICKI 2006).

Results
About 1kb long sequences have been
obtained from all 14 genes and 20 hete-
rozygous LTS genotypes investigated.
The 14 genes will be subdivided in the
following into NBS-LRR resistance can-
didate genes (NBS genes: six different
NBS genes), Non-NBS-LRR resistance
candidate genes (NNL genes: five diffe-
rent NNL genes), and Laccases (LAC
genes).
The average number of haplotype-alle-
les within the collection of LTS geno-
types was 20.4, 11.4, and 14.0 for NBS,
NNL, and LAC genes, respectively. For
the SSRs, the everage number of diffe-
rent alleles was 10.7. The number of ha-
plotypes varied between 12-27, 9-15, and
7-21 for NBS, NNL, and LAC genes,
respectively. The majority of alleles was
present at low frequency (<5%): 16.6,
8.0, and 10.6 for NBS, NNL, and LAC
genes, respectively. In contrast, only few
haplotype alleles were detected at fre-
quencies above 20% with average abso-
lute frequencies of 0.6, 1.2, and 1.4 for
NBS, NNL, and LAC genes, respec-
tively.
The level of homozygosity found in the
20 LTS genotypes as determined by the
haplotype and SSR alleles was much hig-
her as expected under an assumption of
random mating. Homozygosities ranged
from 20-60% (expected: 4-19%), 35-
75% (expected: 17-33%), 50-69% (ex-
pected: 10-32%), and 10-93% (expected:
6-44%), for NBS, NNL, LAC, and SSR
alleles, respectively.
Generally, Indel and SNP polymorphis-
ms were more frequent in non-coding as
compared to coding regions, and syno-
nymous SNP mutations were more fre-
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quent than non-synonymous SNP muta-
tions in coding regions. However, for two
NBS genes higher SNP frequencies were
found in non-coding as compared to non-
coding regions. Moreover, in most NBS
genes more non-synonymous than syn-
onymous SNP polymorphisms were
found. The SNP density was highly va-
riable between genes and ranged from
16 SNPs in 1030 bp to up to 277 SNPs
in 1036 bp within the LTS.
The intragenic LD between pairs of SNP
polymorphisms as expressed by r2 ran-
ged from 0.07-0.19, 021-0.54, and 0.17-
0.63 for individual NBS, NNL, and LAC
genes, respectively. Percentages for sig-
nificant LD between SNP pairs ranged
from 8-33%, 31-58%, and 22-79%.
When plotting r2 values against the dis-
tance between SNP pairs, r2 values fell
below 0.2 within distances of 15-220 bp,
300-1600 bp, and 250-195000 bp for
individual NBS, NNL, and LAC genes,
respectively.
The minimum number of SNPs required
to discrimate all haplotypes within the
LTS was below 12 for each of the 14
genes investigated. For the majority of
these genes, as few as 3-6 SNP polymor-
phisms were sufficient for complete dif-
feren-tiation of all haplotypes found
within the collection of LTS genotypes.

Conclusions
Substantial sequence variation for three
classes of expressed resistance candida-
te genes was found in a collection of 20
unrelated diploid perennial ryegrass ge-
notypes, employed in the EU project
GRASP. For most genes, both high SNP
densities and low intragenic LD were
found. The on average highest SNP den-
sities and and lowest LD were found for
NBS-LRR resistance gene candidates.
This is in agreement with the biological
role of these genes, which are key play-
ers in pathogen recognition. Often mul-
tiple alleles at respective resistance loci
are involved in gene-by-gene interac-
tions with pathogen genes.
For two laccases, LD was extending over
larger regions, supporting earlier fin-
dings from other species that the degree
of LD is strongly genome region-speci-
fic. However, the otherwise generally
low LD substantially decaying within
genes is in agreement with good pros-

pects for candidate-gene based associa-
tion studies in ryegrass, which should
allow detection of short sequences or
even sequence motifs associated with the
traits of interest, comparable to the stu-
dy of THORNSBERRY et al. (2001). In
contrast, genome-wide association stu-
dies based on natural populations would
require a very high density of markers
with at least a few markers/1 kb.
Alternatively, artificial populations with
high or moderate levels of LD can be
employed in association studies, such as
the synthetic populations studied within
GRASP (LÜBBERSTEDT et al. 2003).
For tracing and discrimination of allele
sequences in this kind of experiments
only 3-6 SNP markers per gene are suf-
ficient. This information can be imple-
mented into SNP marker assays allowing
a high degree of multiplexing.
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