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Abstract Dollar spot caused by Sclerotinia homoeo-
carpa F. T. Bennett is the most economically important
turf disease on golf courses in North America. Dollar
spot resistance in a creeping bentgrass cultivar would
greatly reduce the frequency, costs, and environmental
impacts of fungicide application. Little work has been
done to understand the genetics of resistance to dollar
spot in creeping bentgrass. Therefore, QTL analysis
was used to determine the location, number and eVects
of genomic regions associated with dollar spot resis-
tance in the Weld. To meet this objective, Weld inocula-
tions using a single isolate were performed over 2 years
and multiple locations using progeny of a full sib map-
ping population ‘549 £ 372’. Dollar spot resistance

seems to be inherited quantitatively and broad sense
heritability for resistance was estimated to be 0.88. We
have detected one QTL with large eVect on linkage
group 7.1 with LOD values ranging from 3.4 to 8.6 and
explaining 14–36% of the phenotypic variance. Several
smaller eVect QTL speciWc to rating dates, locations
and years were also detected. The association of the
tightly linked markers with the LG 7.1 QTL based on
106 progeny was further examined by single marker
analysis on all 697 progeny. The high signiWcance of the
QTL on LG 7.1 at a sample size of 697 (P < 0.0001),
along with its consistency across locations, years and
ratings dates, indicated that it was stable over environ-
ments. Markers tightly linked to the QTL can be uti-
lized for marker-assisted selection in future bentgrass
breeding programs.

Introduction

Dollar spot caused by Sclerotinia homoeocarpa F. T.
Bennett is a major disease of turfgrass throughout the
world. It is the most prevalent and economically
important turf disease in North America, particularly
on intensively managed golf course putting greens and
closely mown fairways (Couch 1995, Vargas 1994).
This disease may occur at almost any time during the
growing season.

Currently, stoloniferous, allotetraploid creeping
bentgrass (Agrostis stolonifera L., 2n = 4x = 28) is the
most adapted species for use on golf course fairways
and greens because of its high tolerance to low mowing
height (WipV and Fricker 2001). Dollar spot manage-
ment, like other turf diseases, is highly dependent on
chemical fungicide application. Intensive, repeated
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application of fungicides resulted in the development
of fungicide resistance to several important classes of
fungicides (Burpee 1997). Moreover, registration of
some fungicides has been discontinued due to environ-
mental concerns. This has stimulated research into
alternative disease management strategies such as host
resistance. Dollar spot resistance in a creeping bent-
grass cultivar would greatly reduce the frequency,
costs, and environmental impacts of fungicide applica-
tion.

Studies have shown that all creeping bentgrass culti-
vars were susceptible to dollar spot, but there were sig-
niWcant diVerences in their susceptibility (Baldwin and
Newell 1992, Chakraborty et al. 2006). Bonos et al.
(2004) have shown that resistant creeping bentgrass
clones had smaller lesion diameter and larger tric-
homes compared to susceptible clones. However, turf
density, stomata density and trichome number were
not associated with dollar spot resistance (Bonos et al.
2004).

Studies have indicated that dollar spot resistance
may be quantitatively inherited (Bonos et al. 2003).
Moreover, high broad sense heritability estimates pro-
vided evidence that replication increased selection
eYciency and that improvement in dollar spot resis-
tance in creeping bentgrass should be possible.
According to Bonos et al. (2003), a minimum of two to
Wve eVective factors or genes, depending on the cross,
may be associated with dollar spot resistance. A mix-
ture of three isolates was used in their study and it was
unknown if these results were due to major resistance
genes speciWc to each isolate or due to a large number
of genes indicating quantitative disease resistance.
Studies including eVects of speciWc isolates and deter-
mining quantitative trait loci (QTL) associated with
dollar spot resistance are imperative.

Based on previous studies (Chakraborty et al. 2006),
it has been shown that, irrespective of the location of
collection and vegetative compatibility groups (VCG),
isolates of S. homoeocarpa were >40% genetically sim-
ilar to each other and diVered signiWcantly in their
aggressiveness. That study also demonstrated a lack of
cultivar £ isolate interaction. This is encouraging
information for breeders, because isolate non-speciWc
resistance is likely to be much more durable over a
wide array of locations and environments in which
creeping bentgrass is grown. Moreover, it also pro-
vided evidence that, for QTL analysis, we can choose
one isolate for our Weld inoculation studies at several
locations.

Mapping of QTL has been utilized to address the
challenge of working with quantitatively inherited
traits in other crops (Tanksley et al. 1993, Lespinasse

et al. 2000, Wang et al. 2000, Curley et al. 2005, Port-
yanko et al. 2005). Analysis of QTL is used increas-
ingly by breeders to locate the genomic regions
associated with quantitative disease resistance (Young
1996), because some of the common limitations faced
by phenotypic selection for quantitative traits can be
overcome by this approach. Markers tightly linked to
dollar spot resistance in creeping bentgrass would be
identiWed by QTL analysis. Moreover, it is possible to
pyramid these markers from diVerent sources of resis-
tance into one cultivar, and use these markers to screen
germplasm for resistance to multiple diseases over sev-
eral environments.

As a Wrst step to detect QTL for dollar spot resis-
tance, we have constructed the Wrst linkage map in
creeping bentgrass using 169 RAPD, 180 AFLP and 75
RFLP markers (Chakraborty et al. 2005). Analysis of
QTL requires a linkage map with densely and uni-
formly distributed markers. Therefore, we mapped an
additional 174 RFLP markers onto the existing map
(Chakraborty et al. 2005) and then two separate link-
age maps were constructed for parents ‘372’ and ‘549’.
These two separate maps were used to accomplish our
main objective, which was to detect the number, loca-
tion and eVect of QTL for dollar spot resistance based
on Weld inoculations over multiple years and locations.
Moreover, we examined the eVect of increased popula-
tion size on the signiWcance of detected QTL. This
study reports the Wrst QTL analysis for dollar spot
resistance in creeping bentgrass. The future application
of this research is to utilize molecular markers tightly
linked with the large eVect QTL for marker-assisted
selection in bentgrass breeding programs.

Materials and methods

Plant materials and establishment of Weld plots
for dollar spot evaluation

The full sib mapping population ‘549 £ 372’ was devel-
oped in the greenhouse at UW Madison. Detailed
descriptions of the origin of the parents, selection crite-
ria and development of the population are available in
a previous publication (Chakraborty et al. 2005). The
697 progeny individuals have been vegetatively propa-
gated in the greenhouse and only 106 progeny from
this population were used to generate the Wrst linkage
map in creeping bentgrass (Chakraborty et al. 2005).

To evaluate the progeny population for resistance
to dollar spot in the Weld, asexually propagated
clones from each of the 697 progeny individuals of
the ‘549 £ 372’ population were transplanted in a
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randomized complete block design with four repli-
cates in summer of 2003 at O. J. Noer Turfgrass
Research and Educational Facility, Verona, WI, and
at Gateway Golf Club at Land ‘O Lakes in Northern
WI (Table 1). Initially the plots were tilled and
seeded to perennial ryegrass (Lolium perenne L.) at
a rate of 18 kg/100 m2. After the ryegrass stand was
established, circles 0.45 m in diameter with spacing
of 0.45 m from center to center were created by
applying a solution of 4% Roundup (glyphosate) to
the ryegrass. Transplanting of clones was performed
3 weeks after glyphosate application.

Additional plots, one at Gateway Golf Club and
another at the turf research center at Urbana-Cham-
paign, University of Illinois, were established in 2003.
These plots consisted of 188 progeny, including 106
used for the linkage mapping, from the ‘549 £ 372’
population and they were under the United States Golf
Association (USGA) creeping bentgrass breeding con-
sortium study for dollar spot evaluation. Data from 188
progeny of the ‘549 £ 372’ population were included in
our study. All plots were fertilized three times a year
(37-0-0) and maintained as fairways with a mowing
height of 1.5 cm.

Preparation of S. homoeocarpa inoculum 
and inoculation method

Sclerotinia homoeocarpa isolate MNI belonging to
VCG A was used for all the artiWcial inoculations in
this study. This isolate was collected from a golf course
in Minnesota (Chakraborty et al. 2006). Inoculum was
prepared by growing the isolate on sterilized Kentucky

bluegrass seed following a modiWed protocol of Bonos
et al. (2003). In detail, 250 g of Kentucky bluegrass
seeds were autoclaved for 25 min. at 121°C along with
200 ml of potato dextrose broth and 100 ml of water in
2 l Erlenmeyer Xasks and allowed to sit overnight. The
Xasks were autoclaved again the next day and cooled to
room temperature. The isolate was grown on potato
dextrose agar plates for 5 days under artiWcial light. To
each Xask containing autoclaved seeds, a full plate of
isolate was added after cutting into 1 £ 1 cm pieces.
Inoculated Xasks of seeds were grown for 3 weeks in
12 h of artiWcial light at room temperature. The Xasks
were shaken daily to prevent clump formation.

After 21 days, the infested seeds were spread under
a fume hood for 72 h until completely dried and then
passed through a sieve (2 £ 10 mm) and stored in plas-
tic bags. A drop spreader (Scotts Pro Turf Professional
Drop Spreader) was used to apply inoculum to each
Weld plot at the rate of 1.75 g/m2. In 2004, the O. J.
Noer plot was inoculated on June 7. In Gateway, the
plot consisting of 697 progeny was inoculated on July
13, and the USGA plot with 188 progeny was inocu-
lated on August 3. In 2005, inoculation was performed
on May 2 at the Illinois plot, on June 3 at the O. J. Noer
plot and on June 30 at the Gateway plot. The second
(USGA) plot at Gateway was not included in the 2005
study.

After inoculation, the plots were irrigated twice a
week to return 100% estimated evapotranspiration.
Individual clones in all plots in both years were rated
visually as disease severity in terms of percent dis-
eased area over several rating dates as the disease pro-
gressed through the season. These rating dates, plots

Table 1 The experimental plots at three locations used for evaluation of ‘549 £ 372’ population for dollar spot resistance in 2004 and
2005

The rating dates at each plot are also presented. All the plots were artiWcially inoculated with a single S. homoeocarpa isolate MNI
a One plot consisting of 697 progeny from the ‘549 £ 372’ population was established in 2003. This plot was inoculated in 2004 and 2005
b Two plots were established in 2003, and one plot consisted of 697 progeny from the ‘549 £ 372’ population. The second plot consisted
of 188 progeny from the ‘549 £ 372’ population and was part of the United States Golf Association creeping bentgrass breeding con-
sortium. Both plots were inoculated in 2004, but the USGA plot was not inoculated in 2005
c One plot consisting of 188 progeny from the ‘549 £ 372’ population was established in 2003. This plot was part of the United States
Golf Association creeping bentgrass breeding consortium, and was not inoculated in 2004

Year Locations

O. J. Noer Turfgrass Research and 
Educational Facility, Verona, WIa

Gateway Golf Club, Land O’ Lakes, N. WIb USGA turf research plot, 
University of Illinois, 
Urbana-Champaign, ILc

2004 Rating 1: July 17 (OJN-R1-04)
Rating 2: July 28 (OJN-R2-04)
Rating 3: August 9 (OJN-R3-04)
Rating 4: August 30 (OJN-R4-04)

Rating 1: September 14 (GW-R1-04)
Rating 2: October 12 (GW-R2-04)
Rating 1: USGA plot: September 15

–

2005 Rating 1: July 1 (OJN-R1-05)
Rating 2: July 15 (OJN-R2-05)

Rating 1: August 19 (GW-R1-05)
Rating 2: September 16 (GW-R2-05)

Rating 1: June 24 (IL-R1-05)
Rating 2: July 12 (IL-R2-05)
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and locations are explained in Table 1. Only the
USGA plot at Gateway in 2004 was rated by a diVer-
ent rater and a rating scale of 0–9 was used (0 = no dis-
ease, 9 = completely brown plant).

Statistical analysis of data

Dollar spot severity data were analyzed by general lin-
ear models analysis of variance, assuming all factors to
have random eVects (SAS Institute 1999). Analysis was
based on dollar spot data from 167 progeny clones of
the ‘549 £ 372’mapping population, rated on 17 July,
2004 and 1 July, 2005 at O. J. Noer, and 14 September,
2004 and 19 August, 2005 at Gateway. Initially, a mod-
est sample size of 200 clones was chosen for this analy-
sis, but due to missing data, the sample size was
reduced to 167. SpeciWcally, if more than two replicates
of a clone within any of the four data sets were missing,
it was necessary to omit that clone from all four data
sets. The Wrst rating dates at each location and year
were chosen for the analysis, due to uniformity and
very distinct nature of the disease symptoms. A ran-
dom model for all eVects was used, and broad sense
heritability was calculated over 2 years using the vari-
ance components calculated from expected mean
squares from the ANOVA (Bonos et al. 2003). In addi-
tion, phenotypic correlation of dollar spot severity was
analyzed using 188 progeny over all the rating dates at
two locations in 2004 and at three locations in 2005
(Table 3) using JMP software (SAS Institute, Cary,
NC, USA).

For QTL analysis, linkage maps were constructed
separately for each parent ‘372’ and ‘549’ using the
double haploid (DH) population type option available
in JoinMap (Van Ooijen and Voorips 2001). The
marker data set consisted of all the markers (169
RAPD, 180 AFLP, 18 CDO, 3 BCD, 3 RZ and 36 ‘Ast’
creeping bentgrass EST-RFLP markers) that were
used to construct our Wrst map (Chakraborty et al.
2005), and an additional 98 heterologous (64 CDO, 33
BCD and 4 RZ) and 76 homologous (Ast) EST-RFLP
markers. Analysis of QTL for dollar spot resistance
was performed using the two parental maps and the
marker data sets separately, again using the DH popu-
lation type option available in MapQTL software (Van
Ooijen et al. 2002). Separate maps were used for QTL
analysis due to unequal rates of recombination among
markers in the two parents ‘372’ and ‘549’ as observed
by previous researchers (Warnke et al. 2004, Curley
et al. 2005).

Analysis of QTL was performed for all four ratings
at O. J. Noer, two ratings of the plot at Gateway, as
well as one rating of the USGA Gateway plot in 2004.

In 2005, two ratings from each plot at three locations
(Gateway, O. J. Noer and IL) were used for QTL anal-
ysis. Percent diseased area of individual clones, and the
mean percent diseased area over four clonal replicates
of 106 progeny was the phenotypic variable for all rat-
ings except the USGA plot at Gateway (2004) in which
a 0–9 scale was used. The consistency of a QTL was
further tested by analyzing the QTL using the area
under disease progress curve (AUDPC) values at all
locations. The AUDPC value was calculated for each
of the 106 progeny using the percent diseased area over
all the rating dates (Table 1) as the disease progressed
at each plot using the mid point rule method (Boulter
et al. 2002). The map location, LOD score, and the per-
centage of phenotypic variance explained by the poten-
tial QTL were calculated using interval mapping
(Lander and Botstein 1989, Curley et al. 2005).

Nonparametric, single-marker-based Kruskal–Wallis
analyses were also performed to check if the QTL
detected by interval mapping were signiWcant when
they are individually examined. Because there were 351
mapped loci in the ‘549’ map and 321 loci in the ‘372’
map, a genome-wide P value of less than 0.00014 was
chosen (Curley et al. 2005). Markers that were close to
the potential QTL as detected by interval mapping and
Kruskal–Wallis analyses, were chosen as cofactors and
tested using automatic cofactor selection criterion in
MapQTL. The P value of 0.02, which is the default
value in MapQTL, was used as a cutoV value for the
elimination of a cofactor. The MQM option was then
used in MapQTL for conducting the multiple QTL
mapping to estimate the map location, LOD score and
the percentage of phenotypic variance. The permuta-
tion test of MapQTL with 1,000 iterations was used to
determine LOD signiWcance thresholds. In general, a
genome-wide 5% threshold and/or P value of less than
0.00014 in the Kruskal–Wallis analysis was set as a LOD
value benchmark to declare a QTL to be signiWcant.

However, there were some QTL which did not meet
the above criteria but were detected consistently over
several ratings, locations and years. These QTL with P
value of 0.01 via Kruskal–Wallis analysis are also pre-
sented (Tables 4, 5). Any QTL with LOD value below
1.0 using interval mapping was considered not signiW-
cant (NS) and reported as such. While a low signiW-
cance threshold of 0.01 might lead to the detection of
many false positives, these QTL with small eVect that
appeared consistently but had a low LOD, were
reported in order to prevent Type II errors (Arahana
et al. 2001, Curley et al. 2005).

In addition, the signiWcant markers detected on vari-
ous linkage groups were checked for possible epistatic
interactions using JMP software. This was done using
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markers (3.AW10.650, 3.Y10.1500 and Ast33) that
were signiWcantly associated with the QTL on LG 7.1,
6.2 and 3.2 that were detected over at least two ratings.
After QTL were detected using only 106 progeny
(Tables 4, 5), single marker analysis was executed
using the Kruskal–Wallis method based on 200, 400
and 697 progeny.

Results

Disease assessment in Weld

A continuous frequency distribution for percent dis-
eased area was observed based on 106 progeny, over
three locations and all rating dates in both 2004 and
2005 (Fig. 2). No discrete phenotypic classes, such as
total absence of lesions in some progeny and presence
of lesions in others, were detected. This provided evi-
dence that dollar spot resistance in creeping bentgrass
was quantitatively inherited. Visual inspection revealed
that the disease developed earlier in all the inoculated
plots over 2 years than the non-inoculated fairways and
greens adjacent to the research plots. Moreover the dis-
ease severity was much higher and more uniform over
the artiWcially inoculated experimental plots compared
to non-inoculated neighboring plots.

The Wrst symptoms were tufts of bleached grass
blades which rapidly coalesced to form distinct spots 3
to 5cm in diameter. In the resistant progeny clones, the
number of bleached areas or spots were not only fewer
but they did not rapidly increase in area. In susceptible
clones, coalescence with neighboring spots often
occurred, thereby blighting large areas ranging up to
90% diseased area of individual clones. At all the plots,
after artiWcial inoculation, symptoms appeared rapidly,
infecting almost all the progeny within 14–17 days. This
was followed by an increase in disease severity over
time, as shown by the increase in the mean diseased
area over 106 progeny (Fig. 2).

Throughout all the rating dates and locations in 2004
and 2005, the two parents ‘372’ and ‘549’ were not sig-
niWcantly diVerent from each other in susceptibility to
dollar spot. Transgressive segregation was detected
with the two parents being intermediate in resistance
whereas the progeny showed a signiWcant diVerence in
resistance, ranging from 2 to 90% diseased area
(Fig. 2). Even though the two parents had very similar
percent diseased area, we did notice diVerences
between them in the extent of bleaching on individual
tillers or shoots. In the parent ‘372’ the lesions or
necrotic tissue appeared to be superWcial extending
only to the leaf blades, but in the parent ‘549’ the

necrosis extended further, blighting a major portion of
each tiller. In some progeny, the tillers were com-
pletely killed, causing dead patches of turf to appear on
individual clones as depressions or pits.

In 2004, there were three plots, one at O. J. Noer,
and two at Gateway (Table 1). In 2005, there were
three locations (Fig. 2g, h—Urbana-Champaign; i, j—
O. J. Noer; k, l—Gateway) with one plot at each loca-
tion and two rating dates at each plot (Table 1). In both
2004 and 2005, the dollar spot symptoms at the O. J.
Noer plot started developing much earlier than the
Gateway plots. However, we did notice diVerences in
the time of symptom development in a particular loca-
tion between years. In 2004, dollar spot symptoms Wrst
began to appear around the end of June at the O. J.
Noer plot whereas in 2005, by July 1 the plot had suY-
cient disease for rating (Fig. 2). We found that the
mean diseased area over 106 progeny at O. J. Noer on
15 July, 2005 was 48.7% compared to 17 July, 2004
when the mean disease was only 23.6%. Similarly, the
disease symptoms at Gateway started to develop ear-
lier in 2005 compared to 2004 (the mean percent dis-
eased area was 52.0% on August 19, 2005 but only
22.6% on 14 September, 2004). In 2005, among three
locations (Table 1), the Urbana-Champaign plot at Illi-
nois was the Wrst to be inoculated (May 2) and the
symptoms Wrst appeared at the beginning of June,
much earlier than the other plots in Wisconsin.

At the O. J. Noer plot in both 2004 and 2005, and at
the Urbana-Champaign plot in 2005, the disease sever-
ity in each clone increased as the disease progressed
through the season. This was further illustrated by the
increase in mean percent diseased area based on 106
progeny, from the Wrst rating date to the last rating
date at both of these locations (Fig. 2a–d, i, j).

The last rating date at Gateway plot in both years
(Fig. 2f, l) showed a higher number of plants with less
diseased area than the Wrst rating date (Fig. 2e, k), con-
trary to the O. J. Noer and Urbana-Champaign plots.
Moreover, at the Gateway plot in 2004, unlike the O. J.
Noer and Urbana-Champaign plots, the mean disease
remained the same as the disease progressed (Fig. 2e, f).
Also, the mean percent diseased area at both rating dates
at Gateway plot (Fig. 2e, f, Fig. 2k, l) in 2004 and 2005
were lower than the mean disease at the O. J. Noer plot.

Analysis of variance, heritability and phenotypic 
correlation

The ANOVA (Table 2) showed signiWcant clone,
year, location and clone £ environment interactions.
The mean square value for clone eVect was higher
than the mean square values for the individual clone £
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