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Dollar spot, caused by the ascomycete 
fungus Sclerotinia homoeocarpa F.T. 
Bennett, is a disease that can cause severe 
damage to all grass species typically 
grown on golf courses in the United 
States (33,35). Although cultural prac-
tices have been shown to reduce disease 
severity, chemical management of dollar 
spot is often necessary to suppress dollar 
spot to an acceptable threshold. In the 
northeastern United States, fungicides are 
typically applied from May through Oc-
tober. Repeated application of fungicides 
has been shown to induce the selection of 
S. homoeocarpa strains with reduced 
sensitivity to fungicides (10,17,20,22,
28,32). Populations of the pathogen with 
reduced sensitivity to specific active in-
gredients may compromise fungicide 
efficacy and limit the number of chemical 

options available for controlling the dis-
ease. 

Field resistance of S. homoeocarpa to 
early fungicides, including those contain-
ing heavy metals, was first observed in the 
late 1960s (8,27). Shortly after the intro-
duction of the benzimidazoles, strains of S. 
homoeocarpa exhibiting in vitro resistance 
to benomyl and thiophanate-methyl were 
identified from golf courses in Illinois, 
New Jersey, Ohio, and Pennsylvania 
(16,36). Two new classes of site-specific, 
penetrant compounds, the dicarboximides 
and the demethylation inhibitors (DMIs), 
became available for dollar spot control in 
the 1970s (1,17). Field resistance of S. 
homoeocarpa to the dicarboximides was 
first reported in Michigan in the early 
1980s (10). Field resistance of S. homoeo-
carpa to the DMIs was first documented in 
Michigan in the early 1990s, more than 10 
years after their introduction (34). 

Since their respective first reports, S. 
homoeocarpa strains exhibiting resistance 
or reduced sensitivity to the aforemen-
tioned fungicide classes have been identi-
fied in Italy, Canada, and several states in 
the eastern United States, including Geor-
gia, Indiana, Kentucky, Massachusetts, 

Mississippi, North Carolina, Ohio, Tennes-
see, and Wisconsin (3,6,10,11,20,21,23,25,
28,29,32). Despite the selection of less 
sensitive or resistant strains, these fungi-
cides continue to be effectively utilized for 
dollar spot control in many locations. 

Although field reports of reduced fungi-
cide efficacy for dollar spot management 
are often attributed to pathogen resistance, 
various other factors, including cultural 
management practices, fungicide applica-
tion techniques, and environmental condi-
tions, likely affect fungicide efficacy. 
Variation in the chemical and cultural 
management regimes of golf course put-
ting greens and fairways may also influ-
ence fungicide performance. It is possible 
that these regimes cause unique selection 
pressures that influence the development 
or persistence of field resistance. Koch et 
al. (25) reported that sensitivity of S. ho-
moeocarpa to propiconazole and thiophan-
ate-methyl varied among isolates obtained 
from fairways, putting greens, or roughs at 
seven golf courses in a narrow geographic 
region. Despite these results, the effect of 
various management regimes and the 
scope of insensitive S. homoeocarpa popu-
lations in the northeastern United States 
remain largely unknown. The objectives of 
this study were to (i) quantify the baseline 
sensitivity of a S. homoeocarpa population 
to iprodione, propiconazole, and thiophan-
ate-methyl; (ii) determine the sensitivity of 
S. homoeocarpa isolates from golf courses 
in New England; and (iii) compare the 
sensitivities of S. homoeocarpa isolated 
from turf under various management re-
gimes. 

MATERIALS AND METHODS 
Individually sampled isolates. Dollar 

spot samples were collected via site visits 
or samples received at the University of 
Connecticut Turfgrass Disease Diagnostic 
Lab in Storrs, CT from June 2006 to Octo-
ber 2007. For site visits, a small (2.5 to 10 
cm by 2.5 to 10 cm by 7.5 cm deep) sec-
tion of turf exhibiting dollar spot symp-
toms was removed, sealed in a plastic bag, 
and transported to the lab within 24 h. All 
samples were placed in a Series 30 Con-
trolled Environmental Chamber (Model 
I30BLLC8; Percival Scientific, Perry, IA) 
set to a 12-h light-and-dark cycle at ap-
proximately 24 and 13°C, respectively 
(2,12,31). 
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Antibiotic water agar (AWA) was used 
for the initial isolation and was prepared 
by adding granulated agar (Difco Labora-
tories, Detroit) at 20 g liter–1 of deionized 
water. Bottles containing 0.5 liter were 
stirred over heat for approximately 4 min, 
autoclaved at 121°C for 25 min, and then 
cooled to 50°C. Penicillin-G potassium 
(Fisher Scientific, Fair Lawn, NJ) and 
streptomycin sulfate (Fisher Scientific) 
were added at 0.5 g liter–1, and the molten 
media was stirred until the antibiotics dis-
solved. Molten AWA was poured into 100-
by-15-mm plastic petri plates (Fisher Sci-
entific), allowed to cool overnight, and 
stored at 4°C. 

S. homoeocarpa was isolated from small 
(≤5 mm) sections of symptomatic leaf 
tissue within 1 week of collection. Most 
isolates were from annual bluegrass (Poa 
annua L.) or creeping bentgrass (Agrostis 
stolonifera L.) but a limited number of 
isolates were also obtained from colonial 
bentgrass (A. capillaris L.), Kentucky 
bluegrass (P. pratensis L.), perennial rye-
grass (Lolium perenne L.), and roughstalk 
bluegrass (P. trivialis L.). Symptomatic 
tissues were surface disinfested for 1 min 
in 0.5% sodium hypochlorite, washed 
three times for 30 s each in sterile deion-
ized water, and air dried on sterile filter 
paper (Whatman Inc., Florham Park, NJ). 
Six pieces of tissue from each sample were 
placed on a single petri plate containing 
approximately 20 ml of AWA. Plates con-
taining disinfested tissues were sealed with 
Parafilm (Pechiney Plastic Packaging, 
Chicago) and incubated in the dark at 25 ± 
1°C for approximately 1 to 3 days. 

Fast-growing, sparse colonies exhibiting 
aerial hyphal growth typical of S. homoeo-
carpa were identified, and 3-mm sections 
of media were removed from the edge of 
an actively growing colony and set onto 
fresh AWA. Cultures were incubated as 
previously described, and hyphae from the 
edge of an actively growing colony were 
transferred to petri plates containing potato 
dextrose agar (PDA) prepared by adding 
PDA (Difco Laboratories) at 39 g liter-1 of 
deionized water. Except for the addition of 
antibiotic agents, preparation was similar 
to that of AWA. Cultures were identified 
by visual comparison of mature mycelial 
colonies to known isolates of S. homoeo-
carpa. Isolates were maintained by sub-
merging 4-mm agar plugs from the edge of 
an actively growing colony in sealed plas-
tic vials (Fisher Scientific) containing 1 ml 
of sterile deionized water and stored at 
4°C. 

Population sampling. Populations of S. 
homoeocarpa at selected golf courses were 
intensively sampled via site visits between 
26 October and 16 November 2007. Sam-
ples were obtained within a 100- to 400-m2 
area of fairway or putting green turf or a 
50- to 400-m2 area from an individual tee. 
Sections (≤5 mm) of individual leaves 
exhibiting spots or bands with a bleached 

straw to white center and a tan to reddish-
brown margin were removed and placed in 
1.5-ml polypropylene microcentrifuge 
tubes (Fisher Scientific). A single leaf was 
collected from each dollar spot infection 
center and sampled infection centers were 
separated by approximately 1 m. In total, 
48 to 95 symptomatic leaves were obtained 
per population. Except for one population 
that was immediately stored at 4°C for 24 
h, isolations were made on the day of col-
lection. 

Leaf tissue was disinfested by adding a 
2% sodium hypochlorite solution to the 
microcentrifuge tubes and shaking vigor-
ously for 15 s. Tissues were then washed 
once in sterile deionized water for 1 min 
and air dried on sterile filter paper. In-
fected tissues were then set onto AWA as 
previously described, and active mycelia 
were transferred directly to PDA. Isolates 

were stored on PDA in a growth chamber 
at 18 or 25 ± 1°C until needed. An isolate 
of S. homoeocarpa was retained for each 
successful isolation from individual leaves. 

Twenty-two populations of S. homoeo-
carpa were sampled from fairways, putting 
greens, roughs, and tees of 18 golf courses 
in Connecticut, Massachusetts, and Rhode 
Island. In total, 1,104 isolates were ob-
tained, and the number of isolates retained 
from a population ranged from 15 to 81. 
Individually sampled isolates (n = 413) 
were obtained from 210 golf courses in all 
New England states and New York. Due to 
loss of several isolates, the intensively 
sampled isolates evaluated (n = 965) in this 
study originated from 21 populations on 17 
golf courses (Fig. 1). Individually sampled 
isolates evaluated (n = 387) were obtained 
from 203 golf courses and the University 
of Connecticut (Fig. 1). 

Fig. 1. Location of golf courses in New England and New York where Sclerotinia homoeocarpa iso-
lates were obtained through intensive population ( ; n = 909) or individual ( ; n = 387) sampling. 
Golf courses contributing isolates used to determine the discriminatory dose ( ; n = 31) are also pre-
sented. The unexposed baseline population ( ; n = 56) was obtained from the Vineyard Golf Club in 
Edgartown, MA. 
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Baseline in vitro sensitivity. The base-
line sensitivity of a S. homoeocarpa popu-
lation (n = 56) acquired from a putting 
green at the Vineyard Golf Club to 
iprodione and propiconazole was deter-
mined. The Vineyard Golf Club was con-
structed in 2002 in Edgartown, MA and 
had never been treated with synthetic pes-
ticides. This unexposed S. homoeocarpa 
population served as the baseline for com-
parison to other isolates. The in vitro sensi-
tivity assay was performed using fungi-
cide-amended PDA. Liquid PDA was 
cooled to 50 ± 1°C in an Isotemp Digital 
Control Water Bath (Model 215; Fisher 
Scientific) for 1 to 12 h. Fungicide solu-
tions were prepared by performing serial 
dilutions in sterile deionized water of 

commercial formulations of iprodione 
(Chipco 26GT; Bayer Crop Science, Kan-
sas City, MO) or propiconazole (Banner 
MAXX, Syngenta Crop Protection, 
Greensboro, NC). Final fungicide concen-
trations were 0.1, 0.4, 0.7, and 1.0 µg a.i. 
ml–1 of PDA for iprodione and 0.0001, 
0.001, 0.01, 0.1 µg a.i. ml–1 of PDA for 
propiconazole. Fungicide-amended PDA 
was subjected to moderate stirring and 
then poured into petri plates at approxi-
mately 13 ± 2 ml of amended PDA per 
plate. Media were allowed to solidify at 
room temperature and stored at 4°C. 

Isolates were retrieved from storage and 
grown on fresh PDA prior to evaluation. 
After 2 to 5 days of incubation, 4-mm-
diameter plugs were removed from the 

edge of an actively growing colony and set 
on fungicide-amended PDA. Nonamended 
PDA served as the nontreated control. 
Plates were sealed with Parafilm and incu-
bated on a laboratory bench at room tem-
perature (25 ± 5°C) under ambient light. 
Plates were arranged in a completely ran-
dom design with two replications. The 
experiment was conducted twice. 

Colony diameter was measured along 
two perpendicular lines after 48 h, and 
total growth was adjusted by subtracting 
the diameter of the initial agar plug (4 
mm). The fungicide concentration result-
ing in 50% growth inhibition (EC50) was 
modeled for each isolate using the PRO-
BIT procedure (30). Colony diameter data 
were entered according to the MODEL 
statement (concentration = amended di-
ameter/control diameter). The mean di-
ameter of both nonamended plates served 
as the control diameter. Fungicide concen-
tration was log10 transformed prior to sta-
tistical analysis. Isolates exhibiting con-
strained growth or atypical colony 
morphology on nonamended PDA, which 
is consistent with the hypovirulent pheno-
type of S. homoeocarpa (37), were ex-
cluded from analyses. 

Data were transformed into relative my-
celial growth by dividing each colony di-
ameter by the mean colony diameter on 
control plates for each respective experi-
mental run. Diameters on amended media 
greater than the control diameter were 
considered equal to the control diameter 
for statistical analyses. The natural re-
sponse rate (c) utilized in the PROBIT 
procedure was calculated as follows: the 
mean control diameter was subtracted 
from each individual diameter, the absolute 
values of these differences were averaged, 
and the mean difference was divided by 
the mean of four control diameters for the 
respective experimental run. Values for 
each isolate were averaged to yield c 
(14,18,30). 

Due to the qualitative nature of thio-
phanate-methyl sensitivity (23), isolates 
were grown on small (60-by-15-mm) plas-
tic petri plates containing PDA amended 
with the active ingredient (3336; Cleary 
Chemical Corporation, Dayton, NJ) at 
1,000 µg a.i. ml–1. Plates were scored for 
the presence or absence of growth after 
approximately 48 h. 

Discriminatory concentration. To de-
termine the discriminatory concentrations 
of iprodione and propiconazole to be used 
to screen all isolates, the sensitivity of a 
subset of isolates was determined as previ-
ously described for the baseline population 
from the Vineyard Golf Club. A random 
sample (n = 31) was selected from all indi-
vidually sampled isolates (n = 413) to 
serve as a representative population of S. 
homoeocarpa from golf courses with a 
history of fungicide applications. Addi-
tionally, five isolates, which had been pre-
viously established as reference isolates 

Fig. 2. Frequency distributions of fungicide concentration resulting in 50% growth inhibition (EC50) to 
A, iprodione and B, propiconazole for Sclerotinia homoeocarpa isolates from an unexposed baseline 
population from the Vineyard Golf Club in Edgartown, MA as determined by growth on potato dex-
trose agar amended with four serial concentrations of fungicide. Sensitivity to iprodione was analyzed
separately for each experimental run (hollow or filled bars). Dashed line represents the overall mean
EC50 (propiconazole) and the mean of each run (iprodione). 
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based on in vitro sensitivity and fungicide 
performance in the field, were included to 
serve as sensitive and insensitive controls. 
The log10 of EC50 values was regressed 
against the mean relative growth value at 
each concentration of iprodione and propi-
conazole using the SAS Regression proce-
dure. The concentration with the highest 
coefficient of determination (r2) for each 
fungicide was selected as the discrimina-
tory concentration. 

Sensitivity screening. Individually sam-
pled isolates (n = 356) of S. homoeocarpa 
from New England and New York and 20 
S. homoeocarpa populations (n = 909) 
from southern New England were evalu-
ated for their sensitivity to iprodione, 
propiconazole, and thiophanate-methyl. 
The concentration used for each fungicide 
was selected based on the results of the 
discriminatory dose experiment. Media 
preparation and plate incubation were 
conducted as described previously. As 
described by Jo et al. (23), estimated EC50 
values (EC50(D)) were determined from 
relative growth values for iprodione and 
propiconazole using the regression equa-
tion from discriminatory dose analyses. 

Statistical analyses. Relative mycelial 
growth values of S. homoeocarpa isolates 
were utilized for statistical analyses and 
population data were pooled into a single 
analysis. Population data were subjected to 
an analysis of variance using the SAS 
Mixed Model procedure, and means were 
separated with Tukey’s honestly significant 
difference (P ≤ 0.05) test. Individually (n = 
387) or intensively sampled (n = 909) iso-
lates were grouped by management loca-

tion (i.e., fairway, putting green, rough, 
and tee) and subjected to the previously 
described analysis of variance. 

The influence of management location 
was evaluated by paired two-sample t tests 
of mean isolate relative growth. Combina-
tion of experimental runs was determined 
to be appropriate and mean values for each 
isolate across all replications were ob-
tained. In cases where multiple isolates 
were obtained from the same location on a 
course, these values were averaged. When 
isolates were obtained from multiple loca-
tions on the same course, the difference in 
relative growth for each location pair was 
calculated. The mean difference across all 
golf courses for a given location pair was 
obtained and tested against the null hy-
pothesis that the mean difference = 0 (i.e., 
management locations do not impact fun-
gicide sensitivity) using Student’s t test in 

the Univariate procedure. The number of 
courses evaluated ranged from 11 to 60. 

Individually sampled S. homoeocarpa 
isolates from fairways and putting greens 
were evaluated for multiple resistance. The 
association between sensitivity to iprodione 
or propiconazole and thiophanate-methyl 
resistance was evaluated using analyses of 
variance on relative growth values. For each 
management location, separate analyses of 
variance were performed for iprodione  
and propiconazole that compared relative 
growth of isolates sensitive or resistant to 
thiophanate-methyl. In addition, any asso-
ciation between iprodione and propicona-
zole sensitivity of each isolate was evalu-
ated using mean isolate relative growth 
values in the SAS Correlation procedure. 
Four separate correlation analyses were 
performed for isolates obtained from fair-
ways or putting greens and sensitive or 

Fig. 3. Relationship between log10 fungicide concentration resulting in 50% growth inhibition (EC50) 
values and relative mycelial growth of Sclerotinia homoeocarpa on potato dextrose agar amended with
a discriminatory concentration (dashed line) of A, iprodione (0.4 µg a.i. ml–1) and B, propiconazole 
(0.01 µg a.i. ml–1);  = S. homoeocarpa isolates collected from 28 golf courses in New England, F = 
five reference isolates, and = two outlier isolates excluded from analysis for iprodione. 

Table 1. Sensitivity of intensively sampled 
populations of Sclerotinia homoeocarpa to thio-
phanate-methyl 

Population No. evaluatedy Resistant (%)z 

VGC 56 0 
CCC 51 0 
FLD 31 0 
FRM 47 64 
NCN 56 100 
HTR1 41 2 
HTR2 53 92 
LOI 52 62 
OHP 23 0 
OKL 42 0 
PNO 81 0 
SHN 50 100 
STN 42 55 
BOS1 41 100 
BOS2 42 100 
BOS3 15 47 
WCC 52 31 
WEB 55 100 
WPG1 57 100 
WPG2 22 32 
WHL 56 86 

y Number of S. homoeocarpa isolates from each 
population that were evaluated. 

z S. homoeocarpa was set on potato dextrose
agar amended with thiophanate-methyl at 
1,000 µg a.i. ml–1 and scored for the presence
or absence of growth after 48 h of incubation. 
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resistant to thiophanate-methyl. These 
analyses were not performed for individu-
ally sampled isolates obtained from roughs 
or tees due to insufficient sample sizes. 

RESULTS 
Baseline sensitivity. The natural re-

sponse rate c was determined to be 2.2%. 
probit analysis was performed separately 
on each run for iprodione and on both runs 
combined for propiconazole because the 
null hypothesis of equal experimental run 
variances was rejected and retained, re-
spectively. The mean and standard devia-
tion of EC50 values for iprodione were 
0.2923 ± 0.0301 and 0.2610 ± 0.0224 µg 
a.i. ml–1 for each run of baseline isolates, 
and 0.0016 ± 0.0004 µg a.i. ml–1 for propi-
conazole (Fig. 2). All baseline isolates 
were sensitive to thiophanate-methyl (Ta-
ble 1). 

Discriminatory concentration. Ex-
perimental runs were combined into a 
single analysis for iprodione and propi-
conazole to determine the discriminatory 
dose. The log10 EC50 values were highly 
correlated with mean relative growth at the 
discriminatory concentrations of 0.4 (r2 = 
0.8513; P < 0.0001) and 0.01 µg a.i. ml–1 
(r2 = 0.9524; P < 0.0001) for iprodione 
and propiconazole, respectively (Fig. 3). 
Probit analysis estimated the EC50 values 
of iprodione for 2 of the 31 isolates to be 
3.2764 and 4.2887 µg a.i. ml–1. Because 
these concentrations were outside of the 

range of concentrations evaluated in this 
study, these isolates were excluded from 
analysis for iprodione. 

Sensitivity screening. Relative growth 
values for each fungicide were transformed 
by ranking within each experimental run 
(9). In all, 6 of 20 populations from loca-
tions exposed to iprodione had mean rela-
tive growth values for iprodione (0.36 to 
0.44) that were not significantly different 
from the mean of baseline isolates (0.38) 
(Table 2; Fig. 4). The remaining 14 popu-
lations were less sensitive to iprodione 
when compared with the baseline popula-
tion, with mean relative growth values 35 
to 124% higher than the baseline. Relative 
growth of the most-sensitive isolate of any 
exposed population was, at most, 10% 
greater than the least-sensitive isolate from 
the baseline population. In contrast to 
iprodione, reduced sensitivity to propi-
conazole was more prevalent and pro-
nounced. In total, 18 of the 20 exposed 
populations had mean relative growth val-
ues that were 145 to 291% higher when 
compared with the mean (0.21) of the 
baseline isolates (Table 2). Few differences 
were noted among 13 of the 18 less-
sensitive populations containing isolates 
with relative growth values ranging from 
0.21 to 0.90. Isolates from the BOS1 and 
SHN populations were the least sensitive 
to propiconazole when compared with 14 
of the 16 remaining less-sensitive popula-
tions. 

Among populations, wide variation in 
sensitivity to thiophanate-methyl was ob-
served. In addition to the baseline, 100% 
of isolates from five populations were 
sensitive to thiophanate-methyl (Table 1). 
Population HTR1 (n = 41) contained a 
single resistant isolate, and nine popula-
tions contained 31 to 92% resistant iso-
lates. 

Mean relative growth values of indi-
vidually sampled isolates obtained from 
golf course roughs were not significantly 
different from relative growth values of 
isolates from the baseline population for 
iprodione and propiconazole (Table 3). 
Mean relative growth of isolates from 
fairways, putting greens, and tees were 
significantly higher when compared with 
the baseline population. The least-sensitive 
isolate from these locations had relative 
growth values approximately two or three 
times that of the least-sensitive baseline 
isolate for iprodione and propiconazole, 
respectively. 

Although 45% of all individually sam-
pled isolates evaluated were resistant to 
thiophanate-methyl, resistant isolates were 
found approximately five times more fre-
quently in fairways and nearly seven times 
more frequently in putting greens or tees 
when compared with isolates obtained 
from roughs (Table 4). The proportions of 
resistant isolates obtained from fairways 
and putting greens were similar across 
both sampling strategies. However, resis-
tant isolates obtained from tees were found 
less frequently in individual sampling 
when compared with the two intensively 
sampled populations from tees. 

Populations WPG1 and WPG2 were ob-
tained from a putting green and fairway, 
respectively, on the same golf course. 
Mean relative growth values of WPG1 
isolates were approximately twice those 
from WPG2 for both iprodione and propi-
conazole (Table 2). In contrast to WPG, 
mean relative growth values between put-
ting green and fairway populations at site 
HTR did not significantly differ for either 
fungicide. However, the fairway popula-
tion (HTR1) contained isolates with nearly 
the highest relative growth values on 
iprodione (1.05) observed in this study. At 
location BOS, mean relative growth values 
between the fairway (BOS1) and tee 
(BOS2) populations did not significantly 
differ for iprodione and propiconazole. 
When compared with the rough population 
(BOS3), however, mean relative growth 
values for propiconazole of BOS1 and 
BOS2 were 56 and 51% higher, respec-
tively. 

When individually sampled isolates ob-
tained from different locations on the same 
course were compared, relative growth 
values for propiconazole of isolates ob-
tained from fairways, putting greens, and 
tees were 133, 144, and 187% higher on 
average, respectively, and significantly 
different when compared with the isolates 

Table 2. Relative mycelial growth of intensively sampled populations of Sclerotinia homoeocarpa
from New England on potato dextrose agar (PDA) amended with a discriminatory concentration of
iprodione or propiconazole 

  Relative growthx 

  Iprodione Propiconazole 

Population No.y Mean Range Mean Range 

VGCz 56 0.38 i 0.20–0.50 0.21 i 0.08–0.29 

CCC 51 0.43 ghi 0.30–0.61 0.36 i 0.20–0.67 
FLD 31 0.54 efg 0.25–0.95 0.61 efg 0.36–0.87 
FRM 47 0.60 b–e 0.38–0.79 0.75 bc 0.43–0.98 
NCN 56 0.58 b–e 0.52–0.75 0.80 ab 0.55–0.91 
HTR1 41 0.76 abc 0.54–1.05 0.55 gh 0.32–0.64 
HTR2 53 0.65 abc 0.53–0.72 0.54 h 0.48–0.61 
LOI 52 0.56 de 0.41–0.65 0.60 efg 0.29–0.82 
OHP 23 0.41 hi 0.28–0.50 0.58 fgh 0.42–0.74 
OKL 42 0.36 i 0.21–0.61 0.62 def 0.38–0.82 
PNO 81 0.43 ghi 0.30–0.53 0.61 efg 0.48–0.74 
SHN 50 0.62 bcd 0.52–0.83 0.85 a 0.70–0.97 
STN 42 0.57 cde 0.43–0.66 0.60 efg 0.24–0.79 
BOS1 41 0.67 ab 0.55–0.72 0.86 a 0.77–0.99 
BOS2 42 0.63 a–d 0.36–0.82 0.83 ab 0.65–0.95 
BOS3 15 0.54 def 0.38–0.66 0.55 efg 0.21–0.90 
WCC 52 0.50 e–h 0.34–0.73 0.63 ef 0.43–0.90 
WEB 55 0.44 f–i 0.34–0.62 0.65 de 0.56–0.85 
WPG1 57 0.83 a 0.49–1.00 0.56 fgh 0.31–0.80 
WPG2 22 0.44 f–i 0.34–0.55 0.26 i 0.14–0.38 
WHL 56 0.55 de 0.42–0.64 0.69 cd 0.52–0.84 

x Relative mycelial growth was calculated after 48 h by dividing the mean colony diameter of S. ho-
moeocarpa on PDA amended with iprodione (0.4 µg a.i. ml–1) or propiconazole (0.01 µg a.i. ml–1) by 
the mean diameter of isolates grown on non-amended PDA. Within a fungicide, means followed by
the same letter are not significantly different according to Tukey’s honestly significant difference test
at P ≤ 0.05. Data were rank-transformed prior to analysis, but actual means are shown. 

y Number of S. homoeocarpa isolates from each population that were evaluated.
 

z VGC represents baseline isolates of S. homoeocarpa that were collected from a golf course putting
green with no history of fungicide use. 
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from the rough (Table 5). Isolates obtained 
from putting greens had relative growth 
values for propiconazole that were, on 
average, greater by 0.12 when compared 
with paired isolates from fairways. For 
iprodione, differences were smaller and 
only significant between isolates collected 
from fairways or tees and those from the 
rough. 

Individually sampled isolates resistant to 
thiophanate-methyl were less sensitive to 
propiconazole when compared with iso-
lates sensitive to thiophanate-methyl. 
Mean relative growth on propiconazole-
amended PDA for isolates resistant to 
thiophanate-methyl was 71 and 43% 
higher for isolates obtained from fairways 
and putting greens, respectively, when 
compared with isolates sensitive to thio-
phanate-methyl (Table 6). Mean relative 
growth for iprodione was 8% higher for 
isolates obtained from putting greens that 
were resistant to thiophanate-methyl when 

compared with sensitive isolates from 
greens. Although isolates obtained from 
fairways and resistant to thiophanate-
methyl were less sensitive to iprodione 
when compared with sensitive isolates 
from fairways, this difference was small 
and not significant (P = 0.0587). 

Relative growth values for iprodione and 
propiconazole were correlated (P = 0.0008 
to 0.0137) for isolates resistant to thio-
phanate-methyl regardless of turf man-
agement location (Fig. 5). For isolates 
resistant to thiophanate-methyl, the coeffi-
cients of determination revealed that ap-
proximately 12% of the variation in rela-
tive growth values between the two 
fungicides was associated. No correlation 
between iprodione and propiconazole was 
observed among isolates sensitive to thio-
phanate-methyl, regardless of location. 
Despite these trends in correlation, isolates 
exhibiting highly reduced sensitivity to 
iprodione (0.97 ≤ relative growth ≤ 1.06) 

appeared to cluster in a narrow range of 
propiconazole sensitivity (0.49 ≤ relative 
growth ≤ 0.61), regardless of location or 
thiophanate-methyl sensitivity. 

DISCUSSION 
In New England, management of dollar 

spot has become increasingly difficult in 
recent years. The presence of S. homoeo-
carpa with reduced fungicide sensitivity 
suggests that resistance may contribute to 
the challenges of dollar spot management, 
but the cause of the recent intensification 
in dollar spot remains unclear due to the 
lack of previous sensitivity monitoring in 
New England. In a few select cases, how-
ever, this study confirmed that resistance to 
iprodione, propiconazole, or thiophanate-
methyl likely contributed to poor disease 
control following fungicide application. 

The mean baseline sensitivity to 
iprodione (0.2763 µg a.i. ml–1) from an 
unexposed baseline population at the Vine-

Fig. 4. Sensitivity distributions of Sclerotinia homoeocarpa isolates from intensively sampled populations (n = 965) or individually sampled isolates (n = 
387) from putting greens, tees, fairways, and roughs in New England using the estimated fungicide concentration resulting in 50% growth inhibition 
(EC50(D)) obtained by growth on potato dextrose agar amended with a discriminatory concentration of A, iprodione (0.4 µg a.i. ml–1) or B, propiconazole 
(0.01 µg a.i. ml–1). Lower and upper bounds of the box represent the 25th and 75th percentiles, respectively, and lower and upper whiskers denote the 10th
and 90th percentiles, respectively. The median EC50(D) value (solid line), mean (dotted line), and outlier isolates ( ) are also presented. VGC is an unexposed 
baseline population from Edgartown, MA. Individually sampled isolates were grouped by management location: FWY = fairway, GRN = putting green,
ROG = rough, and TEE = tee. 
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yard Golf Club was higher when compared 
with the sensitivity (0.15 µg a.i. ml–1) of a 
baseline population in Ohio (23). Although 
the range of isolate sensitivities in Ohio 
was wide (± 0.08 µg a.i. ml–1), the higher 
mean EC50 and relatively low variability (± 
0.0246 µg a.i. ml–1) found in this study 
suggest the possibility of reduced 
iprodione sensitivity of S. homoeocarpa at 
the Vineyard Golf Club. However, indi-
vidually sampled isolates obtained from 
roughs on 90 golf courses in New England 
did not differ in relative growth on the 

discriminatory concentration of iprodione 
when considered as a group and compared 
with relative growth values of baseline 
isolates (Table 3). Data from this study 
suggest that the baseline population repre-
sents the natural sensitivity of S. homoeo-
carpa to iprodione in New England. 

The mean EC50 for propiconazole of 
baseline isolates (0.0016 µg a.i. ml–1) was 
similar to that of other unexposed popula-
tions (0.002 to 0.009 µg a.i. ml–1) from 
Georgia, Michigan, Ohio, and Ontario 
(17,21,23,28). As for iprodione, similar 

relative growth values for propiconazole 
between individually sampled isolates 
from roughs and baseline isolates (Table 3) 
suggests that S. homoeocarpa populations 
within these locations have experienced 
little to no selection toward reduced sensi-
tivity. In addition, sensitivity of baseline 
isolates was similar to that of unexposed 
populations as reported by Koch et al. (25) 
by comparison of relative growth on PDA 
amended with propiconazole at 0.1 µg a.i. 
ml–1 (data not shown). The lack of isolates 
in the baseline sample resistant to thio-
phanate-methyl is consistent with the base-
line population from Ohio (23). Previous 
research, however, has identified a low 
proportion of thiophanate-methyl-resistant 
isolates from populations believed to be 
unexposed (25,32). 

Discrepancies in the baseline sensitivity 
to iprodione and discriminatory dose con-
centrations for iprodione and propicona-
zole may have arisen from the different 
methods used to determine EC50. Whereas 
Jo et al. (23) used linear regression, EC50 
was determined in the present study by the 
probit transformation. The probit equation 
is a sigmoidal, decreasing function that 
was developed for use in toxicology re-
search (4). The equation more accurately 
models the “diminishing returns” effect of 
a toxicant at extreme concentrations while 
accounting for the linear response at con-
centrations close to the EC50 and, thus, is 
well suited for regression of quantitative 
biological responses to toxic substances 
(15). The probit transformation has been 
used previously in S. homoeocarpa sensi-
tivity assays (3,20,21,28). 

Sensitivity to iprodione appeared to be 
quantitatively distributed based on select 
isolates tested in the in vitro analysis after 
two isolates with highly reduced sensitivity 
were excluded as outliers. However, the 
discrete sensitivity distribution of all indi-
vidually sampled isolates, including the 
outliers obtained from fairways, putting 
greens, or tees, suggests that sensitivity of 
S. homoeocarpa to the dicarboximides is 
qualitatively inherited. Although possibly 
governed by both a qualitative and quanti-
tative mechanism, reduced sensitivity to 
dicarboximide fungicides is generally un-
derstood to be predominately under the 
control of a single locus as reported in 
Botryotinia fuckeliana (de Bary) Whetzel 
(13). The low degree of reduced sensitivity 
and low incidence of isolates with highly 
reduced sensitivity found in the present 
study suggest that reduced sensitivity to 
iprodione in S. homoeocarpa is not com-
mon in New England. Similar results in 
other studies on S. homoeocarpa (23,32) 
imply that, despite frequent use of dicar-
boximide fungicides for dollar spot con-
trol, factors such as fitness costs or very 
low mutation rates may account for the 
infrequent appearance of reduced sensitiv-
ity to dicarboximides in the United States. 
The fitness of S. homoeocarpa with re-

Table 3. Relative mycelial growth of Sclerotinia homoeocarpa isolates grown on potato dextrose agar
(PDA) amended with iprodione or propiconazole 

   Relative growthx 

Sampling, fungicidey Locationz No. evaluated Mean Range 

Individual     
Iprodione VGC 56 0.38 b 0.20–0.50 
 Fairway 178 0.50 a 0.23–1.06 
 Green 73 0.51 a 0.25–1.05 

 Rough 90 0.40 b 0.28–0.64 
 Tee 36 0.55 a 0.26–1.05 
 Unknown 10 0.52 a 0.32–1.02 
Propiconazole VGC 56 0.21 b 0.08–0.29 
 Fairway 178 0.56 a 0.16–0.96 
 Green 73 0.63 a 0.21–0.94 
 Rough 90 0.25 b 0.14–0.79 
 Tee 36 0.61 a 0.22–1.02 
 Unknown 10 0.63 a 0.21–0.75 

Population     
Iprodione VGC 56 0.38 c 0.20–0.50 
 Fairway 555 0.53 b 0.21–1.05 
 Green 241 0.61 a 0.30–1.00 
 Rough 15 0.54 b 0.38–0.66 
 Tee 98 0.60 a 0.36–0.82 
Propiconazole VGC 56 0.21 c 0.08–0.29 
 Fairway 555 0.61 b 0.14–0.99 
 Green 241 0.63 b 0.31–0.97 
 Rough 15 0.55 b 0.21–0.90 
 Tee 98 0.81 a 0.55–0.95 

x Relative mycelial growth was calculated after 48 h by dividing the mean colony diameter of S. ho-
moeocarpa grown on PDA amended with iprodione (0.4 µg a.i. ml–1) or propiconazole (0.01 µg a.i. 
ml–1) by the mean diameter of isolates grown on non-amended PDA. Within each sampling method
and fungicide, means followed by the same letter are not significantly different according to Tukey’s
honestly significant difference test at P ≤ 0.05. Data were rank-transformed prior to analysis, but 
actual means are shown. 

y Individually sampled isolates (n = 387) were obtained from 204 locations, whereas population iso-
lates (n = 909) comprised representative samples of 20 populations from 16 golf courses. 

z VGC represents baseline isolates of S. homoeocarpa that were collected from a golf course putting
green with no history of fungicide use. Unknown = isolates for which the originating management
location is unclear. 

Table 4. Resistance to thiophanate-methyl of Sclerotinia homoeocarpa isolated from various golf 
course management locations 

 Sampling 

 Individual Population 

Locationy No. evaluated Resistant (%)z
 No. evaluated Resistant (%) 

VGC … … 56 0 
Fairway 178 50 555 46 
Green 73 66 241 65 
Rough 90 10 15 47 
Tee 36 67 98 100 
Unknown 10 60 … … 

y Isolates obtained through intensive population or individual sampling were grouped according to the 
originating management location. VGC represents baseline isolates of S. homoeocarpa that were 
collected from a golf course putting green with no history of fungicide use. Unknown = isolates for
which the originating management location is unclear. 

z S. homoeocarpa was set on potato dextrose agar amended with thiophanate-methyl at 1,000 µg a.i. 
ml–1 and scored for the presence or absence of growth after 48 h of incubation. 
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duced dicarboximide sensitivity and the 
relationship between in vitro sensitivity 
and dollar spot control remains poorly 
understood. 

In contrast to iprodione, reduced sensi-
tivity to propiconazole was more severe 
and more prevalent among populations and 
individually sampled isolates. The level of 
reduced sensitivity of exposed isolates in 
this study agrees with values reported pre-
viously (17,20,23,28). Population SHN 
was sampled from a golf course where 
failure of DMI fungicides had been experi-
enced. The mean EC50(D) of isolates from 
SHN (0.1004 µg a.i. ml–1) is very similar 
to the mean sensitivity (0.103 µg a.i. ml–1) 
of S. homoeocarpa isolates from three golf 
courses in Michigan where DMI control 
failures were first reported (17). In con-
trast, no specific DMI control failures were 
reported at locations that contained a popu-
lation of S. homoeocarpa with mean 
EC50(D) values similar to SHN. 

In a greenhouse study, Miller et al. (28) 
reported that reduced sensitivity of S. ho-
moeocarpa to propiconazole was associ-
ated with a decline in fungicide efficacy. 
However, the level of reduced sensitivity 
that S. homoeocarpa isolates in a popula-
tion must achieve to cause observable 
losses in dollar spot control efficacy with 
DMI fungicides in the field is relatively 
unknown. Burpee (7) observed that, al-
though dollar spot caused by an isolate 
with moderately reduced sensitivity (EC50 
= 0.03 µg a.i. ml–1) was reduced by propi-
conazole in the field, the length of control 
achieved (9 to 13 days) was less than 
what would be expected (>14 days) for an 
acropetal penetrant fungicide. Therefore, 
it is unclear whether the moderate levels 
of sensitivity found for several popula-
tions (0.0143 ≤ EC50(D) ≤ 0.0188 µg a.i. 
ml–1) were sufficiently reduced to the 
point to cause losses in disease control 
efficacy. 

The management location from which 
an isolate was obtained appeared to be 
associated with the observed sensitivity to 
iprodione, propiconazole, and thiophanate-
methyl. The observation of differences in 
iprodione sensitivities between fairways 
and putting greens at sites HTR and WPG 
and the lack of differences when individu-
ally sampled isolates were paired suggest 
that strong differences in dicarboximide 
selection pressures between these locations 
are uncommon. Another possibility is that 
the fitness cost associated with reduced 
dicarboximide sensitivity may have 
masked any influence of differing selection 
pressures. For propiconazole, analysis of 
paired individually sampled isolates sug-
gests that reduced sensitivity of S. ho-
moeocarpa may be more common on put-
ting greens than on fairways. This result 
for propiconazole agrees with that of Koch 
et al. (25). Putting greens require increased 
fungicide inputs due to particularly low 
disease thresholds when compared with 
fairways. Thus, greater use of propicona-
zole and other DMI fungicides likely 
causes a stronger pressure for selection of 
S. homoeocarpa with reduced sensitivity. 
However, research is lacking on the myriad 
factors influencing resistance development 
in S. homoeocarpa. 

The different sampling strategies em-
ployed in this study yielded similar results 
for all three fungicides. The sensitivity of 
isolates obtained from intensively sampled 
populations grouped by management loca-
tion was generally similar to that of indi-
vidually sampled isolates from fairways 
and putting greens, suggesting that an 
individual sample from a sufficient number 
of locations may collectively represent S. 
homoeocarpa sensitivity in a given geo-
graphic region. However, the reduced sen-
sitivity to propiconazole and thiophanate-
methyl of the two golf tee populations 
(BOS2 and NCN) when compared with the 
group of individually sampled isolates 
from tees suggests that these populations 
are not representative of S. homoeocarpa 

Table 6. Association of thiophanate-methyl resistance with either iprodione or propiconazole sensitivity as measured by the relative mycelial growth of 
individually sampled Sclerotinia homoeocarpa on potato dextrose agar (PDA) amended with discriminatory concentrations of these fungicides and compared
with thiophanate-methyl 

   Relative growthx 

   Iprodione Propiconazole 

Turf Thiophanate-methyly No. of isolates Mean Range Mean Range 

Fairway Sensitive 89 0.49 0.23–1.06 0.41 0.16–0.86 
 Resistant 89 0.51 0.28–1.03 0.70 0.21–0.96 
Comparison (P value)z … … 0.0587 … <0.0001 … 

Putting green Sensitive 25 0.48 0.25–1.05 0.49 0.21–0.81 
 Resistant 48 0.52 0.29–1.01 0.70 0.26–0.94 
Comparison (P value)z … … 0.0288 … <0.0001 … 

x Relative mycelial growth was calculated after 48 h by dividing the mean colony diameter of S. homoeocarpa grown on PDA amended with iprodione (0.4 
µg a.i. ml–1) or propiconazole (0.01 µg a.i. ml–1) by the mean diameter of isolates grown on non-amended PDA. Range was determined from the mean 
relative growth of each isolate across replications. 

y S. homoeocarpa was set on PDA amended with 1,000 µg a.i. ml–1 thiophanate-methyl and scored for the presence or absence of growth after 48 hours of 
incubation. 

z For each fungicide and management location, relative mycelial growth of isolates sensitive or resistant to thiophanate-methyl were compared using an 
analysis of variance. 

Table 5. Comparison of relative mycelial growth on potato dextrose agar (PDA) amended with a dis-
criminatory concentration of iprodione or propiconazole of individually sampled Sclerotinia homoeo-
carpa isolates from different management locations when paired by golf course 

Fungicide, location Meanx Location Mean No.y P valuez 

Iprodione      
Fairway 0.52 Green 0.52 45 0.9876 
 0.50 Tee 0.57 22 0.2884 
 0.52 Rough 0.40 60 <0.0001 
Green 0.50 Tee 0.55 11 0.4481 
 0.51 Rough 0.41 19 0.0541 
Tee 0.53 Rough 0.40 13 0.0421 

Propiconazole      
Fairway 0.51 Green 0.63 45 0.0029 
 0.58 Tee 0.64 22 0.2972 
 0.55 Rough 0.25 60 <0.0001 
Green 0.63 Tee 0.64 11 0.9606 
 0.60 Rough 0.26 19 <0.0001 
Tee 0.68 Rough 0.24 13 <0.0001 

x Mean relative mycelial growth represents only isolates from a given comparison of management
locations. Relative mycelial growth was calculated after 48 h by dividing the mean colony diameter 
of S. homoeocarpa grown on PDA amended with iprodione (0.4 µg a.i. ml–1) or propiconazole (0.01 
µg a.i. ml–1) by the mean diameter of isolates grown on non-amended PDA. 

y Number of courses from which isolates were obtained from both locations in the given comparison. 
z Influence of management location on fungicide sensitivity was evaluated for each location compari-

son by performing a Student’s paired t test on differences in relative growth between isolates paired
by golf course. 
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sensitivity on tees. It is likely that fungi-
cide resistance selection pressures were 
high at these two sites when compared 
with courses from which individually 
sampled isolates were collected. 

The quantitative nature of DMI sensitiv-
ity is well documented (5,24). The various 
levels of sensitivities to propiconazole of 
intensively sampled populations suggest 
that directional selection of isolates with 
reduced sensitivity had occurred to various 
degrees in New England. Each isolate from 
BOS3 with reduced sensitivity to ipro-
dione also exhibited reduced sensitivity to 
propiconazole and was resistant to thio-
phanate-methyl. On the other hand, iso-
lates from the same population that were 
sensitive to iprodione were also sensitive 
to propiconazole and thiophanate-methyl. 
This observation suggests that factors not 
related to resistance mechanisms may 
influence sensitivity distributions of S. 
homoeocarpa. Because population BOS3 
was located adjacent to an area that was 
regularly treated with fungicides, it might 
be suggested that the rough occasionally 
received fungicide when the tee was 
treated. However, this scenario implies that 
fungicide selection pressure was lower, 
which would, theoretically, yield normally 
distributed sensitivities but with a lower 
mean when compared with the intensively 
treated population. It is also possible that 
the increased number of insensitive iso-
lates in BOS3 was caused by ingress of 
insensitive isolates from BOS2. Most indi-
vidually sampled isolates obtained from 
roughs (n = 90) were sensitive to propi-

conazole, but three isolates with reduced 
sensitivity were found. This suggests that 
movement of individuals may occur or that 
resistant isolates naturally develop in small 
quantities in untreated turf, supporting 
previous observations (20,25). 

In general, reduced sensitivity was asso-
ciated among the three fungicides for indi-
vidually sampled isolates (Table 6; Fig. 5). 
Reduced sensitivity to iprodione or propi-
conazole appeared to be more common 
among isolates resistant to thiophanate-
methyl. Development of reduced sensitiv-
ity to fungicides of different mode-of-
action classes is theorized to develop inde-
pendently due to the inherent biochemical 
separation among target sites (5). Data 
from this study, however, suggest that a 
small portion of sensitivity among fungi-
cide classes may be related. The clustering 
of individually sampled isolates with 
highly reduced sensitivity to iprodione 
relative to propiconazole sensitivity (Fig. 
5) could indicate that a common mecha-
nism facilitates or contributes to develop-
ment of resistance to fungicides from di-
verse mode-of-action classes. Previous 
research has documented potential rela-
tionships in sensitivity among three unre-
lated fungicides (benomyl, dodine, and 
fenarimol) of Venturia inaequalis (Cooke) 
G. Winter in orchards throughout the 
northeastern United States (26). Mecha-
nisms of resistance not involving the target 
site, such as detoxification of harmful 
compounds, the increased efflux or de-
creased influx of fungicides through fungal 
cells, or enhanced genetic adaptability, 

could play a role in this phenomenon 
(19,24,26,38). Rather than being solely a 
biological response, it is likely that fungi-
cide use history plays a role in simultane-
ous resistance to multiple fungicides. In a 
controlled study, however, Köller and Wil-
cox (26) found that fungicide sensitivity of 
V. inaequalis to both dodine and fenarimol 
was influenced by treatment of either fun-
gicide alone. Little information is available 
about possible multiple fungicide resis-
tance mechanisms in S. homoeocarpa. 

In New England, reduced sensitivity to 
iprodione and propiconazole and resistance 
to thiophanate-methyl was present in vary-
ing degrees and influenced by manage-
ment location. Although the mechanisms 
leading to resistance remain poorly under-
stood, care should be taken when selecting 
appropriate fungicides for the control of 
dollar spot. The correlation of in vitro 
sensitivity to fungicides with field efficacy 
remains unclear. Data from this study, 
however, should serve as a baseline for 
existing levels of sensitivity and can be 
used to monitor future shifts in population 
sensitivities. 
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