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RESEARCH

Dollar spot, caused by the ascomycete fungus Sclerotinia 
homoeocarpa F.T. Bennett, causes significant damage on golf 

course turfgrasses in North America from May to October (Ben-
nett, 1937; Walsh et al., 1999). Dollar spot occurs on a broad range 
of cool- and warm-season turfgrasses but is most damaging to 
annual bluegrass (Poa annua L.) and creeping bentgrass (Agrostis 
stolonifera L., syn A. palustris Huds) (Latin, 2011). These two spe-
cies constitute a large portion of finely managed areas found on 
golf course fairways, putting greens, and tee boxes (Walsh et al., 
1999). Cultural practices often do not provide adequate dollar 
spot control, and many fungicide applications are used each year 
to maintain high-quality turfgrass (Walsh et al., 1999; Smiley et 
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Dollar spot, caused by Sclerotinia homoeocarpa 
F.T. Bennett, is the most economically important 
disease of golf course turfgrass in the northern 
United States. Fungicide resistance, especially 
to demethylation inhibitor (DMI) fungicides, is 
common for S. homoeocarpa. Plant growth 
regulators (PGRs) are commonly applied on 
golf courses and have a similar chemistry to 
DMIs. Previous research has suggested multiple 
resistance among the PGRs flurprimidol and 
paclobutrazol, the succinase dehydrogenase 
inhibitor fungicide boscalid, and the DMI 
propiconazole, with evidence for the involvement 
of the multidrug efflux transporter gene, ShPDR1. 
The objective of this research was to investigate 
if flurprimidol, paclobutrazol, and boscalid select 
for DMI insensitivity in the field. We tested eight 
treatments: flurprimidol alone, tank-mixed with 
propiconazole, and rotated with propiconazole; 
paclobutrazol alone, tank-mixed with 
propiconazole, and rotated with propiconazole; 
propiconazole alone; and boscalid alone. 
S. homoeocarpa was isolated from infected 
turfgrass three times per year in 2010 and 2011 
following treatment applications. A significant 
shift in DMI insensitivity was observed from the 
initial sampling in 2010 to the final sampling in 
2011 for all treatments, except the PGRs alone 
and the untreated control. Both PGRs induced 
overexpression of ShPDR1, and we confirmed 
the functional involvement of ShPDR1 in 
reducing S. homoeocarpa sensitivity to PGRs 
using the ShPDR1 overexpressing yeast mutant. 
These results have important implications for 
managing DMI resistance, further investigating 
the fungistatic activity of PGRs, and developing 
new fungicides for S. homoeocarpa.
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al., 2005). Frequent fungicide applications have selected 
for S. homoeocarpa resistance to the methyl benzimidazole 
carbamate, dicarboximide, and demethylation inhibitor 
(DMI) fungicide classes in the United States and Canada 
(Cole et al., 1968; Detweiler et al., 1983; Golembiewski et al., 
1995). Reduced sensitivity to DMIs is a growing concern 
because they are used to control many turfgrass pathogens 
and are frequently applied to large areas of golf courses, 
along with the chemically related plant growth regulators 
(PGRs), with known fungistatic activities.

Plant growth regulators are routinely used on golf 
courses to reduce turfgrass mowing and improve turfgrass 
quality (Fry and Huang, 2004). Type II gibberellic acid-
inhibiting PGRs, such as flurprimidol and paclobutrazol, 
are commonly used on cool-season turfgrass (Latin, 2011). 
They are similar in chemistry to the DMIs and were found 
to have a fungistatic effect on S. homoeocarpa (Köller, 1987; 
Eckert, 1988; Burpee et al., 1996; Mercier, 1999; Fidanza et 
al., 2006; McDonald et al., 2006; Ok et al., 2011; Putman and 
Kaminski, 2011; Popko and Jung, 2016). Both flurprimidol 
and paclobutrazol have EC50 (effective concentration at 
which 50% of relative mycelial growth is inhibited) values 
that are significantly correlated with the EC50 values 
for multiple DMI fungicides (specifically metconazole, 
myclobutanil, propiconazole, tebuconazole, triadimefon, 
and triticonazole) on S. homoeocarpa isolates (Ok et al., 
2011). Therefore, it may be possible for PGRs to cause a 
population shift in DMI sensitivity in the field.

Fungicide resistance is often conferred by either a point 
mutation in the genetic target of the fungicide or by the 
overexpression of the ATP-binding cassette (ABC) trans-
porter genes (Del Sorbo et al., 2000). The latter is a family 
of genes that are involved in effluxing foreign chemicals 
from inside the fungus and have been implicated in fun-
gicide resistance in many pathogens, including Botrytis 
cinerea Pers. (Kretschmer et al., 2009). Hulvey et al. (2012) 
and Sang et al. (2015) reported that reduced S. homoeocarpa 
sensitivity to the DMIs involves the overexpression of the 
DMI target gene ShCYP51B and overexpression of two 
ABC transporter genes, ShatrD and ShPDR1. Sang et al. 
(2015) tested field isolates of S. homoeocarpa with known 
DMI insensitivity and resistance to unrelated chemicals 
and found a high correlation among EC50 values of propi-
conazole (DMI) and iprodione (dicarboximide) and with 
the EC95 of boscalid (succinate dehydrogenase inhibitor, 
SDHI). Additionally, ShPDR1 was highly constitutively 
overexpressed in DMI insensitive isolates and was further 
induced in the presence of propiconazole and boscalid in 
vitro after only 1 hr, unlike ShatrD (Sang et al., 2015).

To confirm the involvement of ShPDR1 in fungicide 
resistance, Sang et al. (2015) complemented a fungicide 
sensitive yeast mutant (due to a deletion in its native ABC-
transporter genes) with ShPDR1 and found it gained the 
ability to grow on propiconazole and boscalid amended 

media. Based on the effect boscalid has on ShPDR1 
expression and in vitro DMI sensitivity, it is possible 
boscalid applications may select DMI-insensitive isolates 
in the field. Boscalid has been registered since 2003 for use 
on turfgrass to control dollar spot (Mitkowski, 2010). There 
have been no scientific reports of SDHI resistance in  
S. homoeocarpa, although it has been reported for other 
ascomycete plant pathogens (Ishii et al., 2011; Yin et al., 2011; 
Chen et al., 2013; Fernández-Ortuño et al., 2014). However, 
reduced dollar spot control by boscalid has been anecdot-
ally reported by golf course superintendents since 2004  
(G. Jung, personal communication, 2015) and was reported 
in an extension article in which repeated field experiments 
and in vitro assays could not confirm boscalid resistance 
(Gilstrap and Vargas, 2005).

Due to the involvement of ABC multidrug trans-
porters in S. homoeocarpa fungicide resistance and 
potential development of multidrug resistance, we wanted 
to examine the ability of PGRs and boscalid to select for 
DMI-insensitive isolates following their respective appli-
cations in the field. To evaluate if there is an increase in 
DMI-insensitive isolates after PGR and boscalid appli-
cations, we conducted the following studies: (i) we 
measured field efficacy of different spray strategies of 
flurprimidol, paclobutrazol, boscalid, and propiconazole 
on a golf course fairway with a previously confirmed 
DMI-insensitive S. homoeocarpa population to determine 
if there was a loss of dollar spot control; (ii) we monitored 
in vitro DMI sensitivity of the S. homoeocarpa population 
before and after exposure to flurprimidol, paclobutrazol, 
boscalid, and propiconazole in the field to determine if 
there is a shift towards DMI insensitive isolates; (iii) we 
determined the effects of flurprimidol and paclobutrazol 
on ShPDR1 expression levels of two sensitive and two 
insensitive field isolates (previously assayed for propicon-
azole and boscalid); and (iv) we confirmed the functional 
role of ShPDR1 in resistance to PGRs by gene comple-
mentation. We hypothesized that the PGRs and boscalid 
would cause a shift towards DMI-insensitive populations 
in the field and would induce increased expression of the 
ABC-transporter gene ShPDR1 previously known to 
efflux DMIs and other fungicide classes.

MATERIALS AND METHODS
2010 and 2011 Field Efficacy
The field study was conducted on a golf course fairway in 
Amherst, MA. This site had prior confirmation of a S. homoeo-
carpa population with reduced propiconazole in vitro sensitivity, 
reduced propiconazole field efficacy, and the existence of a 
bimodal distribution of DMI-sensitive and insensitive isolates 
within the population (Popko et al., 2012). This study took place 
in 2010 and 2011 on the same research plot. The turfgrass con-
sisted of a mixture of P. annua, A. stolonifera, and A. capillaris L. 
(colonial bentgrass) mowed at 1.3 cm three times weekly. The 
fairway was fertilized annually with a 23–0-20 fertilizer at a rate 
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In Vitro Propiconazole Sensitivity Assays
Sampling of the field efficacy plots began each year when 
approximately 10 dollar spot infection centers were observed 
per plot, immediately prior to the first treatment applications. 
Ten samples were taken from each plot by selecting one leaf 
blade per infection center that showed symptomatic bleached 
lesions with necrotic edges. Samples were collected as follows: 
(1) immediately prior to the first treatment application (Ini-
tial), (2) 7 d after the second treatment application (7-DAT), 
and (3) approximately 21 d after the final treatment application 
(Final) in 2010 and 2011. The 7-DAT collections were made 
within the labeled control period for propiconazole (14–21 d); 
therefore, the samples collected were from dollar spot infection 
centers with active mycelia or recently developed lesions and 
thus indicated practical field resistance (Popko et al., 2012). Due 
to a high level of control, it was not always possible to obtain 10 
samples from the boscalid-treated plots.

Fungal isolation was conducted as described by Jo et al. 
(2006) and Popko et al. (2012). Briefly, infected leaf blades 
were surface sterilized and placed on acidified potato dextrose 
agar (APDA) and grown at 25°C for 2 d. Sclerotinia homoeo-
carpa mycelia from each leaf blades was then subcultured onto 
potato dextrose agar (PDA) and allowed to grow for an addi-
tional 2 to 3 d. Propiconazole in vitro sensitivity assays were 
conducted from a total of 1304 isolates collected over the six 
sample times from all nine treatments, except boscalid. We ini-
tially intended to use boscalid as a positive control for our study 
because of the lack of resistance development, so we did not 
initially sample in 2010; thus, we began sampling the boscalid 
plots from the 7-DAT sampling in 2010. These assays were con-
ducted after S. homoeocarpa isolates had grown in axenic culture 
for 2 to 3 d. Five-millimeter agar plugs were transferred from 
actively growing mycelia of axenic S. homoeocarpa cultures to 
the center of propiconazole-amended (0.1 mg a.i. mL−1) and 
non-amended PDA Petri plates in duplicate by the discrimi-
natory dose protocols described in Jo et al. (2006) and Popko 
et al. (2012). Forty-eight hours after transfer, the diameter of 
actively growing S. homoeocarpa colonies (minus the 5-mm 
plug) was measured at two perpendicular points with digi-
tal calipers (Mahr 16EX, Göttingen, Germany). The average 
mycelial radial growth on amended PDA was divided by the 
average non-amended mycelial radial growth and multiplied by 
100 to give the percent relative mycelial growth (RMG%) of 

of 36.6 kg N ha−1. Irrigation was provided as needed to prevent 
drought stress.

The experimental plot was arranged as a randomized com-
plete block design with three replications. Each plot was 0.91 
´ 1.83 m with 0.31-m buffer strips between each plot. Treat-
ments consisted of paclobutrazol (Trimmit 2SC, Syngenta Crop 
Protection, Greensboro, NC), flurprimidol (Cutless 1.3MEC, 
SePRO Corporation, Carmel, IN), propiconazole (Banner 
MAXX 1.3EC, Syngenta Crop Protection, Greensboro, NC), 
boscalid (Emerald 70WG, BASF Corporation, Research Trian-
gle Park, NC), and an untreated control (Table 1). Flurprimidol, 
paclobutrazol, propiconazole, and boscalid were applied indi-
vidually. Additional treatments included propiconazole tank 
mixed or rotated with flurprimidol and paclobutrazol. All 
single product treatments and the rotation treatments were 
made at 0.88 kg a.i. ha−1 for propiconazole, 0.55 kg a.i. ha−1 for 
flurprimidol, 0.56 kg a.i. ha−1 for paclobutrazol, and 0.39 kg a.i. 
ha−1 for boscalid. The tank-mix treatments included a half rate 
of either PGR (0.28 kg a.i. ha−1) with a half rate of propicon-
azole (0.44 kg a.i. ha−1) (Table 1). Rotation treatments began 
with a PGR application, then propiconazole application, and 
ended with a PGR application. Treatments were applied at 21-d 
intervals with a nozzle pressure of 275.8 kPa on a CO2–pres-
surized boom sprayer equipped with two XR Teejet 8004VS 
nozzles. In 2010, a total of three applications on 30 July,  
19 August, and 10 September were made, and in 2011, four 
applications on 10 June, 5 July, 25 July, and 16 August were 
made because of favorable weather conditions for disease devel-
opment. All chemicals were agitated by hand and applied in the 
equivalent of 81.5 mL water m−2.

Disease severity ratings were taken approximately every  
7 d by counting individual dollar spot infection centers per plot, 
beginning on the date of the first application until 21 d after the 
last application was made. Area under the disease progress curve 
(AUDPC) was calculated for the number of infection centers per 
plot with the equation ( ) ( ) 1  1 / 2 –  i i i iy y t t+ +

é ùê + úë ûå , where yi 
equals the number of infection centers per plot at day ti of the ith 
rating (Campbell and Madden 1990). Analysis of variance was 
conducted on the number of dollar spot infection centers for each 
rating date and AUDPC to determine treatment effects for each 
year separately in PROC GLM (SAS 9.1.3; SAS Institute, 2004). 
If significant treatment effects existed, Fisher’s protected LSD test 
was used for mean separation (a = 0.05).

Table 1. List of treatments applied, rates and dates applied.

Treatment Rate
Application date

Practice2010 2011
kg a.i. ha−1

Untreated – – –

Flurprimidol 0.55 7/30, 8/19, 9/10 6/10, 7/5, 7/25, 8/16 Alone

Paclobutrazol 0.56 7/30, 8/19, 9/10 6/10, 7/5, 7/25, 8/16 Alone

Flurprimidol rotated  
   with propiconazole

0.55 
0.88

7/30, 9/10 
8/19

6/10, 7/25 
7/5, 8/16

Rotation

Paclobutrazol rotated with 
propiconazole

0.56 
0.88

7/30, 9/10 
8/19

6/10, 7/25 
7/5, 8/16

Rotation

Flurprimidol + propiconazole 0.28 + 0.44 7/30, 8/19, 9/10 6/10, 7/5, 7/25, 8/16 Tank mix

Paclobutrazol + propiconazole 0.28 + 0.44 7/30, 8/19, 9/10 6/10, 7/5, 7/25, 8/16 Tank mix

Propiconazole 0.88 7/30, 8/19, 9/10 6/10, 7/5, 7/25, 8/16 Alone

Boscalid 0.39 7/30, 8/19, 9/10 6/10, 7/5, 7/25, 8/16 Alone
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each isolate. Relative mycelial growth over 50% is considered 
DMI insensitive, as determined by Popko et al. (2012).

Analysis of variance was conducted on RMG% for the 
main effects of sample time and treatment and on the inter-
action of sample time by treatment sliced by treatment using 
PROC GLM due to a biological significance on population 
dynamics (SAS 9.1.3; SAS Institute, 2004). Mean RMG% of 
main effects or interactions were separated by Fisher’s protected 
LSD test (a = 0.05). Means were calculated based on a range of 
12 to 30 isolates per treatment at each sample time.

Assessment of ShPDR1 Expression Levels
Two DMI-sensitive isolates, HRS10 (propiconazole EC50  
0.02 mg mL−1) and HRS4 (propiconazole EC50 0.03 mg mL−1), 
and two DMI-insensitive isolates, HRI11 (propiconazole EC50 
0.75 mg mL−1) and HRI1 (propiconazole EC50 0.83 mg mL−1) 
(Sang et al., 2015), were grown in half-strength potato dex-
trose broth (PDB) for 4 d at 25°C. These isolates were sampled 
from the same golf course and are considered representative 
of field isolates from that location. Commercial formulations 
of paclobutrazol at 3 mg mL−1 and flurprimidol at 10 mg mL−1 
were added to two tubes per isolate, and two additional tubes 
per isolate were used as untreated controls. Fungal mycelia 
were exposed to the treatments for 30 min and then immedi-
ately frozen in liquid nitrogen and stored at −80°C. RNA was 
extracted from each isolate and then converted into comple-
mentary DNA. These concentrations were chosen based on 
the EC50 values for these chemistries determined in Ok et al. 
(2011). The relative expression of ShPDR1 was determined by 
quantitative real-time polymerase chain reaction performed on 
three technical replicates of each biological replicate (two bio-
logical replicates per isolate and treatment) with primers for the 
ShPDR1 gene, and actin gene (Shact) was used as the house-
keeping gene (Sang et al., 2015). ShPDR1 gene expression was 
normalized compared with Shact expression. Analysis of vari-
ance was conducted to determine significant differences among 
sensitive versus insensitive strains and among treatments using 
PROC GLM (SAS 9.1.3; SAS Institute, 2004). If significant 
treatment effects existed, Fisher’s protected LSD test was used 
for mean separation (a = 0.05).

Yeast Complementation of ShPDR1
To confirm the involvement of the ShPDR1 transporter in 
resistance to fungicide and PGRs, the Saccharomyces cerevisiae 
(yeast) ABC-transporter deletion mutant (AD12345678) trans-
formed with the galactose-inducible expression vector pYES2 
with ShPDR1 (AD1–8:PDR1) and a control mutant trans-
formed with the empty pYES2 vector (AD1–8-pYES2) were 
used (Decottignies et al., 1998; Sang et al., 2015). Qualitative 
assessment of growth of yeast cells (presence vs. absence) was 
taken as described in Sang et al. (2015), using a single discrimi-
natory concentration of the PGRs. In brief, the yeast mutants 
were grown on yeast nitrogen base (YNB) (AMRESCO, 
Solon, OH) medium lacking uracil and containing 2% galac-
tose at 30°C for 3 d and were diluted to an optical density at 
600 nm (OD600) of 0.5 using Spectronic 20 (Bausch and Lomb, 
Rochester, NY). Five microliters of diluted yeast cells was spot-
ted on the plate with a YNB agar medium lacking uracil and 
containing 2% galactose and amended with commercial-grade 

propiconazole (0.004 mg mL−1), flurprimidol (25 mg mL−1), or 
paclobutrazol (0.1 mg mL−1). After the plates had been incu-
bated at 30°C for 4 d, pictures were taken of the plates to assess 
growth qualitatively. Two biological replicates and three tech-
nical replicates per biological replicate were conducted for each 
transformant and treatment.

RESULTS
2010 and 2011 Field Efficacy
The number of dollar spot infection centers on the untreated 
plots increased throughout the growing season in 2010 and 
2011 (Tables 2 and 3). All rating dates after the first two con-
tained significant differences in dollar spot severity among 
treatments in both years (Tables 2 and 3). In 2010, most treated 
plots had significantly fewer dollar spot infection centers than 
the untreated plots on all rating dates, except flurprimidol on 
19 August, 3 September, and 10 September; paclobutrazol on 
19 August and 10 September; the flurprimidol rotation on 
19 August; and the paclobutrazol rotation on 12 August and 
19 August. The boscalid, propiconazole, and PGR tank-mix 
treatments contained the lowest average number of infection 
centers throughout all rating dates and were statistically simi-
lar to each other (Table 2).

In 2011, the number of infection centers on both the 
flurprimidol and paclobutrazol treatments were similar to 
the untreated on 10 June, 20 June, 28 June, and 5 July, 
and paclobutrazol alone was similar to the untreated on 
9 August (Table 3). On all other rating dates, PGR treat-
ments alone controlled dollar spot significantly better 
than the untreated control. Dollar spot infection centers 
were numerically the lowest for the boscalid treatment 
throughout all rating dates (Table 3).

The AUDPC data indicated a similar trend among 
treatments in both years (Tables 2 and 3). Flurprimidol and 
paclobutrazol applied alone controlled dollar spot signifi-
cantly better (p < 0.0001) than the untreated in 2011, but 
not in 2010. In both years flurprimidol and paclobutrazol 
were not significantly different from their rotations with 
propiconazole. In 2010 and 2011 propiconazole applied 
alone (0.88 kg a.i. ha−) and PGRs at half rates tank mixed 
with propiconazole (0.44 kg a.i. ha−1) performed statisti-
cally similar to boscalid (Tables 2 and 3). In 2011, however, 
the same three treatments had numerically higher AUDPC 
values than the boscalid treatment (Table 3).

In Vitro Propiconazole Sensitivity Assays
Analysis of variance of in vitro propiconazole RMG% values 
determined that the main effect of sample time (p = 0.0013) and 
the sample time-by-treatment interaction (p = 0.0001) were 
statistically significant, but the treatment effect (p = 0.0527) 
was not. The sample time-by-treatment interaction sliced 
by treatment determined significant differences in mean 
RMG% among sample times with the exception of two 
treatments: untreated and paclobutrazol alone (Fig. 1).
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in RMG% from the 2010 Final sampling date to the 
2011 Initial sampling date (Fig. 1). Isolates from boscalid-
treated plots were not initially sampled in 2010; however, 
there was a significant decrease in mean RMG% in the 
Initial sampling of 2011 compared with the 2010 Final 
sampling, followed by an increase in RMG% for all sub-
sequent dates (Fig. 1).

Assessment of ShPDR1 Expression Levels
ShPDR1 was constitutively expressed at a higher rate in 
the DMI-insensitive isolates, HRI1 and HRI11, than 
in the sensitive isolates, HRS4 and HRS10 (Fig. 2). 
There was no significant change in ShPDR1 expression 

Propiconazole alone was the only treatment in which 
there was a significant increase in mean RMG% compared 
with the Initial treatment for all sampling dates (Fig. 1). 
Mean RMG% of isolates from the propiconazole treatment 
increased significantly from 36% in the 2010 Initial to 71% 
in the 7-DAT and did not drop below 62% for the remain-
der of the study. The flurprimidol treatment was the only 
treatment that increased in 2010 from the Initial sampling 
compared with 7-DAT and Final, but all samples in 2011 
had RMG% similar to the Initial sampling in 2010 (Fig. 1).

The remaining treatments all demonstrated an 
increase in mean RMG% from the Initial to the Final 
sampling date in 2010 and 2011 and showed a decrease 

Table 2. Effect of treatment within sample time on the number of dollar spot infection centers in 2010.†

Treatment
Mean number of dollar spot infection centers‡

AUDPC¶12 Aug. 19 Aug.§ 26 Aug. 3 Sep. 10 Sept.§ 17 Sept. 24 Sept. 4 Oct.
Untreated 35.7a 42.7a 56.0a 67.7a 58.3a 69.0a 91.3a 131.0a 3879.7a

Flurprimidol 15.3b 35.3a 43.7ab 47.3ab 42.7a 32.7bc 37.3bc 90.3b 2382.2ab

Paclobutrazol 14.3b 31.7ab 32.7bc 37.3bc 43.3a 46.3b 47.7b 88.3b 2358.5ab

Flurprimidol rotation# 18.3b 28.0abc 25.7bcd 20.3bcd 18.0b 20.0c 36.3bc 71.7b 1665.2bc

Paclobutrazol rotation# 23.3a 25.3abcd 19.3cd 18.0cd 13.7b 16.0c 23.7cd 64.7bc 1413.5bc

Flurprimidol tank mix†† 1.7b 4.7d 6.3d 8.0d 10.3b 7.7c 10.7d 30.3cd 525.3c

Paclobutrazol tank mix†† 6.7b 4.7d 4.3d 7.0d 9.0b 8.3c 10.7d 26.0d 522.8c

Propiconazole 3.7b 8.3cd 10.7cd 11.7cd 10.3b 7.7c 9.3d 19.3d 591.0c

Boscalid 4.3b 11.0bcd 8.3d 6.3d 5.7b 4.3c 7.3d 7.0d 430.7c

† The 30 July and 5 August rating dates were not included because there were no significant differences among treatments.

‡ Dollar spot infection centers per plot are reported as a mean of three replications. Means followed by the same letter are not significantly different according to Fisher’s 
protected LSD test (a = 0.05).

§ Indicates dates when fungicide applications were made.

¶ AUDPC, area under the disease progress curve.

# Rotation treatments were made as follows: plant growth regulators (PGRs) flurprimidol and paclobutrazol applied 30 July and 10 September and propiconazole applied 
19 August.

†† Half rates of the PGRs were applied with half rates of propiconazole.

Table 3. Effect of treatment within sample time on the number of dollar spot infection centers in 2011.†

Treatment
Mean number of dollar spot infection centers‡

AUDPC¶28 Jun. 5 Jul.§ 11 Jul. 18 Jul. 25 Jul.§ 1 Aug. 9 Aug. 16 Aug.§ 23 Aug. 31 Aug. 14 Sep.
Untreated 21.0a 39.0a 52.7a 31.3a 89.3a 76.7a 85.0a 62.3a 65.0a 65.0a 102.3a 5474.7a

Flurprimidol 21.0a 35.7a 25.7bc 8.3b 54.3b 56.3b 50.3bc 40.3b 27.0b 36.0b 67.7b 3409.0b

Paclobutrazol 22.7a 34.3a 33.3b 10.7b 51.3bc 53.7b 68.7ab 44.3b 22.0b 29.0bc 46.7b 4250.2b

Flurprimidol rotation# 22.0a 31.7ab 24.3bc 1.3b 10.7d 22.3c 46.3bc 43.3b 27.3b 14.3bcd 68.0b 3036.7bc

Paclobutrazol rotation# 18.0ab 28.7abc 17.0cd 6.7b 26.0cd 24.3c 41.3c 30.0c 9.7c 7.7cd 57.3b 2404.8bc

Flurprimidol tank mix†† 4.7b 10.3c 8.3d 0.7b 10.7d 11.0cd 4.3d 12.3d 10.3c 6.7cd 43.7b 1159.2cd

Paclobutrazol tank mix†† 6.3b 12.7bc 8.3d 1.7b 11.0d 10.3cd 9.0d 15.3d 9.0c 5.7cd 49.0b 1328.3cd

Propiconazole 4.3b 22.3abc 9.0d 0.7b 11.3d 11.7cd 5.3d 8.0de 9.3c 4.0cd 66.3b 1225.5cd

Boscalid 4.3b 10.7c 7.3d 0.7b 0.7d 1.3d 0.0d 0.7e 0.0c 0.0d 8.0c 408.5d

† The 10 June and 20 June rating dates were not included because there were no significant differences among treatments. 

‡ Dollar spot infection centers per plot are reported as a mean of three replications. Means followed by the same letter are not significantly different according to Fisher’s 
protected LSD test (a = 0.05).

§ Indicates date when fungicide applications were made.

¶ AUDPC, area under the disease progress curve.

# Rotation treatments were made as follows: plant growth regulators (PGR) flurprimidol and paclobutrazol applied 10 June and 25 July and propiconazole applied 5 July and 
16 August.

†† Half rates of the PGRs were applied with half rates of propiconazole.
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following exposure to paclobutrazol for the sensitive 
isolates, but there was a fourfold change in ShPDR1 
expression in the paclobutrazol-exposed insensi-
tive isolates compared with the unexposed isolates  
(p < 0.0001 for HRS10 and HRI1, p = 0.0023 for 
HRI11, p = 0.0001 for HRS4). Flurprimidol caused, 
on average, a fivefold change in expression for HRS4, 
a 20-fold increase for HRS10, a 15-fold increase for 
HRI1, and a 21-fold increase for HRI11 (Fig. 2).

Yeast Complementation of ShPDR1
The yeast ABC-transporter deletion mutant 
(AD12345678) transformed with full-length ShPDR1 
complementary DNA was able to grow on media 
amended with propiconazole (as previously reported 
in Sang et al., 2015), flurprimidol, and paclobutrazol, 

whereas the yeast mutant carrying the empty vector 
was not able to grow on any of the chemicals tested 
(Fig. 3).

DISCUSSION
Fungicide resistance, especially for the DMI class, is impact-
ing S. homoeocarpa control for many turfgrass managers. The 
results of our study showed that all treatments reduced dollar 

Fig. 1. Mean relative mycelial growth (RMG%) of Sclerotinia homoeocarpa isolates assayed on a single discriminatory dose of 0.1 mg 
a.i. mL−1 propiconazole from three replications for each treatment compared separately over six sample times in 2 yr. Within each 
treatment, bars followed by the same letter are not significantly different according to Fisher’s protected LSD. Treatments were made on 
21-d intervals with three applications in 2010 and four applications in 2011 as follows: untreated control, flurprimidol (0.55 kg a.i. ha−1), 
paclobutrazol (0.56 kg a.i. ha−1), propiconazole (0.88 kg a.i. ha−1), flurprimidol and propiconazole rotation (0.55 and 0.88 kg a.i. ha−1), 
paclobutrazol and propiconazole rotation (0.56 and 0.88 kg a.i. ha−1), flurprimidol and propiconazole tank mix (0.28 and 0.44 kg a.i. ha−1), 
paclobutrazol and propiconazole tank mix (0.28 and 0.44 kg a.i. ha−1), and boscalid (0.39 kg a.i. ha−1).

Fig. 2. Relative expression of ShPDR1 in two demethylation 
inhibitor (DMI)-sensitive isolates (HRS4 and HRS10) and two 
insensitive isolates (HRI11 and HRI1) in the absence or presence 
of paclobutrazol (3 mg ml−1) and flurprimidol (10 mg ml−1) after 30 
min. Error bars represent standard error of the mean.

Fig. 3. Effect of heterologous overexpression of ShPDR1 in 
Saccharomyces cerevisiae (yeast) strain AD12345678 (AD1–8) in 
the presence of flurprimidol (25 mg ml−1), paclobutrazol (0.1 mg ml−1), 
and propiconazole (0.004 mg ml−1). The yeast strain AD1–8 was 
transformed with empty vector pYES2 (AD1–8-pYES2) and with 
pYES2 containing the full length of ShPDR1 (AD1–8:PDR1) previously 
developed in Sang et al. (2015). The fungicide sensitivity of the strains 
was assayed here for the purpose of reproducibility and comparison. 
*Indicates results previously reported in Sang et al. (2015).
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spot infection centers throughout the trial (although not 
significantly so for flurprimidol and paclobutrazol in 2010) 
compared with the untreated plots, suggesting that there was 
no complete loss in field efficacy. Despite chemical control 
being effective, all treatments containing propiconazole, 
regardless of rate, increased mean RMG% after application 
in 2010 and 2011, which is consistent with previous research 
showing a rapid selection of DMI-insensitive isolates (Jo et al., 
2008), and increased the proportion of S. homoeocarpa isolates 
with DMI insensitivity (RMG% > 50).

In 2010, only one application of propiconazole either 
alone, in rotation, or tank mixed was needed to cause 
a significant increase in mean RMG%. The increase in 
RMG% after boscalid application at 7-DAT and Final 
sampling compared with the Initial sampling in 2011 
suggest that this SDHI active ingredient selects for DMI 
insensitive isolates (Fig. 2). The untreated control showed 
no difference in RMG% throughout the study, support-
ing the evidence that propiconazole and boscalid selected 
DMI-insensitive isolates. Previous studies have indicated 
that the PGRs paclobutrazol and flurprimidol have in vitro 
and in vivo fungistatic effects on S. homoeocarpa (Burpee et 
al., 1996; Mercier, 1999; Fidanza et al., 2006; McDonald et al., 
2006; Ok et al., 2011; Putman and Kaminski, 2011). How-
ever, we did not see selection of DMI-insensitive isolates 
following applications of these two PGRs in the field.

Previous research on the stability of DMI insensitiv-
ity in the peach pathogen Monilinia fructicola (G. Winter) 
showed that isolates became sensitive to DMIs in the 
absence of DMI applications during two cold storages for 
8 or 34 mo (Cox et al., 2007). In the absence of selection 
pressure, isolates with reduced DMI sensitivity may be 
less fit or competitive and decrease in abundance by the 
next spring. In this study, the mean RMG% of isolates 
from all treatments, except propiconazole alone, showed 
a significant decrease in mean RMG% from the 2011 
Initial sampling compared with the 2010 Final sampling  
(Fig. 1), suggesting a reduction of insensitive isolates over 
the winter. However, propiconazole alone showed an 
increase in mean RMG% from the 2010 Initial sample 
throughout the entire study, without a decline in RMG% 
between 2010 Final and 2011 Initial (Fig. 1), demonstrat-
ing that DMI-insensitive isolates were not reduced over 
the winter. Tank-mix or rotation treatments of both PGRs 
did not exert the same level of persistent selection pressure 
for S. homoeocarpa isolates with reduced sensitivity as propi-
conazole applied alone, potentially due to the high dose of 
fungicide provided in the propiconazole alone treatment.

Sang et al. (2015) demonstrated that exposure to propi-
conazole and boscalid induced overexpression of ShPDR1. 
Our results show that flurprimidol and paclobutrazol were 
also able to induce overexpression of this ABC multidrug 
efflux transporter gene. The induction was higher in 
flurprimidol, potentially due to the higher concentration 

of this chemical compared with paclobutrazol used in the 
assay. The concentrations were based on the higher EC50 
value for flurprimidol compared with paclobutrazol (Ok et 
al., 2011), but if a higher concentration of paclobutrazol was 
tested, it may produce higher overexpression of ShPDR1, 
similar to flurprimidol. The growth of the yeast ABC-
transporter deletion mutant complemented with ShPDR1 
on paclobutrazol and flurprimidol suggests that the mutant 
was capable of effluxing the PGRs and led to reduced 
chemical sensitivity. These chemicals could be increas-
ing chemical efflux within S. homoeocarpa or selecting for 
isolates with higher constitutive expression of ShPDR1, 
which may lead to the development of insensitive DMI 
populations. The ABC multidrug efflux transporters, 
such as PDR5 from S. cerevisiae, were reported to have the 
ability to efflux DMI fungicides and unrelated chemicals, 
such as cycloheximide, mycotoxins, and cerulin (Ernst et 
al., 2005). However, this is the first report of a fungal ABC 
transporter capable of effluxing PGRs.

Although all treatments were effective at controlling 
dollar spot disease, there was varying degrees of control. 
Flurprimidol and paclobutrazol rotation treatments used 
the same amount of active ingredient as the tank-mix treat-
ments; however, greater dollar spot control was achieved 
with the tank-mix treatments in both years. This was likely 
due to the 42-d interval between propiconazole applica-
tions in the rotation treatments, versus the more frequent 
propiconazole applications in the tank mixes. The tank-
mix treatments used less active ingredient of propiconazole 
(0.44 kg a.i. ha−1) at each application than propiconazole 
applied alone but provided equal control to propiconazole 
(0.88 kg a.i. ha−1) and boscalid in both years.

In a perennial system, such as turfgrass, the effect of 
dose and frequency of fungicide use on the selection of iso-
lates with reduced sensitivity has not been widely studied 
compared with annual cropping systems, in which the host 
and sometimes inoculum are removed from the field annu-
ally (van den Bosch et al., 2011). The results of this study 
demonstrate the potential for fungicide resistance and loss 
of field efficacy following repeated applications of propi-
conazole, PGRs, and boscalid. From a practical standpoint, 
if propiconazole is chosen to control a S. homoeocarpa pop-
ulation with reduced DMI sensitivity, tank mixing either 
flurprimidol or paclobutrazol (0.28 kg a.i. ha−1) with 0.44 
kg a.i. ha−1 of propiconazole might be a better option for 
dollar spot control and resistance management than using 
a higher propiconazole rate alone. Frequency of use should 
be reduced for these chemistries if long-term field efficacy 
is desired. Additionally, fungicide resistance management 
plans should consider the effect of spraying PGRs for 
growth regulation on resistance development. The repeated 
spraying of paclobutrazol and flurprimidol may lead to fun-
gicide resistance. Therefore, chemically unrelated PGRs 
may need to be used where DMIs are applied.
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Caution should be taken when rotating or tank mixing 
boscalid with propiconazole due to the ability of boscalid 
to select for DMI insensitivity in vitro and in the field. 
Additional research into the effect of dose and frequency 
of DMI and boscalid fungicides and PGRs on populations 
with reduced DMI sensitivity and long-term monitoring of 
population dynamics is required to develop better resistance 
management strategies for S. homoeocarpa. Our research sup-
ports existing evidence for the role of ABC transporters in 
multiple resistance to unrelated chemistries, suggesting that 
unrelated chemistries may have a higher risk of fungicide 
resistance development than previously thought and may 
warrant investigation in future studies.
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