


tinegrass [Stenotaphrum secundatum(Walt.) Kuntze] and
Italian ryegrass (Lolium multi”orum Lam.) (Viji et al.
2001; Williams et al.2001).

Under warm, humid conditions, gray leaf spot can
completely destroy mature ryegrass plants in a matter of
days (Landschoot and Hoyland1992). Fungicide use is
important in managing this disease on turf (Vincelli and
Dixon 2002). However, strains of M. grisea resistant to
one of the most e�ective classes of fungicides, the stro-
bilurins, have been reported (Vincelli and Dixon2002).
Due to the high genetic variability of the pathogen,
possible development of resistance to the remaining
e�ective fungicides, thiophanate-methyl and certain
demethylation inhibitors, is also a concern (Vincelli and
Dixon 2002).

Host resistance is an attractive, environmentally
sound control strategy, which has been well-studied and
tested in other hosts ofM. grisea. For example, in rice
the rice blast disease is largely controlled by host resis-
tance. Many major, race-speci“c genes conferring com-
plete blast resistance have been found (Hittalmani et al.
2000; Chauhan et al.2002; Wang et al. 1994; Tabien
et al. 2000), as well as quantitative trait loci (QTL) that
control minor gene or partial resistance in rice (Tabien
et al. 2002; Fukuoka and Okuno 2001; Wang et al.
1994) and in barley (Sato et al.2001).

While major gene blast resistance is easier to
manipulate genetically, it can often break down (Chau-
han et al. 2002). On the other hand, partial resistance
may be more durable though generally more di�cult to
manipulate. For example, rice cultivars such as •Mo-
roberekan• and •IR36•, which have been found to con-
tain genes for both major and partial resistance (Wang
et al. 1994), remained resistant under years of disease
pressure and inoculation with manyM. grisea isolates
(Tabien et al.2000; Wang et al.1994). Similar resistance
to gray leaf spot in perennial ryegrass would be valuable
in improving the utility of this species, as well as in
reducing the level of dependence on environmentally
harmful pesticides.

For perennial ryegrass, little resistance has been re-
ported in commercially available cultivars (Williams
et al. 2001; Bonos et al. 2004), while some perennial
ryegrass plant introductions from outside the US seem
to show some level of resistance, particularly from
eastern European sources (Ho�mann and Hamblin
2001; Bonos et al.2004). Some materials from the US
were also found to be resistant (Bonos et al.2004).
However, it is not known how well these materials will
retain their resistance in a “eld setting, especially if
planted for a number of years, or how well the intro-
duced materials will adapt to conditions in the US. More
detailed knowledge of the number and degree of e�ect of
the genes involved would indicate the amount of
breeding work required to transfer the resistance into
perennial ryegrass cultivars.

A valuable tool to study the genetics of both complete
and partial disease resistance is the genetic linkage map,
which has been widely used to study resistance toM.

grisea in rice (Chen et al. 2003; Fukuoka and Okuno
2001; Hittalmani et al. 2000; Tabien et al. 2000, 2002;
Wang et al. 1994) and barley (Sato et al.2001). QTL
analysis is important in “nding molecular markers
linked to gray leaf spot resistance genes. These markers
will be e�ective for pyramiding of resistance genes from
di�erent sources into a single cultivar, and for selecting
for resistance to multiple diseases over several environ-
ments (Melchinger1990).

In perennial ryegrass, several genetic linkage maps
have been reported. One of the “rst (Bert et al.1999)
was based on dominant AFLP markers. More recent
maps employ codominant markers such as SSRs and
RFLPs (Jones et al.2002; Warnke et al. 2004; Sim et al.
2005), which have more power in QTL mapping, as they
can distinguish up to four allelic classes in segregating
progeny from two heterozygous parents. RFLP-based
maps have an additional advantage, in that markers
common between ryegrass and well-studied grasses such
as rice, wheat, and barley, can be used to align ryegrass
linkage groups to published grass maps, and utilize
synteny between ryegrass and other grasses. The map
used in this study (Sim et al. 2005) includes a high
density of heterologous cereal RFLPs, facilitating com-
parisons of QTL locations between ryegrass and rice.

The objectives of this study were to map QTL using
two M. grisea strains against a ryegrass mapping pop-
ulation, and then use the results to determine the source
of resistance in the population and compare the map
locations of resistance loci between ryegrass and rice.

Materials and methods

Plant materials, fungal strains, and inoculation

The ryegrass genetic mapping population originally
developed by Dr. R. Barker (USDA-ARS, Corvallis,
OR, USA) consisted of 156 progeny individuals derived
from the cross between two heterozygous ryegrass
clones, MFA and MFB (Warnke et al. 2004). Both of
these parental clones are Italian· perennial ryegrass
hybrids, derived from separate crosses between two
di�erent grandparental clones of the perennial ryegrass
cultivar •Manhattan•, termed Manh-1 and Manh-3, and
two di�erent grandparental clones of the Italian ryegrass
cultivar •Floregon•, which were not available for this
study due to the annual nature of this species. Further
details on population development are given in Warnke
et al. (2004).

Two perennial ryegrass clonal genotypes, 4LB-2 and
L4B-5 were derived from a cross among clones of the
commercial perennial ryegrass cultivars •Linn• and
•SR4400•. Additionally, “ve clonal genotypes of Flore-
gon Italian ryegrass, Flor-1 through Flor-5, were
established from seed of the same seedlot that generated
the Italian ryegrass grandparents of the mapping pop-
ulation. These genotypes were tested for their gray leaf
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spot reaction along with the parental and grandparental
clonal genotypes.

Ryegrass clonal genotypes were prepared for inocu-
lation by asexual division and transplanting into ”ats of
conical pots (RLC-7 Super ••Stubby•• Cell, Stuewe and
Sons Inc., Corvallis, OR, USA) “lled with soilless
potting media (Scott•s Metro-Mix 366-P). These cone
pots were arranged in a randomized complete block
design with four replicates per genotype. Fertilizer
(Peter•s 20-18-20) was applied once weekly until plants
had reached 5…10 cm in height, usually after 3… weeks.
Plants were always inoculated when leaf blades were
still young.

Five isolates were tested including one lab strain
6082, which was provided by Dr. S. Leong at the Uni-
versity of Wisconsin and is capable of infecting both rice
and ryegrass, as well as four “eld isolates collected from
diseased perennial ryegrass golf course fairways. These
were GG9 and GG12, collected by Dr. M. Farman at
the University of Kentucky, and Lin00 and BL00, col-
lected by Dr. A. Hamblin at the University of Illinois.
All isolates used in this study were stored as frozen
stocks on “lter paper at �20� C, and then cultured for
spore production on oatmeal agar plates at room tem-
perature under continuous lighting for 2…3 weeks. These
inoculations were carried out by misting conidial sus-
pensions in 0.2% gelatin solution onto the plants, with
spore concentrations adjusted to 1…3· 105 spores/ml
using a hemocytometer. The mist chamber method de-
scribed below was followed for the initial test.

Isolates GG9 and 6082 were chosen based on spor-
ulation capacity in culture and virulence, and then used
to inoculate the complete mapping population, to gen-
erate phenotypic data for QTL mapping. For all map-
ping population experiments, 152 of the original 156
progeny were inoculated. In mapping population
experiment 1 using GG9, the spore suspension was
atomized onto the ”ats of plants in conical pots and
allowed to dry for about 1 h. The plants were then kept
in a mist chamber, which had the same temperature
(approximately 20…25� C) and photoperiod (approxi-
mately 12 h) as the surrounding greenhouse, for 3 days
to allow symptom development. In mapping population
experiments 2 and 3 using GG9, and mapping popula-
tion experiment 4 using 6082, the ”ats of plants in
conical pots were placed into plastic boxes with moist
soil, sprayed with the spore suspension, and the boxes
were individually covered with plastic bags tied closed at
the end to retain leaf wetness. These sealed boxes were
then placed in a growth chamber maintained at
28C±3 � C, with 12-h photoperiod, for 30…36 h. The
growth chamber temperature of 28� C was chosen since
this is the optimum temperature for infection (Moss and
Trevathan 1987; Uddin et al. 2003b). The growth
chamber inoculation method appeared to be preferable
as lesion types produced were much more consistent
than with the mist chamber method, which had shown
pronounced mixing of lesion types on the same plant.
However, results of the mist chamber experiment were

included to determine whether use of di�erent assay
methods in”uenced QTL detection.

At the end of the respective incubation times, the
plants were moved to a greenhouse, where lesions were
scored 5…7 days after inoculation. Lesions were scored
following the scale and descriptions in Table1. Where
mixing of lesion types occurred on the same plant, they
tended to be more severe on younger leaves, thus the
lesion type on the youngest leaves of each plant was
used, as recommended for rice blast race testing (Atkins
et al. 1967). In each of the four experiments the mean
lesion type over the four replicates was used for sub-
sequent QTL analyses.

Statistical analysis of gray leaf spot reaction in the
progeny, including ANOVA testing for a signi“cant
genotype e�ect, correlation analysis between the four
experiments, and estimating genetic and error variance
components, was conducted using JMP software (SAS
Institute, Cary, NC). Broad sense heritability was cal-
culated using the formula H2

b ¼ r2
g= r2

g þ r2
e=4

� �
; where

r2
g is the genetic variance andr2

e is the error variance
divided by 4, corresponding to the number of clonal
replicates of each genotype, as in Calenge et al. (2004).

QTL mapping and analysis

Two linkage maps were constructed separately for each
parent, MFA and MFB, using the •DH• or doubled
haploid population type option in Joinmap� (Van
Ooijen and Voorrips 2001) and the same marker data
used in Sim et al. (2005), which had used an integrated
map representing both parental maps. In brief, the two
parental maps were constructed using the RAPD,
RFLP, AFLP, SSR, isozyme, and morphological mar-
ker data described in Warnke et al. (2004), and then
supplemented with additional RFLP data from Sim
et al. (2005). AFLP markers are the same as those used
in the aforementioned maps, except that the names have
been converted to the KeyGene format while retaining
the A and P notation, which indicates inheritance from

Table 1 Rating scale for gray leaf spot severity

Rating Description

0 No visible symptoms
1 Dark brown, non-sporulating,

2…3 mm long lesions
2 Dark brown, non-sporulating lesion

with small central necrotic area
3 Circular or small diamond-shaped lesions

with prominent dark brown borders
and gray or white central sporulating areas

4 Large, expanding, completely unbordered
sporulating lesions, often with chlorotic halos

Types 1 and 2 cause little damage to the plant or turf except some
browning of leaves in very high numbers, and these are considered
resistant reactions. Type 3 is an intermediate reaction, and type 4 is
the most severe reaction, causing leaf discoloration, blighting, and
in high numbers, tiller death
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Italian or perennial ryegrass (Warnke et al. 2004).
Naming of RAPD and other markers is also described in
Warnke et al. (2004).

Analyses of QTL were performed using the two
parental maps and marker data sets separately, again
using the DH population type option available in
MapQTL � software (Van Ooijen et al.2002). The maps
were analyzed separately mainly due to the unequal rates
of recombination observed in the MFA and MFB par-
ents (Warnke et al.2004), but also to enable analysis of
QTL present in each parent map completely indepen-
dently of the other parent.

Quantitative trait locus analyses were conducted for
all four experiments, using each parental map sepa-
rately, for a total of eight analyses. The phenotypic
variable was the mean lesion score over the four repli-
cates in each of the four experiments. Interval mapping
(Lander and Botstein1989; Jung et al.1996) was used to
estimate the map location, LOD score, and phenotypic
e�ect of potential QTL, in terms of the percentage of
phenotypic variance explained. An additional test of
QTL detected by interval mapping was performed using
the nonparametric, single marker-based Kruskal-Wallis
analysis. This was to check whether markers linked to
QTL detected by interval mapping were signi“cant when
examined individually. For this analysis, a genome-wide
P-value of less than 0.00017 was chosen based on a
comparison-wise P-value of 0.05 divided by 300, the
approximate number of markers in each parental map.
Additionally, phenotypic means of the two marker allele
classes, •a• and •b•, present in each of the two parental
maps were determined using this method, since it pro-
vides an arithmetic mean rather than a mean calculated
by maximum likelihood methods.

After potential QTL were detected by interval map-
ping and Kruskal-Wallis analysis, markers closely linked
to the QTL were selected as cofactors, and tested using
the automatic cofactor selection procedure in MapQTL,
with the P-value cuto� for elimination of a cofactor set
at P=0.02, the default value in MapQTL. Using the set
of cofactors, multiple QTL mapping was conducted

using the MQM option of MapQTL. Similar to the
interval mapping analyses, the map location, LOD
score, and percentage of phenotypic variance explained
were estimated. LOD signi“cance thresholds were
determined using the permutation test of MapQTL with
1,000 iterations. Speci“cally, for each of the eight com-
binations of trait and parental map, the 5% genome-
wide threshold was determined. In summary, a QTL was
considered as signi“cant only if it exceeded genome-wide
5% threshold, and/or had aP-value of less than 0.00017
in the Kruskal-Wallis analysis. However, markers that
were consistently signi“cant at P=0.01 via Kruskal-
Wallis analysis over experiments were presented for
illustrative purposes in Table4, despite having LOD
scores lower than the genome-wide threshold.

Map locations of QTL were compared with the
approximate locations of previously reported rice blast
resistance loci and QTL (Sallaud et al.2003, Chen
et al. 1999, 2003, Causse et al.1994; Chauhan et al.
2002, Zhu et al. 2004, and Zenyabashi et al. 2002),
using syntenic relationships between rice and ryegrass
(Sim et al. 2005).

Results

Ryegrass isolates GG9, GG12, BL00, and Lin00 pro-
duced similar patterns of disease reaction on the map-
ping parents, grandparents, and check clones. The four
perennial ryegrass clones, grandparents Manh-1 and
Manh-3 and check clones 4LB-2 and L4B-5, showed
large, expanding type 4 lesions when inoculated with
ryegrass isolates, causing the typical bending, twisting,
or blighting of leaves associated with severe gray leaf
spot (Table 2). Parental clones MFA and MFB showed
reduced symptoms compared to the perennial geno-
types, ranging from type 2 to type 3 lesions over the
ryegrass isolates (Table2). The reaction of these clones
was sensitive to plant condition. When these clones grow
vigorously, they would show full-sized type 3 lesions, as
shown for isolates BL00 and Lin00 (Table2).

Table 2 Mean gray leaf spot reaction of mapping parents, grandparents, and check clones to di�erentM. grisea isolates

Plant name Description Isolate

6082 (r=4) a GG9 (r=4) GG12 ( r=1) BL00 ( r=1) Lin00 ( r=4)

4LB-2 Perennial ryegrass check clone 4±0 4±0 4 4 4±0
L4B-5 3±0 4±0 4 4 4±0
Manh-1 Perennial ryegrass mapping

grandparent
2.25±0.5 4±0 4 4 4±0

Manh-3 3±0 4±0 4 4 4±0
Flor-1 Italian ryegrass clone,

established from same seedlot
that generated Italian ryegrass
grandparents of mapping
population

…b 2.5±0.58 … … …
Flor-2 4±0 3.75±0.5 … … …
Flor-3 … 2±0 … … …
Flor-4 2±0 2±0 … … …
Flor-5 … 2±0 … … …
MFA Mapping parent 2.25±0.5 2.5±0.58 … 3 3±0
MFB 3.75±0.5 3±0 … 3 3±0

aThe number of clonal genotype replicates inoculated with a particular isolate is given in parenthesis after each isolate
bNot determined
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However, the rice-infecting strain 6082 produced a
di�erential reaction between the mapping parents MFA
and MFB (Table 2), which was not observed with the
ryegrass isolates. These two clones showed mostly type 2
and type 4 lesions, respectively (Table2). For the
perennial ryegrass grandparent clones, Manh-1 showed
a resistant reaction, while Manh-3 grandparent showed
an intermediate, type 3 reaction (Table2). Further,
strain 6082 produced approximately the same number of
lesions as the ryegrass isolates tested, but the sizes of the
susceptible lesions were slightly smaller.

These results suggested that the Italian ryegrass cv.
•Floregon• is the source of resistance in this population
(Table 2). Of the “ve clones tested (Flor-1 through Flor-
5), three were resistant to GG9 (score approximately 2,
similar to resistant progenies), one was intermediate
with type 3 lesions, and one was susceptible. When two
of the clones were tested against strain 6082, one clone
showed resistance while the other was susceptible (Ta-
ble 2), indicating that these genotypes may possess
resistance to diverseM. grisea strains. Based on these
results, isolates GG9 and 6082 were chosen for use in
QTL mapping.

Phenotypic analysis of gray leaf spot reaction in the
mapping population

Frequency distributions of gray leaf spot reaction of the
entire mapping population in four di�erent experiments
are presented in Fig.1. Score 0 was not observed on any
genotype in the four experiments, and score 1 did not
occur separately from score 2. Using ryegrass isolate
GG9, transgressive segregation was observed (Fig.1b,
c), suggesting that the MFA and MFB parents carry
resistance against isolate GG9. The graphs from the
three GG9 inoculations appeared skewed towards sus-
ceptibility, and with more plants tending towards resis-
tant reactions than intermediate (type 3) reactions. The
6082 inoculation showed a di�erent pattern (Fig. 1d)
with more plants having intermediate, type 3 reactions
than either resistant or susceptible reactions. The reac-
tion of the mapping parents was much closer to the
extremes of the frequency distribution, suggesting a lack
of transgressive segregation for resistance to this strain.

The two growth chamber experiments produced a
coe�cient of 0.92, while the mist chamber experiment
showed correlations of approximately 0.79 with the two
growth chamber experiments (all threeP-values less
than 0.0001). These results provide evidence that the
phenotypic assay is reproducible, particularly in the
growth chamber. The results of the 6082 inoculation
were only very weakly correlated with the three GG9
inoculations, with coe�cients ranging from 0.15 to 0.22
and P-values ranging from 0.07 to 0.008. This provides

Fig. 1 Frequency distributions of GLS phenotypic data from four
greenhouse inoculations, based on the mean score over four clonal
replicates of each progeny genotype. For each experiment, the
mean GLS reaction for each of the two mapping parents, MFA
and MFB, is given. a GG9, mist chamber experiment.b GG9, “rst
growth chamber experiment. c GG9, second growth chamber
experiment.d 6082, growth chamber experiment
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further evidence of the di�erent segregation pattern be-
tween the two isolates.

ANOVA tests performed for all four mapping pop-
ulation experiments showed a highly signi“cant geno-
type e�ect (Table 3). All three GG9 experiments showed
similar mean gray leaf spot reaction scores, as well as
high broad-sense heritabilities, while the 6082 experi-
ment mean was somewhat lower (Table3). When heri-
tability was calculated using all three GG9 experiments
together, the value was 0.895 withr2

g=0.443 and
r2

e=0.206, while for the two growth chamber experi-
ments, the value was 0.932 withr2

g=0.562 and
r2

e=0.164.

Gray leaf spot QTL mapping

Results of QTL mapping using Kruskal-Wallis, inter-
val mapping, and MQM analysis are presented in
Table 4, the linkage maps used for the analysis are
presented in Fig.2, and LOD plots derived from
MQM analysis are presented in Fig.3. Multiple QTL
were detected in each experiment, with three potential

genomic regions in each of the three GG9 experi-
ments, and two regions in the 6082 experiment. Re-
sults from interval mapping were similar to those from
MQM analysis (Table 4), although the LOD plots
showed much wider intervals, as compared to MQM
(data not shown).

For the three GG9 experiments, two genomic regions
with strong e�ects on resistance were noted, along with
one region of weaker e�ect. The QTL with highest LOD
and percentage of phenotypic variance explained was
located on linkage group 3 of the MFB parent map
(Table 4, Fig. 3a). Over the three experiments, the LOD
score ranged from 6.8 to 14.7 with a percentage of
phenotypic variation explained of 20…37%, derived from
both interval mapping and MQM analysis (Table 4).
RFLP marker CDO460 was closest to this QTL, and the
•a• allele appears to be associated with reduced lesion
score. This allele was derived from the Italian ryegrass
parent of MFB, thus supporting Floregon as the source
of this resistance QTL. In all three GG9 experiments, the
LOD score for this QTL exceeded the genome-wide 5%
signi“cance threshold as established by permutation
analysis.

Table 4 Summary of the QTL for resistance to two di�erent M. grisea isolates in the MFA x MFB mapping population

Trait a Ryegrass LGb Marker c Kruskal-Wallis d IM e MQM f LOD
thresholdg

P-value Allele
means

LOD %
variance

LOD %
variance

a b ag

GG9: mist chamber MFA2 A-E33M62109 0.01h 3.18 2.75 1.69 5.6 1.57 4.9 2.9
MFA6 C19.390 0.01 3.23 2.87 1.82 5.7 1.70 5.0 2.9
MFB3 CDO460 0.0001 2.66 3.35 6.80 21.0 7.40 20.1 2.7

GG9: 1st growth chamber MFA2 A-E33M62109 0.001 3.39 2.80 2.24 7.3 2.09 6.1 2.8
MFA6 C19.390 0.0001 3.37 2.83 3.59 10.7 3.45 9.5 2.8
MFB3 CDO460 0.0001 2.61 3.51 10.69 31.3 11.24 28.9 2.8

GG9: 2nd growth chamber MFA2 A-E33M62109 0.005 3.39 2.84 1.45 4.9 2.56 7.8 3.0
MFA6 C19.390 0.0001 3.36 2.87 3.36 10.2 3.37 9.2 3.0
MFB3 CDO460 0.0001 2.56 3.55 13.31 37.9 14.74 37.2 2.7

6082: growth chamber MFA2 E8.575 0.0005 2.57 2.95 3.25 10.0 3.17 8.9 2.9
MFB4 E3.650 0.0001 2.56 2.97 3.22 9.9 2.11 4.2 2.7

aTrait: combination of isolate and experiment
bLinkage group and parental map (MFA or MFB) in which each
QTL was detected
cName of the marker most closely linked to the QTL in question.
Naming of RAPD and other markers is described in Warnke et al.
(2004)
dFor Kruskal-Wallis analysis, the P-value at the indicated marker
is presented, along with mean phenotypic score of progeny carrying
the •a• or •b• allele of each marker
eFor interval mapping (IM), the LOD score and percentage of
phenotypic variance explained at each of the named markers are
given

fFor multiple QTL mapping (MQM), the LOD score and per-
centage of phenotypic variance explained at each of the named
markers are given. Also, the named markers were used as cofactors,
after being selected for use as cofactors in the automatic cofactor
selection test (P<0.02)
gLOD thresholds derived from permutation analysis, for each
combination of trait and parent linkage map, are given. Theag
indicates the 5% LOD threshold for all seven linkage groups of the
parental map in question
hThis potential QTL is included for illustrative purposes only, even
though LOD scores did not exceedag

Table 3 General statistics for the three experiments usingM. grisea isolate GG9 and the experiment usingM. grisea isolate 6082

Isolate Expt Mean±SD MS genotype MSerror F P

GG9 Mist chamber 3.11±0.878 2.062 0.293 7.032 <0.0001
1st growth chamber 3.18±0.865 2.585 0.134 19.294 <0.0001
2nd growth chamber 3.19±0.870 2.342 0.192 12.227 <0.0001

6082 Growth chamber 2.80±0.706 1.301 0.219 5.938 <0.0001
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The next most signi“cant QTL detected using GG9
was located on linkage group 6 of the MFA parent map
(Fig. 3b). The LOD score ranged from 3.36 to 3.45 in
the “rst and second growth chamber experiments, but
was only 1.70 to 1.82 in the mist chamber experiment

Fig. 2 Linkage maps of the MFA· MFB population used for QTL
analysis in this study, constructed separately using the RFLP,
RAPD, AFLP, SSR, isozyme, and morphological marker data
from Warnke et al. (2004) and Sim et al. (2005). AFLP markers are
the same as those in the above maps, with the names expressed in
KeyGene format. Linkage groups for both maps are numbered
according to Warnke et al. (2004). a MFA parent map. b MFB
parent map
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(Table 4). The percentage of phenotypic variation ex-
plained was approximately 10% in the “rst and second
growth chamber experiments, but was only about 6% in
the mist chamber experiment. For this QTL, the •b• al-
lele of RAPD marker C19.390, corresponding to ab-
sence of the band, was associated with reduced lesion
score. RAPD screening of Manh-1 parent of MFA
showed that the band, that is, the susceptible allele, was
inherited from Manh-1 parent. Thus, the resistance

allele of this QTL is also derived from Italian ryegrass.
This QTL had peak LOD scores exceeding the 5%
genome-wide signi“cance threshold in both growth
chamber experiments, but not in the mist chamber
experiment (Table4).

One potential minor QTL was noted on MFA linkage
group 2, with LOD scores ranging from 1.57 to 2.56 and
percentages of phenotypic variation ranging from 4.9%
to 7.8% based on MQM analysis (Table4). The AFLP
marker A-E33M62109 was most closely linked to this
minor QTL. It did not exceed the genome-wide signi“-
cance threshold, but was included because it was de-
tected in all three GG9 experiments atP=0.01 via
Kruskal-Wallis analysis.

For the inoculation experiment using the lab strain
6082, two potential QTL were detected (Table4).
These QTL were located on MFA linkage group 2 and
MFB linkage group 4 (Fig. 3c, respectively). The QTL
on MFB linkage group 4 was closely linked to the
RAPD marker E3.650 (Table 4, Fig. 3d), while the
QTL on MFA linkage group 2 was closely linked to
the RAPD marker E8.575 (Table4, Fig. 3c). Both
QTL had LOD scores exceeding the 5% genome-wide

Fig. 3 LOD score plots for QTLs for GLS resistance obtained
from four greenhouse inoculations, based on the mean over four
clonal replicates of each progeny genotype, using MQM analysis.
The di�erent experiments are indicated by di�erent shapes within
each diagram. For QTLs relating to isolate GG9, three experiments
are presented: the mist chamber experiment (shown withopen
triangles), the “rst growth chamber experiment (shown with“lled
squares), and the second growth chamber experiment (shown with
“lled circles). For strain 6082, the growth chamber experiment is
presented (shown with “lled triangles). Positions of signi“cant
markers associated with the respective traits, as mentioned in
Table 4, are indicated below each linkage group.a MFB linkage
group 3. b MFA linkage group 6. c MFA linkage group 2. d MFB
linkage group 4
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signi“cance threshold according to interval mapping,
while only the QTL on MFA linkage group 2 exceeded
the threshold according to MQM analysis (Table4).

Discussion

Interpretation of QTL for resistance to GLS

In this study, a QTL mapping approach was utilized to
uncover four genomic regions potentially associated
with GLS resistance in ryegrass. Two of these were un-
iquely associated with resistance to a perennial ryegrass
“eld isolate, GG9, while one was uniquely associated
with resistance to a lab strain, 6082. One QTL, on MFA
linkage group 2, was detected using both isolates. Thus,
it may be e�ective against widely divergent pathogen
genotypes, such as ryegrass “eld isolates like GG9 and
strains with similar genetics to 6082. Results suggest that
the population is segregating for at least two di�erent

sets of resistance loci, which are di�erentially e�ective
against the two isolates, or that there is only one set of
loci against which di�erent isolates can cause di�ering
amounts of disease.

For resistance to GG9, three QTL were located, on
MFB linkage group 3, MFA linkage group 6, and MFA
linkage group 2, which in total explained from 32.3 to
53.0% of the phenotypic variance over the three exper-
iments (Table4). However, the broad-sense heritability
of resistance to isolate GG9 was rather high, ranging
from 0.895 to 0.932.

One possible reason why the total variance explained
was not as high as might be expected from the herit-
abilities is segregation distortion. Warnke et al. (2004)
have reported that a region of MFB linkage group 3,
including CDO460, and a region of MFA linkage group
6, which is closely linked to but does not include C19.390,
show distorted segregation. Since these two regions in-
clude the two most signi“cant QTL for resistance to
GG9, the estimates of e�ect on phenotype may have been
changed. Also, it is possible that additional low e�ect
QTL, such as the one on MFA linkage group 2, are
segregating in the population yet remain undetected.

Nature of GLS resistance and role of environmental
variables

The resistance in this population appears to be partial
resistance, involving di�erences in lesion size rather than
presence or absence of lesions. Resistant plants often
show few small type 3 lesions, with a reduced amount of
pathogen reproduction compared to that of large,
expanding type 4 lesions on susceptible progenies. Also,

Fig. 4 Comparative relationships between rice and ryegrass high-
lighting locations of blast resistance loci and QTL. Approximate
QTL location from this study is indicated by a diamond symbolin
each of the three ryegrass linkage groups. Deduced approximate
positions of the blast resistance genes or QTLs are indicated by
vertical linesat the right of the rice chromosomes. Blast resistance
genes are italicized and indicated by symbols beginning with ••Pi••.
Ryegrass mapping information is derived from Sim et al. (2005),
which used a consensus map produced by integrating the MFA and
MFB maps. RFLP markers generated by the same probes and
mapped on both species are connected bylines. The two genomic
regions indicated by vertical lines at the right of the ryegrass
linkage group 4 are syntenous with rice chromosome 3.a Ryegrass
linkage group 3. b Ryegrass linkage group 6.c Ryegrass linkage
group 4
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the disease reaction was sensitive to vigor of the youn-
gest leaves, as might be modi“ed by nitrogen fertiliza-
tion, optimum light intensity, and temperature and soil
conditions. In rice, blast disease severity has been shown
to be increased by nitrogen fertilizer application (Bon-
man 1992). Partial resistance toM. grisea has been re-
ported in other species, such as tall fescue (Tredway
et al. 2003), rice (Seebold et al.2001; Zenyabashi et al.
2002), and barley (Sato et al.2001).

Comparative mapping of GLS resistance QTL between
ryegrass and rice

Based on the extensive synteny between rice and rye-
grass (Sim et al.2005), positions of QTL can be com-
pared across these species. For the QTL on MFB
linkage group 3 against ryegrass isolate GG9, there are
several syntenous blast resistance genes and QTL in rice.
Major blast resistance genesPi-t and Pi-24(t) (Sallaud
et al. 2003), Pi-sh, and Pi-27(t) (Zhu et al. 2004) have
been mapped to rice chromosome 1 (Fig.4a), which is
syntenic with perennial ryegrass linkage group 3 (Jones
et al. 2002; Sim et al. 2005). Rice blast resistance QTLs
mapping to rice chromosome 1 have been detected by
Wang et al. (1994) as well as Chen et al. (2003). Al-
though several blast resistance genes (Pi-b, Pi-25(t), and
Pi-tq5) map to rice chromosome 2 (Sallaud et al.2003),
none of these are syntenous with the QTL detected on
MFA linkage group 6 (Fig. 4b).

Resistance to strain 6082 in rice mapped to chro-
mosome 11, conferring a hypersensitive, type 1 lesion
(Chauhan et al.2002). This is di�erent from the partial
resistance observed in ryegrass. Markers CDO520,
CDO844, and E3.650 map to ryegrass linkage group 4
(Fig. 2b) and are signi“cantly associated with a QTL for
resistance to isolate 6082. CDO520 also maps to rice
chromosome 11 (Chen et al.1999), near several blast
resistance genes, such asPi-44(t) (Chen et al.1999), Pi-1
and Pi-m (Sallaud et al. 2003), Pi-lm2 (Tabien et al.
2000), as well as a single dominant QTL conferring
partial blast resistance (Fig.4c) (Zenyabashi et al.
2002). However, these loci map approximately 40…
50 cM from the Pi-CO39(t) locus (Chauhan et al.2002),
suggesting that Pi-CO39(t) is not syntenous with the
QTL for resistance to isolate 6082 on ryegrass linkage
group 4.

As blast resistance genes occur in clusters (Zhu et al.
2004), there are practical breeding applications of these
results. Since the rice genome has been sequenced, the
chromosomal regions syntenous with the GLS QTLs can
be searched for sequences matching resistance gene
motifs, in a synteny-based candidate gene approach
(Armstead et al. 2004). Once identi“ed, the candidate
resistance genes from rice can be used to construct PCR-
based markers for ryegrass, so that actual resistance
genes underlying the QTL from this study can be utilized
for marker-assisted selection for GLS resistance, rather
than a linked anonymous cDNA clone.

Implications for breeding for improved GLS resistance

Currently, perennial ryegrass cultivars show limited
resistance to GLS (Bonos et al.2004), although some
plant introductions of perennial ryegrass show variation
in GLS reaction under greenhouse and “eld conditions
(Bonos et al. 2004, Ho�mann and Hamblin 2001). Bo-
nos et al. (2004), using open-pollinated single plant
progeny evaluations, have revealed some partially
resistant perennial ryegrass selections. Further, they re-
ported that the resistance is under strong genetic control,
with evidence for a single major gene (Bonos et al.
2004), in contrast with the current study which suggests
multiple genes are important.

Similarly, Italian ryegrass has shown variation in
reaction to GLS in “eld and greenhouse tests as well
(Trevathan et al. 1994), with the most resistant plant
introductions originating from Europe (Trevathan et al.
1994). Further, the cultivar Floregon was subjected to
unintentional selection for resistance due to a natural
gray leaf spot outbreak in Florida during a breeding
cycle (R. Barker, personal communication). Results of
this study also provide evidence for GLS resistance in
Italian ryegrass, as well as its potential as a genetic re-
source in this respect.

The GLS resistance in our population may represent a
di�erent source of resistance to that found by Bonos
et al. (2004), which would allow for pyramiding of dif-
ferent resistances into a perennial ryegrass cultivar. Most
importantly, the resistance segregating in our population
has been characterized in terms of the potential number
of genes, and of the nature of resistance. These charac-
teristics are important for estimating how easily resis-
tance can be transferred to new cultivars. Markers tightly
linked to the resistance loci in this population will allow
for marker-assisted selection. This will become even
more important as more sources of gray leaf spot resis-
tance are incorporated into breeding programs (Bonos
et al. 2004), as the use of markers linked to each unique
resistance gene will enable the tracking of each one
through the cultivar development process.
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