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ABSTRACT 

 

Changes in Sensitivity of Sclerotinia homoeocarpa to the Demethylation Inhibitor Fungicide 

Propiconazole 20 Years After First  

 

Anne-Miet Van Den Nieuwelaar                                                         Advisor: 

University of Guelph, 2015       Professor Tom Hsiang 

 

In 2013, samples of dollar spot disease from turfgrass were collected from 13 locations in 

southern Ontario. At least 50 Sclerotinia homoeocarpa isolates from each site were tested for 

fungicide sensitivity and growth inhibition (EC50) was calculated. The 2013 populations which 

had received many DMI treatments (25-78) over 20 years were much less sensitive (EC50=0.046 

µg/mL) than those of the baseline 1994 study (0.008 µg/mL) or the 2003 study (0.030 µg/mL). 

To assess whether isolates with the most resistance would pose disease control issues, seven 

isolates of S. homoeocarpa (EC50 of 0.005-0.55 µg/mL) were inoculated onto three plots areas, 

and then plots were treated with low rate propiconazole. The least sensitive isolates were not 

inhibited by this low rate. We projected that over 65 DMI fungicide applications are needed to 

shift population EC50 values to over 0.1 µg/mL, which might result in reduced levels of disease 

control in the field. 
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Chapter 1:  Literature Review 

1.1 Introduction 

 The golf course industry has a low aesthetic tolerance for fungal diseases such as dollar 

spot. Using single mode of action fungicides has led to concern about field resistance (Hsiang et 

al., 1997, 2007). The dollar spot fungus, Sclerotinia homoeocarpa, is the most prevalent 

pathogen on intensively managed golf courses in the Great Lakes region (Hsiang et al., 1997; 

Smith et al., 1989). There have been many approaches to control dollar spot, but aside from good 

agronomic and cultural practices (e.g. mowing, rolling, aerification, topdressing, irrigation, and 

fertilization), many superintendents rely heavily on chemical fertilizers and fungicides to prevent 

or manage diseases (Smiley et al., 2005). 

 In the past (and even currently), multiple preventative fungicide applications per season 

have been used to control dollar spot fungus. Heavy use of fungicides with the same modes of 

action has led to the selection of fungal genotypes with a reduced sensitivity to fungicides. There 

are relatively few fungicides registered for use on turf in Canada compared to the USA, and there 

are major concerns about the development of economically significant field resistance and the 

consequent loss of fungicides (Hsiang et al., 2007).  

1.2 Origin, Distribution, Host Range, and Taxonomy of the Dollar Spot Fungus 

 In 1915, the dollar spot fungus was first documented on a golf course green in 

Philadelphia, PA, USA. Dollar spot is the most prevalent disease in North America; in Canada 

the most severely affected area is Great Lakes region. In 1933, the dollar spot fungus was first 

isolated and identified as Sclerotinia homoeocarpa in Britain (F.T Bennett, 1937). A summary of 

the distribution and hosts can be found in Table 1-1. Dollar spot can be found in continental 

Europe, Asia, Australia, and New Zealand (Hsiang and Mahuku, 1999; Reilly, 1969; Smith et al., 
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1989; Worrad and Wong, 1988).  

 The dollar spot fungus is currently classified as S. homoeocarpa, but this classification is 

under revision. The proposed reclassification is a transfer into one of the following genera: 

Lanzia, Moellerodiscus, or Rutstroemia. One reason for the proposed reclassification of the 

fungus is that S. homoeocarpa fails to form sclerotia which is a characteristic of Sclerotinia 

species. Other reasons for the proposed reclassification are apothecial morphology of S. 

homoeocarpa differs from that of other Sclerotinia species and that electrophoretic protein 

patterns and ribosomal DNA of S. homoeocarpa are more similar to those of Lanzia, 

Moellerodiscus, or Rutstroemia (Allen et al., 2005).  

1.3 Dollar Spot Disease Description 

1.3.1 Symptoms and identification  

 Sclerotinia homoeocarpa occurs on most turfgrass species worldwide (Smiley et al., 

2005). Images of the signs and symptoms can be found in Figure 1-1. Symptoms of dollar spot 

begin as chlorotic lesions on the leaf blades, and as the infection intensifies these lesions become 

water-soaked and eventually become bleached out. The bleached-out lesions are bounded by a 

tan to reddish-brown margin, and generally extend across the entire leaf. On turfgrass cut less 

than 1 cm in height, bleached circular patches up to 6 mm in diameter may be visible (Smiley et 

al., 2005). When there is heavy dew, web-like mycelia may be seen on infected turf (Smiley et 

al., 1992). When the dollar spot fungus is cultured in the lab, S. homoeocarpa can be identified 

by fast-growing, fluffy white mycelium, and as it ages, it assumes variable shades of olive, black, 

gray, yellow, or brown (Smiley et al., 2005). 

1.3.2 Disease cycle and epidemiology 

 Sclerotinia homoeocarpa survives unfavorable periods as dormant mycelium on infected 
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plants and stromata on leaf surfaces. The fungus can spread by the movement of infected leaf 

blades on equipment, people, animals, water or wind. Prolonged high humidity and leaf wetness 

in the turfgrass canopy promotes fungal growth and mycelia from within infected tissue or from 

stroma colonize foliar tissue (Smiley et al., 2005). Dollar spot has a long period of activity and 

the fungus may be active in mid-spring through late autumn in the Great lakes region (Ayers et 

al., 1991; Hsiang et al., 2007).  

 Optimal conditions for dollar spot include warm, humid weather during the day and cool 

nights that result in heavy dew (Vargas, 1993). The optimum temperature range is 15 to 30 C, 

and the pathogen penetrates the plant tissue after periods of prolonged humidity and leaf wetness 

(Walsh et al., 1999). Under low nitrogen fertility, turfgrass is more susceptible to the dollar spot 

fungus (Allen et al., 2005). The fungus spreads to new areas by the transportation of infected 

clippings and sod on shoes, mowers, golf carts, and other turf equipment, and by animals, water, 

and wind (Smiley et al., 2005).  

1.4 Controls  

1.4.1 Cultural controls  

 Cultural controls are used to modify the environment to make it unfavourable for fungal 

growth. Although things like temperature, humidity and the amount of precipitation cannot be 

controlled, there are ways to modify the environment to reduce the negative impact of turfgrass 

diseases. According to Smiley et al. (2005), maintaining high nitrogen fertility during periods of 

dollar spot activity can be used to control dollar spot symptoms because nitrogen promotes grass 

growth to allow the turf to out-grow the symptoms of the disease. Mowing enhances density, 

texture, root development, wear tolerance, and quality of turfgrass (Smiley et al., 2005), and 

regular mowing does not prevent the disease but may allow the grass to outgrow the disease 
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symptoms.  

 Proper irrigation practices are also an essential for dollar spot disease management. 

Irrigation should be applied between midnight and early morning because this is when the turf 

canopy is naturally wet with dew or guttation (Smiley et al. 2005). Ideally, turf managers should 

water in the early morning because this allows the turf to dry and avoids prolonged leaf wetness. 

Deep, infrequent watering is preferred. Watering in the evening prolongs leaf wetness and is not 

recommended. Whipping, poling, or dragging a hose across the turf surface will remove the dew 

from the leaf surface. Promoting good air circulation over the turf by pruning or removing trees 

or shrubs and removing other barriers that prolong leaf wetness is a long-term cultural control 

practice to help prevalent disease development (Smiley et al., 2005). Another long-term strategy 

is to select cultivars that are resistant to dollar spot. There are several varieties of A. stolonifera 

that have been identified as having higher resistance to S. homoeocarpa; however, there are 

currently no cultivars that are considered completely resistant to the fungus (Belanger et al., 

2004).  

1.4.2 Chemical control  

 Fungicides are widely used for protection against plant pathogens and form a key part of 

integrated pest management (IPM). Superintendents have been using fungicides for decades 

because they affect the target microorganism and inhibit fungal growth rapidly (Elmer, 2006). 

Fungicides that are registered for the control of S. homoeocarpa on turf in Canada are 

summarized in Table 1-2. Fungicides are categorized in several ways based on different 

characteristics; the earliest types used were contact fungicides. Contact fungicides are also 

known as protectants and are not absorbed into the plant. They stay on the surface to prevent 

infection. In contrast, systemic fungicides are absorbed and move throughout the xylem or 
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phloem, depending on their chemical properties, and have activity against existing infections 

(Couch, 1995). 

  Fungicide sensitivity can be estimated by growing the fungus on media amended with 

fungicide and comparing the extent of growth inhibition against non-amended media (Hsiang et 

al., 1997; Miller et al., 2002). For more precise estimates, EC50 values (effective concentration 

required to inhibit mycelial growth by 50%) are calculated by testing on a series of 

concentrations. If the fungal population has a reduced sensitivity, the levels of control will 

become shorter than that listed on the fungicide label (Miller et al., 2002). If the fungal 

population becomes resistant, the fungicide no longer provides adequate control of the pathogen 

at the label rate and extensive disease can develop even with fungicide applications. This is 

referred to as disease control failure. The average EC50 of the fungicide-treated population 

divided by the average EC50 value of the untreated population is a statistic known as the 

resistance status of the current population (Cole et al., 1974; Massie et al., 1968; Nicholson et al., 

1971). This method of estimating fungicide sensitivity has been used in previous studies with S. 

homoeocarpa and Venturia inaequalis (Hsiang et al., 1997, 2007; Miller et al., 2002; Sholberg et 

al., 1989). 

 Fungicides have been used for the control of turf pathogens since 1917, when Bordeaux 

mixture was used for brown patch caused by Rhizoctonia solani  (Monteith and Dahl, 1932). 

During the 1920s, mercury compounds were introduced and used to control brown patch and 

dollar spot (Monteith and Dahl, 1932). At this time, people started tank mixing two fungicides 

with different characteristics to reduce phytotoxicity and to speed action (Couch, 1995).  

 The dialkyldithiocarbamate fungicide thiram, was the first organic fungicide to be 

registered for turfgrass diseases in the 1940s (Harrington, 1941). Thiram interferes with fungal 
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cellular respiration, and exhibits greater efficacy and less phytotoxicity than mercury-based 

fungicides.  Mercury-based fungicides were de-registered in 1995 in Canada (Sang and Lourie, 

1996) because they can cause chronic and acute health problems for humans (Bakir et al., 1980; 

Grandjean et al., 1995). 

 Mancozeb first registered in Canada in 1963 (Anonymous, 1963) is an 

ethylenebisdithiocarbamate fungicide and is thought to interfere with enzyme activity in fungal 

cells (Kaars Sijpesteijn and Janssen, 1959).  Reduced sensitivity has been found to occur in 

response to treatment with these fungicides (Cole et al., 1968; Massie et al., 1968). Another 

group cadmium-based fungicides, was used from the 1940s to mid-1960s (Fenstermacher, 1980). 

Cadmium-based fungicides were effective against dollar spot but in the late 1960s there were 

several reports of dollar spot control issues with cadmium-based fungicides as well as mercury-

based fungicides (Cole et al., 1968; Fernstermacher, 1980; Jackson, 1966; Massie et al., 1869; 

Smith et al., 1989). 

Fungicides that incur a low fitness cost can result in the fungus developing resistance 

relatively easily (Warren et al., 1977). For example, if a fungicide targets a particular enzyme, 

the fungus can develop resistance through mutations in the gene encoding the enzyme, but this 

might make the enzyme less efficient at its original function. Older fungicides, like mercury and 

cadmium-based fungicides have negligible to no selectivity and generally kill everything living 

in the soil. Other contact fungicides are more selective and less toxic then mercury and 

cadmium-based fungicides (Warren et al., 1977). Heavy metal based fungicides (such as 

cadmium-based fungicides) are toxic because they release free radicals which exerts a disruptive 

effect on cell membranes. Mechanisms of resistance against these broad-spectrum fungicides 

include sequestration, compartmentalization, and decreased transport (Gadd, 1993).   
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 In the early 1960s, the contact fungicide chlorothalonil was developed. Chlorothalonil is 

still very effective against dollar spot, and there are no confirmed cases of resistance (Hsiang and 

Cook, 1992; Vincelli and Doney, 1997). This improvement in efficacy relative to early 

fungicides is because contact fungicides have shorter periods of control compared to systemic 

fungicides and therefore need to be applied more frequently then systemic fungicides (Vargas, 

1993). Anilazine is also a contact fungicide but resistance has been reported (Cole et al., 1968; 

Massie et al., 1968); however, it can still be used synergistically with propiconazole (Couch, 

1995). Chlorothalonil is still one of the most commonly used turf fungicides. Like chlorothalonil, 

quintozene (pentachloronitrobenzene or PCNB) is also a multi-site activity protectant, and both 

have chlorinated ring structures. Quintozene has been de-registered in Canada and there is 

speculation that chlorothalonil will also be de-registered because there is concern that the 

chlorinated ring compounds can be contaminated by hexachlorobenzene, which is considered to 

be a carcinogen to mammals (Newhook and Meek, 2008). 

 Benzimidazole fungicides have systemic activity and were found to be effective against 

fruit pathogens in the eastern USA (Delp and Klopping, 1968). Compared to contact fungicides, 

benzimidazoles have a lower rate of application to effectively control dollar spot (Massie et al., 

1968; Reilly, 1969; Rivera et al., 2004). Benzimidazoles have a single site of action, which 

inhibits the beta-tubulin enzyme in fungi; because this fungicide group only has one mode of 

action, resistance occurred within 3 years after their first use on a variety of pathogens (Warren 

et al., 1974). 

 In the 1980s, a variety of dicarboximide fungicides were registered, including iprodione . 

Dicarboximide fungicides are locally systemic which means that they enter the plant but do not 

move within it. Resistance has been observed within this group of fungicides (Warren et al., 
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1977). In the 2000s, strobilurin fungicides were introduced, and these include azoxystrobin , 

trifloxystrobin, and pyraclostrobin. Strobilurins interfere with energy production in the 

mitochondria, but they have poor efficacy against dollar spot (Vincelli, 2002).  It is speculated 

that strobilurn products such as azoxystrobin, may enhance dollar spot symptoms because the 

broad spectrum activity affects the natural foliar microbial populations including antagonists to 

the dollar spot fungus (Benedetto, 2008).    

 Cross-resistance or multiple resistance is resistance to more than one fungicide within the 

same chemical group. This type of resistance has been reported in S. homoeocarpa  (Vargas et 

al., 1992b). In Ohio, resistance was reported to thiophanate-methyl in the benzimidazole 

fungicide group and propiconazole from the demethylation inhibitors (DMI) fungicide group (Jo 

et al., 2008).  

1.5 DMI Fungicides  

 The sterol demethylation inhibitors are systemic fungicides that control a broad spectrum 

of pathogens from all major fungal groups, except the Oomycota (H.D., 1988; Scheinpflug, 

1988a). These compounds are also known as sterol biosynthesis inhibitors (SBIs) and have been 

used to control dollar spot since the mid-1990s (Vincelli, 2002). The DMI fungicides inhibit 

oxidative sterol 14α-demethylation in the ergosterol biosynthesis pathway of many fungi (Koller, 

1988; Siegel, 1981). Sterols moderate the movement of phospholipids and ensure the proper 

membrane fluidity as well as controlling both the permeability and activity of some membrane-

bound enzyme; thus they are essential for the development of functional cell walls (Hollomon et 

al., 1990).  

1.6 DMI Fungicide Resistance  
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 Resistance is a stable heritable adaptation by a fungus to a fungicide so that the fungus 

can survive and reproduce in the presence of the fungicide (Koller, 1987). When a fungal 

population is classified as having reduced sensitivity, more fungi have the ability to survive and 

reproduce in the presence of a fungicide compared to the baseline (i.e. a population that had not 

been exposed to the fungicide previously).  

 An increase in DMI field resistance has been detected and well documented for many 

pathogens (Eckert et al., 1994; Erickson and Wilcox, 1997; Golembiewski et al., 1995; 

Hildebrand et al., 1988; Romero and Sutton, 1997). The first detection of field resistance was 

reported in 1981 in the UK, when triadimefon was found to be unable to control Erysiphe 

graminis f.sp. hordei, a pathogen of barley, just 3 years after its introduction (Fletcher and 

Wolfe, 1981). Resistance to DMI fungicides has developed among populations of several 

important phytopathogenic fungi, including Blumeriella jaapii, Erysiphe graminis, Monilinia 

fructicola, and Mycosphaerella graminicola (Delye et al., 1998; Luo and Schnabel, 2008; Leroux 

and Walker, 2011; Ma et al., 2006).  

 Because DMI fungicides all have the same mode of action and have shown signs of cross-

resistance (Scheinpflug, 1988b), there are strong concerns that field resistance to one would 

render the others useless. This prediction has led to the attitude of “use it until you lose it” 

(Vargas et al., 1992). Chemicals with a single mode of action allow less-sensitive strains to have 

a higher reproductive rate than sensitive strains, causing a shift in the overall genetic makeup of 

a population and which leads to more resistant strains within a population (Karaoglanidis et al., 

2002).  

 Fungicides with a single mode of action, like DMI fungicides, have only one specific target 

site. The target site is usually a single amino acid that plays a key role in a particular process or 
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function (Fraaije et al., 2002). If this site has been altered, which in some cases can occur due to 

a single nucleotide mutation (Fraaije et al., 2002), the fungicide no longer binds to the site of 

action and is unable to exert the toxic effect that would kill the pathogen. The development of 

field resistance will result in fewer efficient and reliable management options in the turf industry.   

1.6.1 DMI fungicide resistance on turfgrass  

 The DMI fungicides have been used for the control of dollar spot and other turfgrass 

diseases in the USA for more than 20 years.  Several cases of dollar spot field resistance to DMI 

fungicides have been reported in Illinois, Kentucky, and Michigan (Doney and Vincelli, 1993; 

Golembiewski et al., 1995; Vargas et al., 1992a). There are several DMI fungicides registered for 

turfgrass disease management in Canada (Table 1-2), but no confirmed cases of field resistance. 

In documented cases, the pathogen was subject to in vitro mycelial growth tests to confirm that 

particular isolates were not inhibited by discriminatory concentrations of DMI fungicides (Doney 

and Vincelli, 1993; Golembiewski et al., 1995; Vargas et al., 1992a).  After 10 years of DMI 

fungicide use in the USA, the first report of field resistance was thus documented (Vargas et al., 

1992b).   

1.6.2 DMI fungicide resistance in S. homoeocarpa in Ontario 

 Propiconazole was registered on turf in Canada in 1994 (Anonymous, 1994). It was the 

first DMI fungicide registered for turfgrass in Canada, and prior to the first field applications, a 

baseline sensitivity study was completed to determine the sensitivity of S. homoeocarpa to this 

fungicide and other DMI fungicides (Hsiang et al., 1997). In that study, 435 isolates of S. 

homoeocarpa from eight golf courses in southern Ontario were examined. A wide range of 

sensitivities to propiconazole and three other DMI fungicides were found. These researchers 

found that seven populations were highly sensitive to DMI fungicides at EC50 values of 0.005 to 
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0.009 µg/mL, but samples from one population collected near the USA border had an EC50 value 

of 0.026 µg/mL, which was three to five-times greater than the other populations sampled. Four 

of the seven sites were monitored over the next 2 years, and during this time none of the 

populations showed a decrease in sensitivity to propiconazole even though three of them had 

been exposed to Banner 130 EC TM, which contains propiconazole (Barton, 1999). Mycobutanil 

(Eagle TM), another DMI fungicide, was registered for use in Canada in 1997. Triticonazole is the 

active ingredient in Premis TM, Trinity TM, and Chipco Triton TM; these products were all 

registered after 2010. 

 After 10 years of DMI use, a follow-up DMI sensitivity study was done using many of 

the same locations as the original baseline study. In this second study, isolates were collected in 

late 2003, after potentially 10 seasons of DMI fungicide use. Populations that were not treated 

with DMI fungicide during the 10 years remained highly sensitive, with EC50 values of 0.005 to 

0.012 µg/mL, while treated populations showed some reduced sensitivity with EC50 values of 

0.020 to 0.048 µg/mL (Hsiang et al., 2007).  

 Although declining sensitivity to DMI fungicides in S. homoeocarpa pathogens has been 

detected in Ontario, there have been no confirmed reports of dollar spot disease control failure by 

DMI fungicides in Ontario. However, many anecdotal reports from turfgrass managers in 

Ontario suggest that DMI fungicides and typical application rates are not as effective as when 

they were first introduced, and hence the need to re-investigate the sensitivity of Ontario isolates 

of S. homoeocarpa to DMI fungicides. This suspicion implies that it may be necessary to 

incorporate effective anti-resistance strategies into the management of S. homoeocarpa with 

DMI fungicides.  
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1.6.3 DMI fungicide resistance management  

 Strategies for managing fungicide resistance are aimed to delay the development of 

complete fungicide failure; therefore management strategies should be put into place before 

resistance is a problem. The most common approach to managing fungicide resistance is through 

responsible use of the fungicide. These strategies include avoiding repeated applications of DMI 

alone, using mixtures or alternating with non-DMI fungicides (Jones and Walker, 1976; 

Gilpatrick, 1982; Köller et al., 1999; McKay and MacNeill, 1979; Sholberg et al., 1989; Yoder 

and Kios, 1976), reserving DMI use for the critical part of the season, using label rates rather 

than reduced doses, reducing the total number of DMI fungicide applications (Engels et al., 

1996; Kuck, 1994; Steva, 1994), and using other measures such as resistant varieties and cultural 

practices (Engels et al., 1996; Kuck, 1994; Steva, 1994). More complex strategies include 

safeguarding against the development of multiple resistance to different fungicide groups.  

 The only way to prevent resistance is to not use any fungicides that are at risk of 

contributing to the development of resistance. This is not a practical solution for any golf course 

manager because there is a low aesthetic tolerance for fungal pathogens and many modern 

fungicides are at risk of contributing to the development of resistance. Also selecting the most 

effective or appropriate way to apply fungicides will make them work well and assist in delaying 

the development of resistance. Understanding the pathogen’s lifecycle and epidemiology can 

also help in the selection of the most appropriate application method and time of application. 

Resistance management should integrate both the use of cultural practices and the optimization 

of fungicide use to result in fewer or less-concentrated fungicide applications.  

 Some fungicide resistance strategies are based on the theory of resistance-related fitness 

costs (Hsiang et al., 1998). This theory suggests that sensitive strains are more fit than the 
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reduced sensitive or resistant strains because the resistant strains had to give something up to 

become that way. Resistance-related fitness cost refers to the expression of the affected genes in 

the absence of a fungicide. Hsiang et al. (1998) tested this theory by examining 40 Ontario 

isolates of S. homoeocarpa with varying levels of sensitivity to propiconazole, and examined S. 

homoeocarpa virulence on creeping bentgrass in the absence of fungicide. The area under the 

disease progress curve and the log-EC50 values had a significant negative correlation which 

indicates that when DMI fungicides are not used, resistant strains will die out giving time for the 

sensitive population of S. homoeocarpa to repopulate. Further research is required to determine 

the length of time required for DMI sensitivity to be restored in a population, and to see if DMI 

fungicide resistant strategies are truly effective for S. homoeocarpa. In the case of Cercospora 

arahilicola, which causes early leaf spot of peanut, benomyl resistance was still a problem even 

20 years after use was discontinued (Damicone, 2009).  
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1.7 Hypotheses and Objectives 

1.7.1 Hypotheses   

1) Populations of S. homoeocarpa in Ontario that have been more intensively treated with DMI 

fungicides will show less sensitivity to DMI fungicides. 

2) Populations of S. homoeocarpa that have been exposed to little or no DMI fungicides since 

2003 (Hsiang et al., 2007) will show a shift back toward greater sensitivity. 

3) Isolates of S. homoeocarpa in Ontario that show reduced sensitivity to DMI fungicides in lab 

tests will also show reduced levels of control in the field. 

1.7.2 Objectives 

1) To collect isolates of S. homoeocarpa from the same golf courses as the 2003 study (Hsiang 

et al., 2007) and from new golf courses that have used DMI fungicides.  

2) To compare the sensitivity of S. homoeocarpa isolates to DMI fungicides from golf courses 

that have made frequent DMI applications to those with few applications. 

3)  To examine S. homoeocarpa populations where turf managers claim to have reduced control 

or reduced levels of control and correlate this with reduced DMI sensitivity. 

4) To test the relationship between fungicide sensitivity (EC50 values) to the total number of 

DMI applications, and evaluate the predictions of Hsiang et al. (2007) regarding disease 

control failure by DMI fungicides with increasing DMI fungicide use (specifically 42 

applications to reach possible disease control failure). 

5) Select representative groups of isolates of S. homoeocarpa varying in sensitivity to 

propiconazole, and test them in field trials to examine the amount of disease caused by each 

isolate in the absence of fungicide use in field trials on creeping bentgrass.  

6) Examine dollar spot symptoms after the application of half-rate propiconazole (13 mL of 
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propiconazole / 100 m2) for isolates with various sensitivity levels in the field in at three 

different turf growing areas.  

7)  Examine whether isolates with high EC50 values in the laboratory experiments show less 

suppression by propiconazole in the field.  
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Table 1-1: Distribution and host range of Sclerotinia homoeocarpa.   

Host  Location  Reference  

Agrostis alba  North America  Smith et al., 1989 

A. canina  North America  Smith et al., 1989 

A. gigantean  North America  Smith et al., 1989 

Agrostis spp.  Oregon, Washington, France, 

Spain  

Stahnke, 1994; Smith et al., 1989 

A. stolonifera = A. 

palustris 

Georgia, Illinois, Indiana, Kansas, 

Kentucky, Maryland, Michigan, 

New York, North Carolina, 

Oklahoma, Pennsylvania, Virginia, 

Wisconsin, British Columbia, 

Ontario, Nova Scotia, Ohio, 

Argentina, Japan, China  

Davis & Dernoeden, 2002; Deng et al., 2002; 

Golembiewski et al., 1995;  Hardebeck et al., 

2004; Hsiang & Mahuku, 1999; Koh et al., 

2003; Lee & Fry, 2003; Powell et al., 2000; 

Miller et al., 2002; Powell et al., 2000, 2001; 

Rivera et al., 2004; Williams et al., 1996; Viji 

et al., 2004. 

Agrostis tenuis  Ontario, Nova Scotia, New 

Zealand  

Deng et al., 2002; Reilly, 1969 

Arachis glabrata  Florida  Hoover & Kucharek, 1995 

Cynodon dactylon  North America, Japan, China  Hsiang & Mahuku, 1999; Smith et al.,1989; 

Wu et al., 2015 

Digitaria didactyla  Australia  Reilly, 1969 

D. ischaemum  North America  Smith et al., 1989 

Eremochloa 

ophiuroides  

North America  Smith et al., 1989 

Festuca arudinacea  North America, China   Lv et al., 2011; Smith et al., 1989 

F. ovina  North America  Smith et al., 1989 

F. rubra  North America, UK  Smith et al., 1989 

Lolium multiflorum  North America  Smith et al., 1989 

L. perenne  New, Jersey, Pennsylvania, Japan  Bonos et al., 2003; Hsiang & Mahuku, 1999; 

Viji et al., 2004 

Paspalum notatum  North America  Smith et al., 1989 

P. vaginatum South China  Lv et al., 2010 

Poa annua  Delaware, Illinois, Kentucky, 

Michigan, New Jersey, New York, 

Ohio, Oregon, Pennsylvania, 

Washington, Wisconsin, Ontario, 

Nova Scotia, UK 

Deng et al., 2002; Golembiewski et al.,1995; 

Hsiang et al., 1997; Powell & Vargas, 2001; 

Viji et al., 2004 

P. pratensis  New Jersey, Saskatchewan, China  Bonos et al., 2003; Lv et al., 2011; Smith et 

al., 2001 

Stenotaphrum 

secundatum  

North America  Smith et al., 1989 

Trichophorum 

cespitosum 

Eastern Canada  Hsiang et al., 2014  

Unknown Central America  Walsh et al., 1999 

Zoysia japonica  North America, China Lv et al., 2011; Smith et al., 1989 

Zoysia matrella  Japan  Hsiang & Mahuku, 1999 
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Table 1-2: Fungicides registered for Dollar spot control in Canada.  

Active ingredient  Group Trade Name Source 

Boscalid SDHI1 Cadence TM Anonymous, 2003a 

Bacillus subtilis QST 713 Biofungicide Rhapsody TM Anonymous, 2007 

Chlorathalonil Nitrile Daconil Ultrex TM Anonymous, 2006a 

Fluoxastrobin Strobilurin Disarm TM Anonymous, 2013a 

Iprodione Dicarboximide Green GT TM Anonymous, 1996 

Metconazole DMI2 Tourney TM Anonymous, 2013b 

Minerial Oil Biofungicide Civitas TM Anonymous, 2010 

Myclobutanil DMI2 EagleTM Anonymous, 2000 

Penthlopyed SDHI1 Velista TM Anonymous, 2012 

Propiconazole DMI2 Banner TM Anonymous, 1994 

Propiconazole DMI2 Banner Maxx TM Anonymous, 2002 

Pyraclostrobin Strobilurin Insignia TM Anonymous, 2008 

Thiophanate-methyl Benzimidazole Senator TM Anonymous, 2003b 

Triticonazole DMI2 Premis TM Anonymous, 2006b 

Triticonazole DMI2 Chipco Triton TM Anonymous, 2009 

Iprodione, Triticonazole, and 

Trifloxystrobin 

Mixture Trilogy TM Anonymous, 2011 

1Succinate Dehydrogenase Inhibitor  

2Demethylation Inhibitor 
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Figure 1-1: Macroscopic characteristics associated with Sclerotinia homoeocarpa. A) Symptoms 

on Poa pratensis (left) and Agrostis stolonifera (right)  B) Hourglass lesion on P. pratensis; C) 

white cobweb-like hyphae visible on turf in the morning; and D) 2-day-old culture on potato 

dextrose agar. (Photos courtesy of Dr. Tom Hsiang, University of Guelph). 

A

C D
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Chapter 2: Sensitivity of Field Isolates of Sclerotinia homoeocarpa to Propiconazole 

2.1 Introduction 

 Dollar spot disease, caused by the ascomycete fungus Sclerotinia homoeocarpa F. T. 

Bennett is the most common disease problem of intensely managed turf in the Great Lakes 

region, causing major damage to turf from June to October (Hsiang et al., 1997; Smith et al., 

1989). Cultural practices often do not provide adequate dollar spot control, and therefore 

multiple fungicide applications are made annually to control the disease (Smiley et al. 2005). On 

intensively managed turfgrasses, there is a very low aesthetic tolerance for diseases. In Canada, 

there are fewer active ingredients registered for turf use compared to the USA, thus there are 

concerns about the development of fungicide resistance that may result in loss of different 

fungicide groups (Hsiang et al., 2007; Vincelli and Powell, 2006).  

 Management of dollar spot requires high inputs of fungicides including the sterol 

demethylation-inhibiting (DMI) fungicides which can be used for both curative and preventative 

control (Jo et al., 2006a). Examples of DMI fungicides are propiconazole (Banner Maxx TM), 

myclobutanil (Eagle TM), triticonazole (Chipco Triton TM, Premis TM, and Trilogy TM) and 

metconazole (Tourney TM) (Anonymous, 1994, 2000, 2006b, 2009, 2011, 2013b). The DMI 

fungicide propiconazole was registered in Canada in 1994 for turf diseases (Hsiang et al., 1997), 

and DMI fungicides have been available in the USA against turfgrass diseases since 1979 

(Golembiewski et al., 1995). DMI fungicides inhibit the fungal pathogen by interfering with the 

oxidative sterol 14α-demethylation in the biosynthesis of ergosterol which is an important 

component of membranes in fungal cells (Siegel, 1981). Sterols control the movement of 

phospholipids to ensure the correct cellular membrane fluidity and to control both membrane 



 
 

20 
 

permeability and activity of some enzymes associated with the fungal cellular membrane (Jo et 

al., 2006a; Miller et al., 2002; Popko et al., 2012; Putman et al., 2010).  

 Fungicide field resistance has been well documented for many fungal plant pathogens. 

Fungicide field resistance to DMI fungicides was first documented in Erysiphe graminis f.sp. 

hordei the UK in 1981 after 3 years of triadimefon use (Fletcher and Wolfe, 1981). For dollar 

spot, there have been several reports of reduced field efficacy of propiconazole as well as the 

reduced sensitivity of S. homoeocarpa field isolates in in vitro growth assays (Jo et al., 2006a; 

Golembiewski et al., 1995; Miller et al., 2002; Putman et al., 2010). In vitro growth assays were 

used to detect resistance to DMI fungicides in field populations of S. homoeocarpa in Illinois, 

Kentucky and Michigan, at sites where control failure had been noted (Doney and Vincelli, 

1993; Golembiewski et al., 1995; Vargas et al., 1992a). Golembiewski et al., 1995 reported mean 

EC50 values for isolates from three golf course not exposed to DMI fungicides and from three 

golf course that had been exposed for multiple seasons to DMI fungicides were 0.002 µg/mL and 

0.103 µg/mL respectively. At the highest concentration tested (0.50 µg/mL propiconazole 

amended-media), the mean colony diameters of isolates from populations not exposed to DMI 

fungicides was three times lower compared to populations exposed to multiple DMI fungicide 

applications. In the field trials conducted by Vargas et al. 1992a, propiconazole applied at 31.8 

mL per 100 m2 did not provide adequate disease control.  

 In older literature, the term fungicide tolerance was used as a synonym for fungicide 

resistance (Liao, 2006), although this term is less frequently used in current literature. Another 

term found in the fungicide resistance literature is resistance factor (RF), which is the average 

EC50 value of the fungicide treated population divided by the average EC50 value of the untreated 

population (Cole et al., 1974; Massie et al., 1968; Nicholson et al., 1971; Warren et al., 1977). 
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This value reflects the sensitivity of the treated population to the fungicide or to a mode of 

action. 

 The selective pressures of DMI fungicides over time have allowed populations to 

gradually shift toward less sensitivity since strains with increased resistance are more 

reproductively successful when these fungicides are repeatedly applied (Erickson and Wilcox, 

1997; Golembiewski et al., 1995; Karaoglanidis et al., 2002). An increased proportion of less 

sensitive isolates within populations will lead to reduced effectiveness of DMI fungicides in 

areas where fungicides are continuously applied (Hollomon et al., 1990).  

 A baseline DMI fungicide sensitivity study was started for Ontario populations of S. 

homoeocarpa in 1994, prior to DMI use on turfgrasses in Canada (Hsiang et al., 1997). Seven of 

the eight populations were highly sensitive to propiconazole with population EC50 values 

between 0.005 to 0.008 µg/mL and isolate EC50 values ranging from 0.002 to 0.048 µg/mL. One 

population near the USA border had isolate EC50 values ranging from 0.005 to 0.069 µg/mL and 

a population EC50 value of 0.022 µg/mL and the population EC50 values were three to four-times 

greater than other populations sampled in the baseline study. Four of the Ontario populations 

were then monitored for propiconazole sensitivity for 2 years after the baseline study, but even 

after three out of the four began to use propiconazole, they showed no detectable decreases in 

sensitivity to after 2 years (Barton, 1999).  

 A follow-up study was conducted in Ontario, after 10 years of DMI fungicide use. 

Populations that were not treated with any DMI fungicide during the 10 years remained highly 

sensitive, with population EC50 values of 0.005 to 0.012 µg/mL and isolate EC50 values ranging 

from 0.001 to 0.081 µg/mL, while treated populations showed some reduced sensitivity with 

population EC50 values of 0.020 to 0.048 µg/mL and isolate EC50 ranging from 0.008 to 0.378 
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µg/mL (Hsiang et al., 2007). Although this detectable but minor decline in population sensitivity 

to DMI fungicides in S. homoeocarpa was detected in Ontario 10 years ago, there were no 

confirmed reports of dollar spot disease control failure by DMI fungicides in Ontario then, or 

since that time. However, many reports from turfgrass managers in Ontario suggest that DMI 

applications are not as effective as when they were first introduced, and hence the need to 

investigate DMI sensitivity of Ontario isolates of S. homoeocarpa. Furthermore, Hsiang et al. 

(2007) predicted that with continued DMI fungicide use, a critical level of resistance could be 

reached that could lead to disease control issues (less sensitive population) and even disease 

control failure (resistant populations). Their extrapolation was that after 42.3 applications, 

populations would reach a mean EC50 value of 0.1 ug/mL that has been found to represent 

reduced sensitivity in other studies (Hsiang et al., 2007).  

 Evaluating the sensitivity of S. homoeocarpa to DMI fungicides after 20 years of use will 

allow assessment of the risk of field resistance in Ontario. The specific objectives of this study 

were as follows: (i) to collect samples and obtain isolates of S. homoeocarpa from the same golf 

courses as previous studies in Ontario (Barton, 1999; Hsiang et al., 1997, 2007; Liao, 2006) and 

from new courses with varying levels of  DMI fungicide use; (ii)  to compare golf courses that 

regularly used DMI fungicides to those that had no or very few DMI applications over the last 20 

years; (iii) to determine the sensitivity of these isolates to propiconazole switch iii to ii since that 

precedes it; (iv) to examine populations where turf managers claim to have reduced control or 

reduced levels of control as to whether isolates actually have reduced sensitivity; (v) to correlate 

the EC50 values to the total number of DMI applications to see the strength of the relationship; 

and (vi) to test the predictions of Hsiang et al. (2007) regarding disease control failure by DMI 

fungicides.   
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2.2 Material and Methods  

2.2.1 Sample collection 

 In 2013, at least 100 samples of turfgrass with dollar spot symptoms were collected from 

locations in Southern Ontario and in 2014 an additional location was sampled (Table 2-1, Figure 

2-2). One fairway or tee box was sampled from each location. A grid pattern averaging 10 m x 

10 m was used for each sample site with sample points on a 1 m by 1 m spacing. The samples 

were individually placed into sterilized 1.5 mL microfuge tubes and transported back to the 

University of Guelph in a cooler with ice packs. As soon as the samples were brought back to the 

laboratory, the tube lids were opened to allow the samples to dry in a laminar flow hood, 

especially for samples that were very wet at time of collection. After 1 to 4 h of drying in the 

hood, these samples were stored at 4 °C for isolation within 1 week of collection.  

 In addition, the fungicide records for each golf course were requested from the turf 

managers for the last 20 years or as far back as available. In addition, to supplement the written 

records provided by the turf managers, data posted on the IPM website 

(http://www.ipmcouncilcanada.org/epar/en-CA/Default/courses.aspx) was mined for total 

volume of active ingredient used per golf course from 2010 to 2012. These records are a 

requirement of the Ontario Cosmetic Ban Act that IPM-certified golf courses need to post their 

spray records, and fungicides can only be applied if the golf course is certified and when 

justification is given. Where records were incomplete the data (on-site and online) were used to 

estimate the number of applications. One application was equal to any labelled rate (high or low, 

preventive or curative) applied on a single date. Estimates were categorized into groups: R, E, or 

V where “R” represented records found in the golf course spray book as recorded by Hsiang et 

al. (2007); “E” was a verbal estimate made by the superintendent; and “V” represented estimates 

http://www.ipmcouncilcanada.org/epar/en-CA/Default/courses.aspx
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made by based on trends in the data or estimates made by comparing data from the IPM website. 

2.2.2 Fungal isolation  

  Samples of symptomatic tissues were surface sterilized as follows: rinsing in sterile 

distilled water (SDW); surface sterilization in 75% ethanol solution for 30 sec and then in a 1% 

NaOCl solution for 1 min; rinsing in fresh SDW; and finally removal from the solution using 

sterilized forceps and placement onto 2% potato dextrose agar (PDA, Becton, Dickinson and 

Company, Sparks, MD, USA). The PDA was amended with 0.1 g/L each of tetracycline 

hydrochloride (Fisher, AC23310, Ottawa, ON, Canada) and streptomycin sulfate (Fisher, BP910) 

to inhibit bacterial growth. Aliquots of the antibiotic stock solutions (2.5 g in 50 mL of H2O) 

were added to molten PDA after it had cooled to 60 °C. The inoculated plates were incubated at 

room temperature. After 48 h, the plates were examined, and those with colonies resembling S. 

homoeocarpa were subcultured onto fresh unamended PDA. After another 72 h, these were 

examined again, and the fast-growing isolates resembling typical S. homoeocarpa cultures were 

retained and stored at 4 °C, with a single isolate for each sampling point. Isolates were also 

transferred to PDA slants for storage at 4 °C. 

2.2.3 Propiconazole-amended media  

 Technical grade propiconazole (96.3%) provided by Syngenta Canada (Guelph, Ontario) 

was dissolved in 100% acetone (Pesticide grade, Fisher Scientific) (80.5 µL propiconazole in 10 

mL acetone), and then further diluted by pipetting 1 mL of the stock solution into 9 mL of 

acetone for a 1.0 µg/mL (1 ppm) solution. The dilution series was repeated to obtain the required 

stock concentrations.    
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 PDA was autoclaved in 1 L bottles, and plastic tubing, glass pipettes, and graduated 

cylinders were also sterilized by autoclaving. The PDA was cooled to 60 °C in a water bath at 

which time, propiconazole solutions were added to the molten PDA to obtain target final 

concentrations of 0, 0.001, 0.01, 0.1, and 1.0 µg/mL of propiconazole while maintaining an equal 

final concentration of acetone (0.10% v/v). A test was also done to compare the growth rates on 

PDA alone vs. PDA amended with 0.10% acetone. 

2.2.4 Resistance tests 

 Up to 100 isolates, and at least 50 per site were selected for testing. In each test, a control 

sensitive isolate (SH84, EC50 value = 0.005 µg/mL) was used as a check to ensure fungicide 

activity. Mycelial plugs taken from the outer growing margins of active cultures at least 1 cm 

from the plate edge were used for testing. Plugs of 5 mm in diameter were cut from the colony 

margins and placed with mycelium facing downwards so that it was touching the agar surface. 

Three replicate plates were used with two different isolates per plate at each fungicide 

concentration. Treatment plates were placed in an incubator at 22.5 °C, and fungal growth was 

marked at 24 h and 48 h. Only the mycelium in contact with the agar surface was counted as 

growth, ignoring some abundant aerial hyphae which is typical of S. homoeocarpa.  

 Other researchers have used a discriminatory concentration of 0.10 µg/mL propiconazole 

in their research to assess sensitivity. A discriminatory concentration has been defined in the 

literature as the concentration at which fungal isolates could be separated into two distinct 

groups: inhibited (when growth was less than 50% of the unamended media growth) or not 

inhibited. Jo et al. (2006) conducted a regression analysis between the EC50 values and the 

relative mycelial growth and determined that the discriminatory concentration was 0.1 µg/mL 

and the current data was also analysed using this discriminatory concentration. The data were 
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also analysed by grouping the isolates into categories with EC50 values above or below the 

discriminatory concentration. The resistance factor (EC50 value of a population / EC50 value of 

the baseline sensitive population) was also calculated for each location in the current study and 

the average RF value was compared to previous studies (Golembiewski et al., 1995; Hsiang et 

al., 2007; Miller et al., 2002).  

2.2.5 Statistical analyses  

 The diameter growth between 24 h and 48 h was used for the analysis because the first 24 h 

of growth may show variability due to establishment effects. Percent inhibition was calculated 

as: [1 - (mean colony diameter on propiconazole-amended media divided by mean colony 

diameter on unamended media)] x 100%, and percent proportional growth was calculated as 

[propiconazole-amended media divided by mean colony diameter on unamended media] x 100%. 

 A probit test implemented in PROC PROBIT (SAS version 9.1, SAS Institute, Cary NC) 

was used to calculate EC50 values. An example of SAS command statements is given in 

Appendix 1. The log EC50 values were then subjected to a one-way ANOVA test using PROC 

GLM. An example of the SAS command statements is given in Appendix 2. Isolates were 

grouped by their population of origin (i.e. same year and same location) and a geometric mean 

was calculated for each population to represent its fungicide sensitivity. The geometric mean is a 

type of average, which indicates the central tendency or typical value of a set of numbers, 

especially for observations that may vary greatly, such as by a thousand fold. The geometric 

mean reduces the effect of very high or very low values, and is calculated as the average of the 

logarithmic base 10 values, converted back to a base 10 number or by taking the nth root of the 

multiplicative product of an n series of numbers. The geometric mean is commonly used for 

growth studies.  In other situations where the growth values are independent from one another, 
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the researcher would use the arithmetic mean is used (Spizman and Weinstein, 2008).   

 The EC50 values from samples obtained in 2013 (current study), 2003 (Hsiang et al., 2007; 

Liao, 2006), and 1994 (Barton, 1999; Hsiang et al., 1997) were also analyzed together.  If a 

significant effect was observed in the ANOVA, the geometric mean population log10 EC50 values 

were compared using Fisher’s Protected LSD (Least Significant Difference) at p = 0.05. A 

regression analysis was performed to assess the relationship between the estimated number of 

DMI fungicide applications over the last 20 years at each location and the geometric mean EC50 

values. The coefficient of determination (R2) was calculated using SAS PROC REG with the 

model Fungicide Applications = LogEC50.     

2.3 Results and Discussion  

2.3.1 Sampling details and spray records  

 Isolates of S. homoeocarpa were collected from fourteen different locations in southern 

Ontario (Figure 2-1), 13 locations in 2013, and one in 2014. The 2014 sample location was 

added to the study to include a treated area with lower exposure to DMI fungicides. The spray 

records and the estimated number of applications are shown in Table 2-1, with detail in 

Appendix 3. For six of the sites, samples were collected from the same fairways as Hsiang et al. 

(2007) with the exception of three sites (Barrie, London1, and Oshawa), which were excluded 

because DMI fungicides were not used intensively at these courses during the last 20 years. Eight 

additional golf courses were added to complement the original six for the purpose of expanding 

the scope of these experiments.   

The fourteen sample sites were distributed over a 325 km by 60 km bounded by Windsor 

in the west, St. Catharine’s 385 km to the east, and Toronto 364 km to the northeast (Figure 2-1). 

The history of DMI fungicide use was also obtained from these sites (Appendix 3), although 
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some records were incomplete. To supplement the records obtained from the superintendents, 

online information which is required by the Cosmetic Pesticide Ban Act since 2010 (Pesticide 

Act, Bill 64, OMAFRA, 2009; http://www.ipmcouncilcanada.org/epar/en-

CA/Default/courses.aspx) was examined. The online records were then used to make estimates to 

fill in missing data.  

Approximately 56 % of the estimated spray records were categorized in the “R” group, 

consisting of records found in the golf course spray books or estimates from Hsiang et al. (2007). 

Approximately 9 % of the estimates were categorized into the “E” group, which were verbal 

estimates made by the turf manager. The “V” group represented estimates made based on trends 

in the data or estimates made by comparing data from the IPM website and this comprised 

approximately 35 % of the estimated spray records. There were various rates, products, and 

treatment types (i.e. preventative or curative) reported.  The product Banner Maxx TM 

(propiconazole) was applied at rates of 26 or 51 mL mixed in 3 to 15 L water per 100 m2. The 

product Eagle TM (myclobutanil) was applied at rates of 15 to 20 g mixed in 4 L water per 100 

m2. The product Premis TM (triticonazole) was applied at a rate of 16 mL mixed in 6 to 8 L of 

water per 100 m2. The product Tourney TM (Metconazole) was applied at rates of 8.4 to 11.2 g 

mixed in 8 L of water per 100 m2.    

 Out of 1400 samples collected, over 1000 isolates were obtained and used in fungicide 

sensitivity testing. Although 100 samples were collected from each site, not all samples yielded 

an isolate and some isolates did not survive until testing. A contributing factor could also be 

some grass sample from the field yielded other fungal species when isolated in the laboratory 

such as Rhizoctonia species and Pythium species.  Barton (1999) sampled eight populations with 

http://www.ipmcouncilcanada.org/epar/en-CA/Default/courses.aspx
http://www.ipmcouncilcanada.org/epar/en-CA/Default/courses.aspx


 
 

29 
 

an isolation rate of 435 isolates out 494 samples collected. Liao (2006) collected 720 samples 

from nine populations and obtained 476 isolates.  

2.3.2 Range of isolate sensitivity  

 The isolates collected in 2013 were tested for sensitivity to propiconazole, and EC50 

values were calculated (Appendix 4). Hsiang et al. (1997) showed that 0.10% acetone did not 

inhibit growth of S. homoeocarpa. This was also observed in the current study for all 1011 

isolates tested (data not presented). Isolates collected in the current study showed a wider range 

of sensitivity than the results of the 2003 study (Hsiang et al., 2007; Liao, 2006;) and the baseline 

1994 study (Barton, 1999; Hsiang et al., 1997) (Table 2-2), with a higher geometric mean.  In 

2013, thirteen out of the fourteen populations had been exposed to moderate (10 to 40 DMI 

applications) to high (41 to 100 DMI applications) levels of DMI fungicide treatments (to Table 

2-3). All sites exposed to moderate to high levels of DMI fungicides had a significantly higher 

geometric mean EC50 values than the single population that had fewer than four applications of 

DMI fungicides.  

 Point Pelee had the highest average EC50 values at 0.123 µg/mL. This high EC50 value 

was probably due to the high level of DMI fungicide exposure over the last 20 years with an 

estimated 65 applications. Point Pelee’s EC50 value was significantly higher than those of 

Burlington, St. Thomas, and Kitchener: 0.077, 0.088, and 0.090 µg/mL respectively. Burlington, 

St. Thomas, and Kitchener populations had EC50 values significantly higher EC50 value than 

other courses exposed to DMI fungicides for over 20 years. This may be explained by the more 

frequent use and overall higher number of DMI applications.  

 In the 1994 study (Barton, 1999; Hsiang et al., 1997), the Windsor site had an average 

EC50 value of 0.022 µg/mL, which was three to five times higher than any other site sampled 
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(averages ranging from 0.005 to 0.009 µg/mL); this suggested that there may have been non-

legal application of propiconazole intensively prior to registration in 1994. In the 2003 (after 10 

years of use), the Windsor site had an EC50 value of 0.047 µg/mL, which suggests continued and 

even higher usage of DMI fungicides since the 1994 study (Barton, 1999; Hsiang et al., 1997). In 

the current study, the EC50 value was 0.033 µg/mL which is a significant decrease and a shift 

back towards a more sensitive and less resistant population. The estimated number of 

applications which lead to the 0.047 µg/mL EC50 value was only 34, whereas the 10 years since 

then has an estimated 78 applications, yet this has resulted in a smaller EC50 value.  

 The distribution of fungicide sensitivity for populations from 2013 that were treated with 

DMI fungicides (mean = 0.050 µg/mL, n = 925) showed a shift to towards decreased sensitivity 

compared to the low use population (i.e. less than four applications over 20 years) (mean = 0.014 

µg/mL, n = 85) (Figure 2-2). The EC50 of all isolates (n = 1011) sampled in 2013 had a mean = 

0.046 µg/mL (Appendix 4). Even though in general there has been a shift towards a reduced 

sensitive population there are still isolates that exist that are highly sensitive to propiconazole 

(Table 2-2).  

 Chen et al. (2013) reported an EC50 value range of 0.004 to 0.38 µg/mL with an 

arithmetic mean of 0.19 µg/mL for populations of the ascomycete Ustilaginodea virens (causing 

rice false smut) in Anhui Province, China which had been exposed to high numbers of DMI 

fungicide applications. Popko et al. (2012) reported an EC50 value range of 0.0076 to 0.85 µg/mL 

with an arithmetic mean (sum of the population divided by the number of isolates) of 0.24 

µg/mL for S. homoeocarpa populations in Massachusetts, Ohio, and Wisconsin which were 

collected between 1999 and 2007 and which had been exposed to high levels DMI fungicides. 
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The maximum EC50 values for DMI- treated populations in the current study (Table 2-2) were 

similar to those of Popko et al. (2012).  

 The lowest EC50 values of the 2013 study was at a site in Guelph (Guelph 3; this site has 

had less than four applications of DMI fungicides over the past 20 years). This site has a 

statistically similar EC50 value to a site in London (London 1) sampled in 2003. Although the 

London population was considered an untreated population in 2003 (Hsiang et al., 2007; Liao, 

2006), the average EC50 value of 0.012 µg/mL was significantly greater from most of the 1994 

baseline populations (Barton, 1999; Hsiang et al., 1997), as well as the other untreated sites in 

Oshawa and Guelph. The Guelph 3 site had low exposure to DMI fungicides, but the EC50 value 

was higher than expected (EC50 value = 0.014 µg/mL). This may have resulted from past field 

trials conducted using sensitive and reduced sensitive isolates close to the sampling site, and 

some of the isolates showing reduced sensitivity may have been moved into the sampling area by 

human traffic, equipment, or wind. The Guelph 1, Mississauga, London 2, and Halton Hills sites 

had significantly higher EC50 values (0.042, 0.041, 0.053, and 0.055 µg/mL respectively)  than 

the baseline study, but these were statistically similar to Windsor (0.047 µg/mL ) and Point Pelee 

(0.048 µg/mL) of 2003. In the 2013 study, Windsor and Hamilton were statistically equal to one 

another, and were also statistically similar to St. Catharine’s population. Windsor, Hamilton, and 

St. Catharine had a statistically higher EC50 value than all populations sampled in the baseline 

study and 10-year study, except for the Point Pelee and Windsor sites sampled in 2003 (Hsiang 

et al., 1997, 2007; Barton, 1999; Liao, 2006).  

2.3.3 Volume of DMI applications vs. EC50 value  

 When analyzing the total active ingredient volume in the DMI fungicide group 

(propiconizole, myclobutanil, triticonazole, and metconzole) applied at each golf course, there 
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was no significant relationship between the total active ingredient volume applied (kg of active 

ingredient between 2010 – 2013 from the IPM website) and the EC50 value (Figure 2-3). There 

are many variables that could account for this non-significant relationship such as the size of the 

golf course (i.e. differences in course size), where the product was applied (i.e. fairways or tees), 

how much of the active ingredient used while fungus was actively growing (i.e. snow molds vs. 

dollar spot treatments), and whether the total volume recorded on the IPM website was accurate.  

The total active ingredient that was obtained from the IPM website was used to make 

estimates for other turf locations but there is no way to determine how accurate these estimates 

are because there was no significant relationship between the total active ingredient and the EC50 

value. There was, however, some uncertainty in the applicability of these records since they did 

not indicate the location of usage, whether on the fairways from which the isolates were obtained 

or on greens which presumably received far more intense treatments. Also, the target pathogens 

were not stated explicitly for the different chemical treatments, so that the timing of applications 

(such as for snow mold) was not known. Application of high rates for winter snow mold diseases 

might presumably have less effect on S. homoeocarpa populations than applications during the 

summer when the fungus is active.  

2.3.4 EC50 values and discriminatory concentrations  

 Jo et al. (2006) collected 38 isolates from research plots at The Ohio State University 

Turfgrass Research and Education Facility, Columbus, Ohio, and they determined that 

propiconazole effectively reduced dollar spot in previously non-DMI exposed populations, and 

the baseline sensitivity was 0.003 ± 0.002. Thirty-six isolates from 28 different golf courses that 

used DMI fungicides were also collected. These isolates were plated onto a single discriminatory 

concentration (0.1 µg/mL), and a regression analysis was conducted between the EC50 values and 
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the relative mycelial growth. The relationship between the EC50 value and relative mycelial 

growth on the amended PDA with the discriminatory concentration of 0.1 µg/mL was 

statistically significant p < 0.0001 and had a r of 0.9040 (where Log EC50 = 0.0382 (relative 

mycelial growth) – 2.9688). The discriminatory concentration was determined to be 0.10 µg a.i./ 

mL since at this concentration the fungal isolates could be placed into two distinct groups: 

inhibited (when growth was. less than 50% of the unamended  media growth) or not inhibited, 

based on the results from simple linear regression analysis of the mean EC50 and relative 

mycelial growth and based on Jo et al. (2006). 

 In the current study, based on the relationship between the relative mycelial growth on 

PDA amended with the single discriminatory concentration of propiconazole (0.10 µg a.i. /mL), 

S. homoeocarpa isolates were separated into two significantly different (p < 0.0001) groups: one 

with growth less than 50% on amended PDA with isolates showing a geometric mean EC50 value 

= 0.028 µg/mL and a second group with growth greater than 50% on amended PDA with a 

geometric mean EC50 value = 0.182 µg/mL.  The R2 was 0.3668. The relationship was Log EC50 

= 1.7938 (relative mycelial growth) – 2.1253 (Figure 2-4), where R2 was 0.3668, and p < 0.001. 

This equation is based on EC50 value calculated for 1011 isolates from the current study, and the 

sensitivity distribution showed a bell shaped curved without discontinuity near 0.1 µg/mL  

2.3.5 Discriminatory concentration of 0.1 µg/mL 

Using a discriminatory concentration of 0.1 µg/mL propiconazole, Jo et al. (2006) 

determine that among 192 isolates from 55 golf courses in Ohio, resistance was prevalent at 18 

courses. Hsiang et al. (2007) reported that 33 out of 471 isolates collected from Ontario in 2003 

showed an EC50 value > 0.10 µg/mL and nearly all of these isolates were found in Point Pelee or  

Windsor which is close to the border of the USA. The implication of these results was that there 
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was a shift to a less sensitive population compared to the baseline study (Hsiang et al., 1997; 

Barton, 1999). However these results also imply that the distribution of isolates with less 

sensitivity was more widespread in Ontario than Ohio, but the incidence of resistant isolates as 

defined by Jo et al. (2006) was much lower in Ontario. In 2013, among isolates collected from 

golf courses in Southern Ontario, 260 out of 926  showed an EC50 value > 0.10 µg/mL which is 

about 30% percent of the isolates obtained. This implied that there was a shift to a less sensitive 

population, which suggests that Ontario populations are at risk for complete fungicide disease 

failure if DMI fungicides continue to be used intensively.   

2.3.6 Resistance factor    

There have been many anecdotal reports of disease control failure after fungicide use in 

Ontario but there have been no confirmed cases of fungicide resistance. In contrast, at some golf 

courses in the midwestern USA, there have been noticeable decrease performance of systemic 

fungicides, including DMI fungicides (Brownback and Latin, 2002). Resistance factor (RF) is 

the average EC50 of the fungicide treated population divided by the average EC50 value of the 

untreated population, and this value reflects the fungicide sensitivity of the population. 

Golembiewski et al. (1995) found a RF > 50 for sites treated with DMI fungicides and exhibiting 

field resistance (EC50 value = 0.10 µg/mL) compared to sites that were not treated (EC50 value = 

0.002 µg/mL). Miller et al. (2002) reported a propiconazole RF of 5.8 for sites treated with DMI 

fungicides (EC50 value = 0.028 µg/mL) compared to sites that were not treated (EC50 value = 

0.005 µg/mL). A reduced level of control was detected at the treated sites, specifically that the 

application interval was shorter than on the fungicide label. Hsiang et al. (1997) reported a mean 

EC50 value of 0.026 µg/mL and an RF of 3.7 for a population suspected of having received many 

illegal applications of DMI fungicides  
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  For the 10-year study, Hsiang et al. (2007) reported a RF of 4.2 which indicates a shift to 

populations with less sensitivity, although there has been no evidence of disease failure in the 

field. For the average Ontario populations sampled in 2013, the RF was 6.7 (Table 2.1) with a 

range of 1.8 for Guelph 3 with the lowest DMI applications, to 15.4 at Point Pelee with 65 

estimated DMI fungicide applications. This demonstrates that there was a significant shift to a 

less sensitive populations when compared to the 2003 study (Liao, 2006; Hsiang et al., 2007). 

The RF of 6.7 for populations sampled in 2013 was approximately seven-times lower than the 

mean RF (51.5) reported for three Michigan populations of S. homoeocarpa exposed to DMI 

fungicides, and where full blown disease control failure was observed (Golembiewski et al., 

1995). This indicates that although there has been a shift to less sensitive populations in Ontario, 

these results did not indicate a large enough reduction in sensitivity for economic loss associated 

with fungicide disease failure. However, the precise RF value at which disease control failure 

occurs is unknown (Miller et al., 2002). 

2.3.7 Number of DMI applications vs. mean EC50  

 To quantify the relationship between the number of DMI applications and reduced 

sensitivity, regressions of the log EC50 values on the number of applications was performed using 

mean population data from 2013, and combined data from 1994, 2003, and 2013. When 

analyzing all the data from the 1994, 2003, and 2013 studies, the coefficient of determination (R2 

= 0.70, p = 0.0001) showed a significant relationship and yielded the following relationship: 

Applications = 56.4 (log10 EC50 + 120.9) (Figure 2-6). The number of applications to reach 

resistance was determined to be 65 DMI fungicide applications with lower and upper standard 

error values of 58 and 71 applications, respectively. 
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 When analyzing only the 2013 data independently, there was no significant relationship 

between the number of DMI applications and the log EC50 values (Figure 2-5). This is likely 

because on average the locations sampled had a moderate to high level of DMI applications 

whereas in previous studies there was a range from low to high.  

 Six of the fourteen populations were exposed to over 64 applications of DMI fungicides 

between 1994 and 2013. There has been no confirmed cases of disease control failure by DMI 

fungicides, but there have been reports of reduced levels of control from four locations 

(Burlington, Kitchener, St. Thomas and Toronto) (Figure 2-7). The superintendent from the 

Kitchener location claimed that propiconazole would only control symptoms for 8 to 10 days 

when they last used DMI fungicides in 2010. The Burlington location superintendent also 

claimed that they have seen a reduced level of control when tank mixing propiconazole with 

chlorothalonil, and they claimed that this mixture only provided 14 days of control compared to 

the 21 to 28 days of control that was expected. The superintendent from the St. Thomas location 

claimed that the efficacy of the preventative treatments have not been as consistent as they have 

been in the past and he has noticed a decrease in longevity of the propiconazole treatments. The 

superintendent from the Toronto location claimed that the DMI fungicide, Eagle (myclobutanil), 

would not control dollar spot when they last used this product in 2010. Four of the six 

population’s exposure to over 65 application do not fit predicted trend in Figure 2-7. It is 

suspected that these locations have been using anti-resistance strategies such as tank mixing, 

alternating fungicides. It can also be hypothesized that isolates with reduced sensitive are being 

outcompeted by sensitive isolates, and that there is annual re-invasion by more virulent sensitive 

(wild-type) isolates this is referred to as reduced-sensitivity fitness cost (Hsiang et al., 1998). 
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Hsiang et al. (2007) estimated that it would take 42 DMI applications to reach full 

resistance based on data from isolates collected in 1994 and 2003. Two populations from the 

2003 study were exposed to over 30 applications, but yet had no indication of field resistance to 

DMI fungicides, and no reports of reduced levels of control were reported by the 

superintendents. However, Hsiang et al. (1998) proposed that there were fitness costs related to 

fungicide resistance. This was determined by the significant relationship between propiconazole 

sensitivity and field ‘virulence’ for S. homoeocarpa (Hsiang et al., 1998). Hsiang et al. (1998) 

suspected that decreased fitness occurred and this impacted field resistance at these sites. It was 

also speculated that if propiconazole applications were stopped or if the number of DMI 

applications were dramatically reduced, then theoretically isolates with reduced sensitivity would 

be out-competed by sensitive isolates. 

 There have been no reports of complete dollar spot disease control failure in Canada but a 

possible factor for this could be that reduced sensitive isolates are being out-competed by 

sensitive isolates, and that there is annual re-invasion by more virulent sensitive (wild-type) 

isolates. There was some evidence of this movement of isolates in the 2003 study by Hsiang et 

al. (2007) where DMI-treated isolates were found in untreated areas and vice versa. Another 

possible explanation for the lack of full blown disease failure is that superintendents are using 

anti-resistance strategies such as tank mixing and rotating fungicides with different modes of 

action to delay the onset of resistance issues.  

 If possible, it would be ideal to take annual samples from the golf courses that had used 

over 56 DMI fungicide applications to test their DMI sensitivity and to determine whether the 

change in geometric mean is linear or exponential, as well as to track the fate of less sensitive 

isolates. Determining the exact number of DMI applications that cause complete fungicide 
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disease failure would benefit turf managers that have not intensively used DMI fungicides. There 

is also a need to determine the extract RF threshold value which reflects field disease control 

failure, and this data would give a predicted timeline for the development of field resistance 

assuming continued use of DMI at the same rate. Potentially a 30-year study is required to 

determine the state of DMI sensitivity in southwestern Ontario. 
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Table 2-1: Sampling sites for Sclerotinia homoeocarpa with location in southern Ontario, date of 

sampling, sampled in 1994 and 2003, estimated total number of DMI applications and the 

average propiconazole EC50 (µg/mL). 

  Sampling year    

Location Date 

collected 

1994 2003 DMI 

Applications a 

EC50 

µg/mL) b 

RF 

Value 

Burlington 2013-05-31 no no 69 0.076 9.5 

Halton Hills  2013-06-01 no no 31 0.055 6.9 

Mississauga 2013-06-03 no yes 71 0.041 5.1 

Guelph 2  2013-06-12 no no 27 0.02 2.5 

Hamilton 2013-06-17 no no 25 0.034 4.3 

Guelph 1  2013-06-27 yes yes 33 0.042 5.3 

St. Catharines 2013-07-03 yes yes 38 0.038 4.8 

Toronto 2013-07-04 yes yes 64 0.039 4.9 

Kitchener  2013-07-12 no no 66 0.09 11.3 

Windsor 2013-07-28 yes yes 78 0.033 4.1 

St. Thomas 2013-07-31 no no 59 0.088 11.0 

Point Pelee 2013-08-08 yes yes 65 0.123 15.4 

London 2  2013-08-20 no no 72 0.053 6.6 

Guelph 3  2014-09-02 no no 4 0.014 1.8 
a See Appendix 3 for detailed spray records. 
b EC50 value is the effective concentration that inhibits 50% of the mycelial growth.  

c RF is the resistance factor (EC50 value of a population / EC50 value of the baseline sensitive 

population). The baseline sensitive is 0.008 µg/mL.   
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Table 2-2: Population number, location in southern Ontario, and geometric EC50 results from 

sites where isolates of Sclerotinia homoeocarpa were collected in 1994, 2003, and 2013 and 

tested for sensitivity to propiconazole. 

 Isolates 
EC50 mean (and range) 

(µg/mL) a 

Location  1994 2003 2013 1994 2003 2013 

Barrie  52 55 - 0.007 kj 0.011 ih -  

Burlington - - 53 - - 0.077 b (0.002 - 0.487) 

Cambridge 52 - - 0.006 k - -  

Guelph 1  60 45 66 0.005 k 0.005 k 
0.042 

dfce 
(0.002 - 0.370) 

Guelph 2  - - 59 - - 0.020 g (0.002 - 0.368) 

Guelph 3  - - 85 - - 0.014 h (0.0019 - 0.056) 

Halton Hills  - - 76 - - 0.055 c (0.006 - 0.408) 

Hamilton - - 72 - - 0.034 f (0.002 - 0.357) 

Kitchener  - - 78 - - 0.09 b (0.004 - 0.970) 

London 1  58 42 - 0.008 ij 0.012 h -  

London 2  - - 60 - - 0.053 dc (0.0049 - 0.386) 

Mississauga - 52 66 - 0.023 g 0.047 dce (0.006 - 0.697) 

Oshawa - 48 - - 0.007 kj -  

Point Pelee 71 59 70 0.008 ij 0.048 dce 0.123 a (0.013 - 0.643) 

St. 

Catharines 
57 55 66 0.006 kj 0.02 g 0.038 fe (0.005 - 0.279) 

St. Thomas - - 88 - - 0.088 b (0.012 - 0.700) 

Toronto 41 58 84 0.008 ij 0.024 g 0.039 dfe (0.0103 - 0.200) 

Windsor 20 53 88 0.022 g 0.047 dce 0.033 f (0.001 - 0.722) 
a The mean population log10 EC50 values were analyzed by ANOVA.  When a significant 

treatment effect was found, means were separated using the test of Least Significant Difference 

at p = 0.05. Means from the 1994, 2003, and 2013 collections followed by a letter in common are 

not significantly different. EC50 value is the effective concentration that inhibits 50% of the 

mycelial growth. 
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Table 2-3: Sampling sites for Sclerotinia homoeocarpa with location, year of sampling, average 

EC50 (µg/mL), total number of DMI applications and the classification of the mean EC50 

(µg/mL). 

 

Location  

 

Year 

EC50 

(µg/mL)a 

Estimated Number 

of DMI applications 

 

Classification b 

Barrie  1994 0.007 0 Low 

Guelph 1  1994 0.005 0 Low 

London 1  1994 0.008 0 Low 

Point Pelee 1994 0.008 0 Low 

St. Catharines 1994 0.006 0 Low 

Toronto 1994 0.008 0 Low 

Windsorc 1994 0.022 0 Low 

Barrie  2003 0.011 0 Low 

Guelph 1  2003 0.005 1 Low 

London 1  2003 0.012 0 Low 

Mississauga 2003 0.023 18.3 Moderate 

Oshawa 2003 0.007 0 Low 

Point Pelee 2003 0.048 20 Moderate 

St. Catharines 2003 0.020 25 Moderate 

Toronto 2003 0.027 31 Moderate 

Windsor 2003 0.047 34 Moderate 

Burlington 2013 0.076 69 High 

Guelph 1  2013 0.042 33 Moderate 

Guelph 2  2013 0.018 27 Moderate 

Halton Hills  2013 0.055 31 Moderate 

Hamilton 2013 0.034 25 Moderate 

Kitchener  2013 0.090 66 High 

London 2  2013 0.053 72 High 

Mississauga 2013 0.039 71 High 

Point Pelee 2013 0.123 65 High 

St. Catharines 2013 0.038 38 Moderate 

St. Thomas 2013 0.088 59 High 

Toronto 2013 0.039 64 High 

Windsor 2013 0.033 78 High 

Guelph 3  2014 0.014 4 Low 
a EC50 value is the effective concentration that inhibits 50% of the mycelial growth. 
b Classification of the number of DMI applications is divided into three groups: low exposure 0 

to 9 applications, Moderate exposure 10 to 40 applications, and High levels of exposure 41 to 

100 applications.  
c Golf course reported that they had not made any DMI fungicide applications in 1994 but their 

relatively high EC50 value suggests that they were illegally treating prior to the registration of 

propiconazole.  
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Figure 2-1: Locations in southern Ontario where dollar spot samples were collected in 2013 for 

the DMI study. The number of isolates obtained is indicated in the brackets. 
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Figure 2-2: Distribution of fungicide sensitivity of Sclerotinia homoeocarpa in southern Ontario 

showing A) thirteen DMI-treated populations (n = 926 isolates) sampled in 2013 indicated by 

black horizontal grid lines and one population with few DMI-treatments made sampled in 2014 

(n = 85) indicated with white bars and B) all fourteen DMI-treated populations (n = 1011 

isolates) sampled in 2013 and 2014. 
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Figure 2-3: Relationship between the extrapolated total amount of active ingredient of DMI 

fungicides used (2010-2013 data obtained from the IPM website; Pesticide Act, Bill 64, 

OMAFRA, 2009; http://www.ipmcouncilcanada.org/epar/en-CA/Default/courses.aspx) and the 

EC50 value (Table 2-1) for 13 DMI-treated populations of Sclerotinia homoeocarpa sampled in 

the summer of 2013.  
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Figure 2-4: Relationship between Log EC50 values of Sclerotinia homoeocarpa isolates from the 

fourteen populations sampled in southern Ontario calculated from growth exhibited on five 

concentrations of propiconazole amended media (n = 1011) compared to the relative mycelial 

growth on potato dextrose agar amended with a single discriminatory concentration of 0.1 

µg/mL. 
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Figure 2-5: The estimated number of DMI fungicide applications during 20 years and the EC50 

value (Table 2-1) for 13 DMI-treated populations of Sclerotinia homoeocarpa sampled from 

southern Ontario in the summer of 2013 (black dots) and one population sampled in the summer 

of 2014 (white circle). 
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Figure 2-6: Relationship between the estimated number of DMI fungicide applications during 20 

years and the mean EC50 value (Table 2-1) for 18 DMI-treated and 11 untreated populations of 

Sclerotinia homoeocarpa in southern Ontario (2004 data from 5 and 2013 data from 13). R2 is 

the coefficient of determination as calculated in SAS PROC REG. 
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Figure 2-7:  Relationship between the estimated number of DMI fungicide applications during 20 

years and the mean EC50 value (Figure 2-6) for 18 DMI-treated and 11 untreated populations of 

Sclerotinia homoeocarpa sampled in southern Ontario. Populations where a reduced duration of 

control by DMI fungicides has been reported by turf superintendents is indicated by the squares 

(■) and locations where they have decreased DMI use are indicated with a triangle (▲). The 

values that are circled represent outliers to the trend line. 

0.000

0.050

0.100

0.150

0 20 40 60 80

EC
50

 v
al

u
e 

(µ
g
/m

L
) 

Number of applications  

Reduced intervals of Control

Stopped using DMIs in 2010



 
 

49 
 

Chapter 3: Field Trials to Assess Reduced Levels of Control of Sclerotinia homoeocarpa 

Isolates with Varying DMI Sensitivity 

 

3.1 Introduction   

 The failure of DMI fungicides applied at normal rates to control dollar spot caused by S. 

homoeocarpa has been well documented in several instances in the USA. These fears of disease 

control failure have led to the exploration of sensitivity changes in pathogen populations, and 

this has allowed researchers to monitor resistance development and has contributed to the 

development of anti-resistance management strategies (Burpee, 1997; Doney and Vincelli, 1993; 

Golembiewski et al., 1995;Vargas et al., 1992b). Golembiewski et al. (1995) found that 

applications of the nonsystemic fungicide chlorothalonil at 10-day intervals provided acceptable 

control of dollar spot caused by a DMI-resistant strain. Burpee (1997) found that applications of 

another nonsystemic fungicide, fluazinam provided more than 21 days of disease suppression on 

turf inoculated resistant isolates. Doney and Vincelli (1993) found that tank mixing fungicides 

with different modes of action delayed the onset of full blown resistance. Vargas et al. (1992) 

found that some DMI-resistant strains were multiresistant to benzimidazole and dicarboximide 

fungicides. Because fewer fungicides are registered for use on turf in Ontario, the confirmation 

of fungicide resistance in the USA was particularly concerning to the Canadian turf industry. 

Since the baseline DMI sensitivity study in 1994 (Hsiang et al., 1997), there have been several 

new products bought to market in Canada. For example, 4 out of 13 active ingredients registered 

for dollar spot control from 1994 to 2013 were DMI fungicides: propiconazole, myclobutanil, 

triticonazole, and metconazole.  

 Strategies for managing fungicide resistance are aimed at delaying the development of 

full-blown fungicide resistance which is associated with complete fungicide failure; therefore 

management strategies should be put into place before resistance is a problem. The most 
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common approach to managing fungicide resistance is through responsible use of the fungicide. 

One strategy recommended is reducing the total number of DMI fungicide applications. Several 

studies (Engels et al., 1996; Kuck, 1994; Steva, 1994) support this strategy, and examined a 

single high application rate to several applications at reduced rates. In contrast, other researchers 

have found that selection for resistance by a single application can increase with application rate 

(Hunter et al., 1984; Porras et al., 1990). The Fungicide Resistance Action Committee (FRAC) 

recommended reserving DMI use for the most critical part of the season or alternating fungicides 

when possible (Brent and Hollomon, 1995).  

 Tank mixing is another commonly used anti-resistance management strategy (Koller, 

1987;Sanders et al., 1985). The theory behind this strategy is that tank mixing fungicides from 

different groups (i.e. modes of action) will provide different selection pressures to the pathogen 

populations. Tank mixing does not change the relative composition of the population, but it is 

theorized to delay the development of resistance (Vargas et al., 1992b).  While the mixture of 

fenarimol and dodine was effective in the control of Venturia inaequalis, the populations of this 

species under study already had high levels of resistance to dodine (Köller and Wilcox, 1999; 

Sholberg et al., 1989).  

  Despite tank mixing fungicides with different modes of action, resistance to fenarimol 

and dodine still developed in V. inaequalis (Köller et al., 1999), which might be a case of 

multiple resistance. Multiple resistance is very unusual and might be related to the mechanisms 

of resistance or the genetics of the fungi. Dodine resistance in V. inaequalis is a multigenic trait 

(Polach, 1973; Yoder and Kios, 1976), and DMI resistance is also polygenically controlled 

(Georgopoulos, 1977; Koller, 1988). Dodine and DMI fungicides might share a multiple-locus 

mechanism that confers resistance. This unusual observation could also be explained by 



 
 

51 
 

pleiotropic resistance, whereby the intracellular concentrations of unrelated inhibitors are 

controlled by a single membrane transport system. Based on these observations, it may not be a 

good idea to mix DMI fungicides with dodine (De Waard and Nistelrooy, 1996; De Waard, 

1997).  

 DMI fungicides inhibit the enzyme, C14-demethylase, which plays a role in sterol 

production. The inhibition of this enzyme results in cell death or abnormal fungal growth. DMI 

fungicides in general have no effect against spore germination because spores contain enough 

sterol for the formation of the germ tubes (Köller, 1992), and DMI fungicides inhibit infections 

most effectively after the pathogen has penetrated the host surface (Koller, 1988). In contrast, 

nonsystemic contact fungicides or protectants, which generally have multiple modes of action, 

inhibit spore germination on protected surfaces. Resistance is most likely to occur against 

systemic fungicides, which usually have a single mode of action. Mixing a contact and a 

systemic fungicide can also delay resistance.  Köller and Wilcox (1999) suggested mixing a high 

concentration of fenarimol with mancozeb to counter DMI resistance among populations of V. 

inaequalis. DMI fungicides can also be combined with other systemic fungicides, such as 

dodine, which is active against conidial formation after infections have occurred (Albert and 

Lewis, 1962). This anti-resistance management strategy was found to be effective when low-rate 

mixtures of fenarimol and dodine were combined, and it did not significantly increase the speed 

of selecting double-resistant isolates of V. inaequalis. This mixture was more effective than 

either fenarimol or dodine alone at twice the mixture rate and was successful in commercial 

orchard trials (Köller et al., 1999). 

 Another strategy that has been suggested to deal with fungicide resistance is to use 

fungicides at the highest labelled rate. This strategy allows the fungicide to control fungal 
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pathogens with even intermediate sensitivity to the fungicide (McGrath and Shishkoff, 2001). 

This strategy of using the highest label rate was found to be effective in controlling apple scab 

with fenarimol (Köller et al., 1997, 2005). Köller and Wilcox (1995) recommended using the 

highest label rates to control the most fungicide resistant biotypes of V. inaequalis in the wild-

type population. Some researchers claimed the reverse: that reducing the rate of the fungicide 

and tank mixing to maintain effective disease control would reduce the selection pressure on the 

population (Sanders et al., 1985; Vargas et al., 1992b; Vargas, 1993). The FRAC position is that 

using reduced rates will accelerate resistance by allowing natural resistant biotypes to survive 

after sublethal rates of fungicides (Brent and Hollomon, 1995). However, research is limited to 

support either of the hypothesis (low rates vs. high rates) and more work needs to be done in 

these areas.  

 Alternation of fungicides is another possible anti-resistance management strategy. This 

strategy is very similar to tank mixing, but the chemistries are used in a rotation rather than 

concurrently. Alternation of chemistries does not eliminate resistant isolates from the population, 

but it should reduce their number while providing effective disease control. The effectiveness of 

the strategy is dependent on the relative fitness of isolates (Hsiang et al., 2007; Warren et al., 

1977). 

 The theory of resistance-related fitness costs suggests that sensitive strains are more 

evolutionarily fit than the reduced-sensitive or resistant strains in the absence of a fungicide 

pressure, because the resistant strains had to alter some enzyme or pathway to become less 

sensitive. Resistance-related fitness cost refers to the growth and reproduction of less sensitive 

isolates in the absence of the fungicide selection pressure. Hsiang et al. (1998) tested this theory 

by examining 40 Ontario isolates of S. homoeocarpa with varying levels of sensitivity to 
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propiconazole in the absence of fungicide use. The development of dollar spot disease was 

assessed over a season on creeping bentgrass, and the area under the disease progress curve and 

the log-EC50 values of the isolates showed a significant negative correlation which indicated that 

the sensitive isolates were more fit (i.e. caused more disease) than the reduced-sensitive isolates 

in the absence of fungicide use. The implication is that if DMI fungicides are not used, then 

resistant strains will gradually die out, allowing sensitive populations of S. homoeocarpa to 

repopulate (Hsiang et al., 2007).  

   Resistance management should integrate both the use of cultural practices and the 

optimization of fungicide use to result in fewer or less-concentrated fungicide applications 

(Smiley et al., 2005; Vargas et al., 1992b). Growing plant varieties with a high degree of natural 

resistance to disease is another strategy that should be utilized. Optimizing fungicide use 

includes strategies like tank mixing or alternating the use of fungicides with different modes of 

action. It is theorized that tank mixing reduces selection pressure only when the partnering 

fungicide is highly effective against the fungus and when good coverage can be achieved. This 

strategy has been implemented in Greece, where protectants like maneb or chlorothalonil were 

mixed with DMI fungicides and delayed the development of resistance to Cercospora beticola 

(Karaoglanidis et al., 2001). Alternating fungicides is effective because it reduces the time of 

exposure between fungicide and fungus. Selecting the most effective or appropriate way to apply 

fungicides will make them work well and will assist in delaying the development of resistance. 

Understanding the pathogen’s lifecycle and epidemiology can also help in the selection of the 

most appropriate application method and time of application (Smiley et al., 2005). 
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 Further research is required to determine whether DMI sensitivity can be restored and the 

length of time required, and to see the effectiveness of anti-resistance strategies for DMI 

fungicides for S. homoeocarpa. In the case of Cercospora arahilicola, which causes early leaf 

spot of peanut, benomyl resistance was present in populations even 20 years after the fungicide 

was de-registered (Damicone, 2009). 

  Several cases of dollar spot field resistance to DMI fungicides have been reported in 

Illinois, Kentucky, and Michigan ( Doney and Vincelli, 1993; Golembiewski et al., 1995; Vargas 

et al., 1992a), although the current status of DMI resistance at these locations is unknown. Since 

then, laboratory and field results from isolates collected from a creeping bentgrass golf green in 

State College, Pennsylvania, and a golf fairway in Chicago, Illinois were confirmed to be 

resistant to propiconazole (Burpee, 1997). Burpee (1997) also found that a propiconazole-

resistant isolate (EC50 value = 0.31 µg/mL) of S. homoeocarpa was able to reach a 5% disease 

level much quicker than a sensitive isolate (EC50 value = 0.03 µg/mL) after DMI fungicide 

application. Miller et al. (2002) sampled two populations that had been exposed heavily to DMI 

fungicides and from four locations that were not exposed to DMI fungicides in Georgia, USA. 

Mean EC50 values for an untreated population (baseline) and a DMI-exposed population were 

0.0049 and 0.0283 µg/mL, respectively.  

 In greenhouse experiments, propiconazole-treated bentgrass was inoculated with seven 

isolates of S. homoeocarpa differing in sensitivity to propiconazole from 0.005 to 0.075 µg/mL, 

and the results confirmed a significant positive linear relationship between in vitro sensitivity of 

S. homoeocarpa and efficacy of propiconazole for dollar spot control (Miller et al., 2002). Based 

on the results of the greenhouse study isolates with reduced sensitivity to propiconazole (mean 

EC50 value = 0.0283 µg/mL) had a reduction by approximately 8 days of control compared to 
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control of disease caused by a population of sensitive isolates (mean EC50 value = 0.0049 

µg/mL) following an application of propiconazole at a label rate (9 g of a.i. per 100 m2). The 

reduced sensitivity (or the resistance level) of particular isolates was further confirmed by in 

vitro assessment of sensitivity in the laboratory using similar methods as this study (Miller et al., 

2002).  

 The field and greenhouse trials of Burpee (1997) and Miller et al. (2002) also revealed 

that disease caused by DMI-resistant isolates, whose EC50 values were five to ten-times greater 

than their baseline sensitive isolate, was not effectively controlled with normal application rates 

of DMI fungicides. Jo et al. (2006) set a discriminatory concentration for propiconazole 

sensitivity testing at 0.1 µg/mL. According to Jo et al. (2006), the results of their in vitro assays 

with propiconazole did not completely match fungicide efficacy trials in the field. Since 

propiconazole significantly reduced dollar spot severity compared to the non-treated control in 

the field, even though isolates with reduced sensitivity (EC50 value > 0.1 ug/mL) were isolated 

from this area. The mean EC50 values used in this field study ranged from 0.001 to 0.171 µg/mL, 

but the researchers were unable to clearly delineate exact cutoff EC50 values for effective versus 

ineffective responses to propiconazole (Jo et al., 2006b).  

3.1.1 Hypotheses  

 The hypotheses developed for these experiments were as follows: 

1) Isolates with reduced sensitivity to DMI fungicides are less virulent than wild-type isolates. 

2) When DMI fungicides are used (e.g. half-rate propiconazole, 13 mL/100 m2), then isolates 

with reduced sensitivity will produce more disease symptoms than wild-type isolates.  

3) Isolates with less sensitivity are suppressed by DMI fungicides for a shorter level of control 
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than wild-type isolates or are less inhibited by DMI fungicides. 

3.1.2 Objectives  

 The objectives of these experiments were as follows: 

1) Select representative groups of isolates of S. homoeocarpa varying in sensitivity to 

propiconazole (high EC50 values (>0.1 µg/mL), moderate EC50 values (0.01 – 0.1 µg/mL), and 

low EC50 values (<0.01 µg/mL)). 

2) Examine the amount of disease caused by each isolate in the absence of fungicide use in field 

trials on creeping bentgrass. 

3) Examine dollar spot symptoms after the application of half-rate propiconazole (13 mL of 

propiconazole /100 m2) for isolates with various sensitivity levels in the field in at three different 

creeping bentgrass growing areas.  

4) Examine whether isolates with high EC50 values in laboratory experiments show less 

suppression by propiconazole in the field. 

3.2 Material and Methods  

3.2.1 Isolate selection and propagation 

 Isolates of S. homoeocarpa were collected in 2013 and EC50 values calculated (Chapter 2). 

The EC50 values were used to place the isolates into three categories: reduced sensitivity (EC50 

values > 0.1 µg/mL), moderate sensitivity (EC50 values 0.01 – 0.1 µg/mL), and sensitive (EC50 

values <0.01 µg/mL).  Up to three representative isolates were chosen from each category.  

Inoculum for field studies was prepared by culturing the selected isolates of S. homoeocarpa on 

PDA until colonies covered approximately 90% of a 9 cm-diameter Petri plate. Wheat seeds 

substrates was prepared by placing 500 g wheat seed into each Western Biologicals bag (8 x 2.5 
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x 19 cm, Western Biologicals Ltd., Aldergrove, BC, Canada), adding 450 mL water, and 

autoclaving three times. The agar cultures were cut into small pieces approximately 1 cm2 and 

then transferred to the wheat seed bags, with two plates of agar seed inoculum per bag. The bags 

were then gently massaged to distribute the seed inoculum.  The inoculated wheat seeds were 

incubated for 3 weeks in the dark at room temperature. The inoculum was then air-dried for 2 to 

3 days in a fume hood with flowing air, after which it was ground using a grain mill (Bosch 

motor powered Family Grain Mill, Cris Enterprises, Daytona Beach, FL, USA), and stored at 4 

°C before use. 

3.2.2 Design of field trials  

 The trials were conducted at the Guelph Turfgrass Institute (GTI) (Guelph, ON) from late 

June through to mid-July of 2014. The experimental design consisted of a randomized complete 

block design with four replications. Each treatment plot measured 1.0 m × 1.0 m.  A cardboard 

box that measured 1.0 m2 with a 0.25 m2 hole cut out of the bottom was set onto a plot when 

inoculation occurred to ensure that only the inner plot area was inoculated. Plots areas were 

selected with the minimum amount of visible disease. All plots were inoculated with 0.25 g of 

inoculum diluted with 25 g of wheat bran per 0.25 m2 to ensure more even inoculum dispersal. 

One week after inoculation, treatments were made with water (control) or Banner Maxx TM 

(Syngenta) as a source of propiconazole at 13 mL per 100 m2 (half of the low rate on the Banner 

Maxx TM label), applied with a CO2 backpack sprayer (35 psi, in water at 15 L per 100 m2). This 

propiconazole application rate of 13 mL per 100 m2 was used in this study to allow for disease 

inhibition at this half-label rate, but without full suppression of reduced sensitive isolates. The 

plots were rated for dollar spot before inoculation and then at weekly intervals for 5 weeks.   
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3.2.3 Statistical analysis  

 The mean number of spots was compared among the different isolates subjected to the two 

treatments: either water or half-rate Banner Maxx TM. These data were then examined further by 

clustering the isolates into EC50 values groupings as defined above: high EC50 values (> 0.1 

µg/mL), moderate EC50 values (0.001- 0.1 µg/mL), and low EC50 values (< 0.01 µg/mL). These 

sensitivity criteria were based on propiconazole EC50 values for S. homoeocarpa reported by 

Hsiang et al. (1997), who set the range for full sensitivity, and Jo et al. (2006) who placed the 

discriminatory concentration for resistance at 0.1 µg/mL. The data were analyzed using SAS 

version 9.1 PROC GLM (SAS Institute, Cary, NC, USA). When significant treatment effects 

were found (p < 0.05), LSD (p = 0.05) was used to separate means. Suppression was also 

calculated for individual and grouped isolates based on the following formula: suppression = 

[(untreated – treated) / untreated].  

Graphs were drawn to illustrate the average number of spots by EC50 grouping (y-axis) 

over the time of the experiment (x-axis). The data from this current study was pooled from the 

three locations and analyzed in SAS to determine if there was a treatment by location interaction 

effect. Tables were also made to show the effects of DMI treatment on mean disease counts for 

plots inoculated with isolates of S. homoeocarpa belonging to three EC50 values grouping at 7 

and 12 days after treatment.  

3.3 Results and Discussion 

3.3.1 Site description  

 Trials were conducted on three different sites at the GTI: the pathology green, the native 

sand green, and the annual bluegrass (Poa annua) green (range 2). The pathology green was 

constructed in 1994 to USGA specifications using 80% sand and 20% peat moss and was 
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composed of primarily of 80% Agrotis stolonifera and 20% P. annua. The native sand green was 

constructed in 1992 using soil that was excavated during the site development; this site is 

thought to be a local Fox sandy loam, and was primarily composed of 80% A. stolonifera and 

20% P. annua. Range 2 was constructed with topsoil stripped off the area and stockpiled. The 

subsoil was graded and levelled, tile drains were put under the roadways, and the topsoil was 

replaced in a uniform layer about 30.5 cm deep across the whole research range area.  The soil is 

also Fox sandy loam soil. The greens area of Range 2 was grown in from plugs of P. annua from 

a local golf course and has been overseeded with A. stolonifera, and the composition during use 

was approximately 80% P. annua and 20% A. stolonifera. All sites were maintained in a manner 

similar to the methods used for the maintenance of golf course putting greens in Ontario. As part 

of the standard maintenance of the field sites, sulphur-coated urea (N-P-K: 25-4-10) was applied 

twice annually, in spring and late summer, at a product rate of 2 kg/100 m2 on all three sites. 

When the data was pooled for analysis, there was a significant treatment by location interaction 

effect, and therefore the data were analysed separately by location.   

3.3.2 Selection of isolates  

 Seven different isolates of S. homoeocarpa were selected for this study: five of the seven 

isolates were selected from the isolates examined in Chapter 2 and the other two were sensitive 

isolates from the local collection which have been used in previous DMI sensitivity surveys 

(Table 3-1). The isolates ranged in EC50 values from 0.005 to 0.55 µg/mL. Three of the isolates 

were highly sensitive to propiconazole (i.e. low EC50 values in laboratory experiments), two 

isolates displayed moderate sensitivity (i.e. moderate EC50 values in laboratory experiments), and 

two isolates showed reduced sensitivity in laboratory test (i.e. high EC50 values in laboratory 

experiments).   
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  The highly sensitive isolates used in this study appeared to produce less disease at all 

three locations. When evaluating the low EC50 value group based on individual isolates, the two 

isolates collected prior to the registration of propiconazole (Low-2 and Low-3) were less virulent 

than the isolate with the low EC50 value from the 2013 study (Low-1). This could be because the 

isolates collected in 1994 (prior to the registration of propiconazole) might have had “attenuated 

virulence” because of longer term storage and repeated subculturing on PDA. Furthermore, the 

inoculum that was used for the two less sensitive isolates (i.e. the isolates collected prior to the 

registration of propiconazole) in the low EC50 value group was produced earlier therefore when 

applied to the field plots it may have been less virulent.   

 These seven isolates of S. homoeocarpa were inoculated onto separate plots on the 

pathology green, native green (both mainly creeping bentgrass), and the annual bluegrass range 2 

on 19 June 2014 at the GTI. At the start of the trials, there were no dollar spot symptoms visible 

throughout the experimental plot areas, but by the end of July, a high number of dollar spot 

patches were visible throughout the experimental area. A treatment of half-rate propiconazole 

(13 mL per 100 m2) was applied on 28 June 2014 to half of each of the experimental area. Plots 

were evaluated on June 19, 26, July 3, July 9, and July 15. Plot layout and design can be seen in 

Figure 3-2.  

 Environmental conditions were very favorable for dollar spot infection to occur during 

the course of these trials. Perhaps inoculation and treatment should have occurred on the same 

day because the disease was very aggressive and set in too quickly for the fungicide treatment to 

control. Furthermore, the grass could not recover fully after treatment. Upon establishment of the 

trials, the temperatures averaged 18 ºC during the day and 11 ºC during the night with dew 

present in the morning for most days, combined with cool nights (Figure 3-1). The natural 
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disease pressure (non-inoculated treated or untreated) was statistically lower than plots 

inoculated with isolates of low, moderate or high EC50  at every time point except at 

establishment where all plots had no disease symptoms.   

 There appeared to be a difference in individual virulence between the S. homoeocarpa 

isolates tested. Individual isolate differences in disease progress can be seen in the appendices: 

Appendix 5 (pathology green), Appendix 6 (annual bluegrass green), and Appendix 7 (native 

green). The disease suppression at 12 days after DMI treatment was also presented for individual 

isolates by test plot: Appendix 8 (pathology green), Appendix 9 (annual bluegrass green), and 

Appendix 10 (native green). 

3.3.3 Pathology green plots 

 Results of the field trials on the pathology green showed that propiconazole application at 

the half of the low label rate (13 mL per 100 m2) significantly suppressed the development of 

dollar spot for moderate and low EC50 groups but did not strongly affect the high EC50 group 

(Figure 3-3). This suggests that isolates with a reduced sensitive had reduced control by the 

efficacy to the propiconazole treatment. There was a significant correlation between EC50 value 

and fungicide field efficacy (i.e. suppression) at 12 days post treatment (0.77 (R2), p = 0.0425). 

Similarly, the study of Burpee (1997) also provided evidence of a significant positive linear 

relationship between the sensitivity of isolates of S. homoeocarpa to propiconazole and efficacy 

of propiconazole for dollar spot control in greenhouse experiments. The efficacy of the 

propiconazole application was examined by calculating the suppression of disease symptoms at 7 

(03-Jul) and 12 (09-Jul) days post treatment (Table 3-2). In the low EC50 value group, there was a 

large standard error because the two isolates from 1994 (Low-2 and Low-3) exhibited 

significantly less vigorous growth than more recently collected sensitive isolate (Low-3). 
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Appendix 5 and Appendix 8 show disease means for individual isolates. Even though there was 

less disease in the inoculated control, the low EC50 group was significantly (p < 0.05) more 

greatly suppressed by propiconazole then the high EC50 group. The plots inoculated with high 

EC50 isolates had basically the same amount of disease whether or not they were treated with 

fungicide, which is in agreement with the lab results, and indicate a correlation between reduced 

sensitivity in lab tests and disease control in field tests.  Likewise, under field conditions, Burpee 

(1997) observed less control of disease in propiconazole-treated plots (a reduction in disease 

suppression by approximately 2 weeks) where dollar spot disease was caused by inoculation of 

an isolate with reduced sensitivity (i.e. high EC50 values) rather than an isolate with high 

sensitivity (i.e. low EC50 values).  

3.3.4 Annual bluegrass green (range 2) 

 Results of the field trials on the annual bluegrass green showed that propiconazole 

application significantly suppressed the development of dollar spot for moderate and low EC50 

value groups but had no affect on the high EC50 value group (Figure 3-4). After treatment, plots 

inoculated with isolates with high EC50 values had significantly more disease then plots 

inoculated with isolates with moderate and low EC50 values, which suggests that the treatment of 

propiconazole had no effect on the high EC50 value group. There was also a correlation between 

EC50 value and fungicide field efficacy (i.e. suppression) at 7 days (03-Jul) post treatment (0.91 

(R2), p = 0.0044) and 12 days (09-Jul) post treatment (0.84 (R2), p = 0.017). In similar studies, a 

positive correlation between dollar spot severity and mean EC50 values propiconazole indicated 

the potential development of resistance reaching levels of inefficacy of  control (Golembiewski 

et al., 1995; Burpee, 1997; Miller et al., 2002).   
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 The efficacy of the propiconazole application was examined by calculating the 

suppression of disease symptoms at 7 (03-Jul) and 12 (09-Jul) days post treatment (Table 3-3). 

At 12 days post treatment, the group of isolates with low EC50 values exhibited significantly 

higher levels of suppression compared to moderate and high EC50 value groups. Similarly, Miller 

et al. (2002) reported that efficacy of control was highest against dollar spot caused by the most 

sensitive (i.e. low EC50 group) isolate of S. homoeocarpa and the lowest efficacy of control was 

observed with the reduced sensitive isolates (i.e. high EC50 group). Similarly to the pathology 

green, the fungicide did not have an effect on the amount of disease, which suggests that in-lab 

measurements were in agreement and correlated with effects in the field.  

3.3.4 Native green  

 Results of the field trials on the native green showed that propiconazole application 

significantly suppressed the development of dollar spot for moderate and low EC50 groups but 

had no affect on the high EC50 group (Figure 3-5). These results suggest that the high EC50 group 

were not affected by the fungicide treatment. There was a significant correlation between EC50 

value and fungicide field efficacy (i.e. suppression) at 7 days (03-Jul) post treatment (0.905 (R2), 

p = 0.005) and 12 days (09-Jul) post treatment (0.90 (R2), p = 0.005). However, the regression 

analysis between the average number of dollar spots on propiconazole-treated plots and mean 

EC50 values for propiconazole was not significant. Jo et al. (2006) reported that fungicide 

efficacy tended to decrease in the field as EC50 values increased (r = 0.88, p = 0.007). Although, 

the relationship between the average number of dollar spots on propiconazole-treated plots and 

mean EC50 values for propiconazole was not significant in this study, this could have been 

because of the small sample size.    
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 The efficacy of the propiconazole application was examined by calculating the 

suppression of disease symptoms at 7 (03-Jul) and 12 (09-Jul) days post treatment (Table 3-4). 

At 7 days (03-Jul) post treatment, plots inoculated with moderate and high EC50 value isolates 

were statistically similar but both have statistically more disease than the plots inoculated with 

isolates with low EC50 values. At 12 days (09-Jul) post treatment, the high EC50 values group had 

significantly more disease than both the low and moderate EC50 values. The fungicide 

suppressed significantly more disease in the low EC50 group than in the moderate and high EC50 

groups, which is similar to Miller et al. (2002).     

3.3.4 Comparison among locations 

 The efficacy of the propiconazole application was examined by calculating the 

suppression of disease symptoms at 7 (03-Jul) and 12 (09-Jul) days post treatment for all three 

locations independently but then also compared together (Table 3-6). In all three locations, 

suppression of dollar spot symptoms was significantly higher in plots inoculated with low and 

moderate EC50 value isolates compared to isolates with high EC50 values. Although there are 

similar trends, the data could not be pooled from all locations because of significant location by 

treatment interaction effects. This could be because there was large variability in suppression in 

the moderate and low EC50 value groups between locations. Another difference between the 

locations was the overall amount of disease. The pathology green is surrounded by trees which 

provide shade on the experimental area making this location more conducive for disease to occur 

because of the shade cover. Shade promotes disease because leaf wetness durations are longer. 

Overall, there was a positive correlation between fungicide field efficacy (i.e. suppression) and 

mean EC50 values. At 7 days (03-Jul) post treatment, the EC50 value was 0.48 (R2), p = 0.026, 

while at 12 days (09-Jul) post treatment, it was 0.58 (R2), p = 0.012. The propiconazole 
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application failed to fully suppress disease even of the sensitive isolates, probably because of the 

favorable dollar spot environmental conditions.   

3.5 Conclusions and Future Work  

 Possible limitations of the current study can be remedied in future work. One of the 

weaknesses of this study was that older isolates were used for the low EC50 population and they 

seemingly were less aggressive perhaps due to long-term storage. They should have been passed 

through a disease cycle before being used for inoculum. Another limitation was the short 

distance between plots. There is no way to be certain that the inoculum did not move into 

different plots via infected clippings from the mowers. The use of buffer zones with applications 

of non-DMI fungicides could possibly ameliorate this situation for future work. The third 

limitation involved the potential for inter-plot spread of isolates and contamination by naturally 

occurring S. homoeocarpa. Although there was not much natural disease pressure in the control 

plots, this is still a possibility. Another limitation of this study was the timing and the rate of the 

fungicide application. Applying the fungicide at the same time or a couple of days after 

inoculation might have yielded better results. Increasing the rate might also have been beneficial 

to yield more significant results.  

 In summary, some of the results support the hypothesis that if DMI fungicides are used, 

then isolates with reduced sensitivity will produce more disease symptoms than wild-type 

isolates. The hypothesis that isolates with reduced sensitivity are suppressed by DMI fungicides 

for a shorter intervals than wild-type isolates could unfortunately not be fully addressed because 

the timing and rate of the fungicide application did not provide full control of the disease 

symptoms. The practical implication of this study is that in the presence of propiconazole, 

isolates with reduced sensitivity to propiconazole could outcompete isolates that are sensitive to 
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propiconazole. However, further studies are required to determine if there is a reduced interval of 

control as well as to determine DMI fungicide resistance prevention strategies. 
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Table 3-1: Isolate name, sampling location, sensitivity group, and EC50 values (µg/mL). 

Isolate Location EC50  (µg/mL)a EC50 Grouping b 

06_094 Burlington 0.55 High-1 

07_029 Halton Hills 0.048 Mod-2 

14_004 Kitchener 0.26 High-2 

28_023 Point Pelee 0.01 Mod-2 

30_034 London 2 0.008 Low-1 

SH15c Cambridge 0.005 Low-2 

SH84c Pennsylvania, USA 0.008 Low-3 

a EC50 value is the effective concentration that inhibits 50% of the mycelial growth. 

b Group refers to fungicide sensitivity grouping:  High = high EC50 values (EC50 > 0.1 µg/mL, 

high levels of reduced sensitivity), Mod = moderate EC50 values (EC50 0.01 – 0.1 µg/mL, 

moderate levels of reduced sensitivity), and Low = low EC50 values (EC50 <0.01 µg/mL, highly 

sensitive). 
c These isolates were collected in 1994 prior to the registration of propiconazole. 
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Table 3-2: Effects of DMI treatment (13 mL of propiconazole per 100 m2) on combined disease 

symptoms for plots inoculated with isolates of Sclerotinia homoeocarpa belonging to three 

sensitivity groups at 7 and 12 days after treatment on the pathology green at the Guelph 

Turfgrass Institute, Guelph, ON. Means with the same letter are not significantly different P = 

0.05. 

  03-Jul-14  09-Jul-14 

Group a Treated Untreated 

Suppression 

(%)b 

 

Treated Untreated 

Suppression 

(%)b 

Low 51 d 85 bcd 11.7 b  82 d 129 cd 13.1 b 

Mod 73 cd 172 a 28.9 a  83 d 219 a 30.5 a 

High 94 bc 114 b -3.5 b  185 ab 163 bc -18.5 c 

LSD 40 40 15.9  54 54 15.1 

a Group refers to fungicide sensitivity grouping:  High = high EC50 values (EC50 > 0.1 µg/mL, 

high levels of reduced sensitivity), Mod = moderate EC50 values (EC50 0.01 – 0.1 µg/mL, 

moderate levels of reduced sensitivity), and Low = low EC50 values (EC50 <0.01 µg/mL, highly 

sensitive). 

b Suppression = [(untreated – treated) / untreated ]* 100.   
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Table 3-3: Effects of DMI treatment (13 mL of propiconazole per 100 m2) on combined disease 

symptoms for plots inoculated with isolates of Sclerotinia homoeocarpa belonging to three 

sensitivity groups at 7 and 12 days after treatment on the annual bluegrass green at the Guelph 

Turfgrass Institute, Guelph, ON. Means with the same letter are not significantly different P = 

0.05. 

  03-Jul-14  09-Jul-14 

Group a Treated Untreated 
Suppression 

(%) b 
 Treated Untreated 

Suppression 

(%) b 

Low 34 d 56 bcd 19.5 a  24 c 70 b 33.6 a 

Mod 49 cd 71 abc 15.2 a  71 b 105 ab 15.6 b 

High 83a 77 ab -4.6 b  114 a 104 ab -0.53 c 

LSD 7 7 13.4  7 7 15.9 

a Group refers to fungicide sensitivity grouping:  High = high EC50 values (EC50 > 0.1 µg/mL, 

high levels of reduced sensitivity), Mod = moderate EC50 values (EC50 0.01 – 0.1 µg/mL, 

moderate levels of reduced sensitivity), and Low = low EC50 values (EC50 <0.01 µg/mL, highly 

sensitive). 

b Suppression = [(untreated – treated) / untreated ]* 100.   
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Table 3-3: Effects of DMI treatment (13 mL of propiconazole per 100 m2) on combined disease 

symptoms for plots inoculated with isolates of Sclerotinia homoeocarpa belonging to three 

sensitivity groups at 7 and 12 days after treatment on the native green at the Guelph Turfgrass 

Institute, Guelph, ON. Means with the same letter are not significantly different P = 0.05. 

  03-Jul-14  09-Jul-14 

Group 
a 

Treated Untreated 
Suppression 

(%)b  Treated Untreated 
Suppression 

(%)b 

Low 30 cd 46 bc 14.1 a  24 ef 73 cd 33.9 a 

Mod 63 ab 83 a 10.1 a  58 de 163 a 31.9 a 

High 69 ab 69 ab -3.0 a  109 bc 122 ab 1.9 b 

LSD 7 7 18  7 7 16.6 

a Group refers to fungicide sensitivity grouping:  High = high EC50 values (EC50 > 0.1 µg/mL, 

high levels of reduced sensitivity), Mod = moderate EC50 values (EC50 0.01 – 0.1 µg/mL, 

moderate levels of reduced sensitivity), and Low = low EC50 values (EC50 <0.01 µg/mL, highly 

sensitive). 

b Suppression = [(untreated – treated) / untreated ]* 100.    
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Table 3-4: Effects of DMI treatment (13 mL of propiconazole per 100 m2) on combined disease 

symptoms for plots inoculated with isolates of Sclerotinia homoeocarpa belonging to three 

sensitivity groups (low, moderate, and high) at 7 and 12 days after treatment on the three 

different greens (annual bluegrass, native, and pathology) at the Guelph Turfgrass Institute, 

Guelph, ON. Means with the same letter are not significantly different P = 0.05. 

   Suppression (%) b 

Group a  Location 03-Jul-14 09-Jul-14 

Low Annual bluegrass 19.5 b 33.6 a 

Low Native 14.1 bc 33.9 a 

Low Pathology 11.7 bc 13.2 b 

Mod Annual bluegrass 16.9 bc 15.6 b 

Mod Native 10.1 c 31.9 a 

Mod Pathology 28.9 a 30.5 a 

High Annual bluegrass -4.7 d -5.3 c 

High Native -6 d 1.9 c 

High Pathology -3.5 d -18.5 d 

LSD - 9.0 9.1 
a Group refers to fungicide sensitivity grouping:  High = high EC50 values (EC50 values > 0.1 

µg/mL, high levels of reduced sensitivity), Mod = moderate EC50 values (EC50 values 0.01 – 0.1 

µg/mL, moderate levels of reduced sensitivity), and Low = low EC50 values (EC50 values <0.01 

µg/mL, highly sensitive). 

b Suppression = [(untreated – treated) / untreated ]* 100.   
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Figure 3-1: Environmental conditions during the field trial conducted at the Guelph Turfgrass 

Institute, Guelph, ON, from June 19 to July 15 2014. Mean daily temperature is indicated by a 

solid line, maximum and minimum daily temperatures are indicated with dashed lines, and daily 

rainfall is indicated with bars in mm. 

0

5

10

15

20

25

30

35

19-Jun 24-Jun 29-Jun 04-Jul 09-Jul 14-Jul

Te
m

p
er

at
u

re
 (

°C
) 

o
r 

R
ai

n
fa

ll 
(m

m
)

2014

Max ºC

Average ºC

Min ºC

Rainfall (mm)



 
 

73 
 

 

Figure 3-2: Randomized complete block design of experimental plots at the Guelph Turfgrass 

Institute, Guelph, ON, from June 19 to July 15 2014. With each 1 m by 1 m plot, only the middle 

0.25 m2 was inoculated and assessed, and the dark grey zone was a buffer area to decrease spread 

of isolates between plots. The light-grey checkered pattern shaded plots were treated with 

propiconazole at 13 mL per 100 m2 while the white plots were not treated with fungicide. Plots 

were inoculated with isolates types L (low EC50 value), M (moderate EC50 value), and H (high 

EC50 value), while X represented natural disease pressure.  
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Figure 3-3: Mean dollar spot counts per 0.25 m2 plot on the pathology green at the Guelph 

Turfgrass Institute, Guelph, ON starting June 19 2014. Arrows show date of inoculation with 

seven isolates (three isolates with low EC50 values, two isolates with moderate EC50 values, and 

two isolates with high EC50 values), and fungicide application (half rate of propiconazole -13 mL 

per 100 m2) based on four replicate plots per treatment. An adjacent set of plots were inoculated 

but not treated with fungicide. LSD values are presented as bars and means differing by at least 

this amount are significantly different at each time point (P = 0.05).   
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Figure 3-4: Mean dollar spot counts per 0.25 m2 plot on the annual bluegrass green at the Guelph 

Turfgrass Institute, Guelph, ON starting June 19 2014. Arrows show date of inoculation with 

seven isolates (three isolates with low EC50 values, two isolates with moderate EC50 values, and 

two isolates with high EC50 values), and fungicide application (half rate of propiconazole -13 mL 

per 100 m2) based on four replicate plots per treatment. An adjacent set of plots were inoculated 

but not treated with fungicide. LSD values are presented as bars and means differing by at least 

this amount are significantly different at each time point (P = 0.05). 
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Figure 3-5: Mean dollar spot counts per 0.25 m2 plot on the native green at the Guelph Turfgrass 

Institute, Guelph, ON starting June 19 2014. Arrows show date of inoculation with seven isolates 

(three isolates with low EC50 values, two isolates with moderate EC50 values, and two isolates 

with high EC50 values), and fungicide application (half rate of propiconazole -13 mL per 100 m2) 

based on four replicate plots per treatment. An adjacent set of plots were inoculated but not 

treated with fungicide. LSD values are presented as bars and means differing by at least this 

amount are significantly different at each time point (P = 0.05). 
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Chapter 4: General Conclusions and Discussion 

 Banner TM (containing propiconazole) has been registered in Canada since 1994, and in 

the last 20 years, Ontario populations of S. homoeocarpa have been exposed to varying 

quantities of DMI fungicides. The decreases in sensitivity described in Chapter 2 are similar to 

results reported from other studies (Jo et al., 2006a; Miller et al., 2002) and support the 

hypothesis that populations of S. homoeocarpa in Ontario that have been more intensively 

treated with DMI fungicides show less sensitivity to DMI fungicides.  

Isolates of S. homoeocarpa were collected from 14 different locations in southern 

Ontario, 13 locations in 2013, and one with lower exposure to DMI fungicides in 2014 (Chapter 

1, Objective 1). The distribution of fungicide sensitivity for high DMI use populations (i.e., > 

four applications over 20 years) from 2013 (geometric mean EC50 = 0.050 µg/mL, n = 925) 

showed a shift towards decreased sensitivity compared to the low DMI use populations (i.e., < 

four applications over 20 years) (mean = 0.014 µg/mL, n = 85) (Chapter 1, Objective 2). High 

DMI use populations have previously been shown to have a significant decline in propiconazole 

sensitivity since the late 1990s (Barton, 1997, Hsiang et al., 1997) and the early 2000s (Hsiang et 

al., 2007; Liao, 2006).  

Although there have been similar studies in the USA, this is the first investigation of DMI 

resistance in S. homoeocarpa of this magnitude and duration (over 1000 isolates and over a 20 

year period). Golembiewski et al. (1995) estimated the resistance level of DMI-exposed 

populations to be 50-times greater than the baseline isolates and stated that this RF=50 reflected 

field resistance. Miller et al. (2002) and Burpee et al. (1997) reported that dollar spot disease 

caused by DMI-resistant isolates had mean EC50 values five to ten-times greater than for isolates 

in the baseline study, and that this level of resistance was correlated with reduced levels of 
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control but not complete disease control failure. For the 1994 and the 2003 studies, DMI 

fungicides were still effective on dollar spot disease in populations which had previously been 

treated with DMI fungicides with estimated RF values of 3.7 and 4.2 respectively. The estimated 

RF value for DMI-treated populations sampled in this study was 6.7. This demonstrates that 

there was a significant shift to a less sensitive population when compared to the 2003 study, but 

not to a level of disease control failure. 

Some locations in the current study gave anecdotal reports of reduced levels of control by 

DMI fungicides (Chapter 1, Objective 3). The study by Miller et al. (2002) also reported reduced 

levels of control with an estimated RF of 5.8. This value is lower than RF value found in this 

study (6.7), but they both show evidence of resistant isolates in the field. Although reduced 

levels of sensitivity have been reported, there was no indication that there was a large enough 

reduction in sensitivity to be associated with fungicide disease control failure. DMI resistance 

studies for other pathogens indicate that estimated RF values of 20 and 29 (Erickson and Wilcox, 

1997; Švec et al., 1995) have been associated with disease control failure. But the precise RF 

value at which control failure occurs for S. homoeocarpa is uncertain.   

 To quantify the relationship between DMI fungicide use and reduced sensitivity, a 

regression of the log EC50 values and the estimated number of fungicide applications was 

performed using the data from the 1994, 2003, and the 2013 samples (Chapter 1, Objective 4). 

The equation predicted that 65 ± 7.1 (standard error) DMI fungicide applications could lead to 

mean EC50 value of 0.1 µg/mL. Hsiang et al. (2007) estimated that it would take 42 DMI 

applications to reach this level based on data from isolates collected in 1994 and 2003. This EC50 

value of 0.1 µg/mL has been associated with field disease control failure by other researchers for 



 
 

79 
 

S. homoecarpa, but the exact value and the population composition required for disease control 

failure still requires further elucidation. 

There were four populations in the current study that had been exposed to over 65 

applications, and their mean EC50 value was significantly lower than that predicted. We suspect 

that these locations have been using anti-resistance strategies such as tank mixing and/or 

alternating fungicides, but this was not confirmed by written or verbal reports. It can also be 

hypothesized that if DMI fungicide applications were stopped entirely or reduced dramatically, 

isolates with reduced sensitivity might be outcompeted by sensitive isolates, and there would be 

annual re-invasion by more virulent sensitive (wild-type) isolates. This is referred to as reduced-

sensitivity fitness cost (Hsiang et al., 1998).  

 To test the fitness of isolates with different sensitivity levels ranging from 0.005 to 0.55 

µg/mL, three sets of field plots in 2014 were inoculated with S. homoeocarpa of varying 

sensitivity levels (Chapter 1, Objective 5). The plots then received either no fungicide treatment 

or half of the low rate of propiconazole. The isolates with higher EC50 values were less affected 

by fungicide treatment than the moderate or low EC50 value groups, and exhibited less disease 

suppression (Chapter 1, Objective 6). Similarly, Miller et al. (2002) reported that efficacy of 

control was highest against dollar spot caused by the most sensitive (i.e. low EC50 value group) 

isolate of S. homoeocarpa and the lowest efficacy of control was observed with the reduced 

sensitive isolates (i.e. high EC50 value group). The present study provides evidence of a 

significant positive relationship between in vitro sensitivity of isolates and S. homoeocarpa to 

propiconazole and efficacy of propiconazole for dollar spot control in the field. 

 Evidence of this correlation was also found by Miller et al. (2002). Under field conditions 

Burpee (1997) observed less control of disease in propiconazole-treated plots (a reduction in 
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disease suppression by approximately 2 weeks) when dollar spot symptoms were caused by an 

isolate with low sensitivity (i.e. high EC50 values) rather than an isolate with high sensitivity (i.e. 

low EC50 values). Isolates with reduced sensitivity were significantly more virulent than isolates 

with sensitivity to propiconazole in the presence of this fungicide. Burpee (1997) also found that 

a propiconazole-resistant isolate (EC50 value = 0.31 µg/mL) of S. homoeocarpa was able to reach 

a 5% disease level much quicker than a sensitive isolate (EC50 value = 0.03 µg/mL) after DMI 

fungicide application. The results of this study support the hypothesis that if DMI fungicides are 

used, then isolates with low sensitivity will produce more disease symptoms than wild-type 

isolates. Overall, there was a positive correlation between fungicide field efficacy (i.e. 

suppression) and mean EC50 values which supports the hypothesis that isolates with high EC50 

values in the laboratory experiments show less suppression by propiconazole in the field 

(Chapter 1, Objective 7).    

 There have been many reports from turfgrass managers in Ontario suggesting that DMI 

applications are not as effective as when they were first introduced, and hence the need to re-

investigate the sensitivity of Ontario isolates of S. homoeocarpa to DMI fungicides. Reducing 

the use of fungicide and using cultural practices such as increasing nitrogen, planting resistant 

grass cultivars, and watering early in the day. There was some evidence in this study suggesting 

that it may be possible to delay the development of DMI resistance by reducing their use. The 

results of this study could be used for developing effective programs that reduce the risk of 

fungicide resistance and, ultimately, extend the viability of these fungicides for managing dollar 

spot. However, further studies are required to determine if there is a reduced level of control as 

well as to determine if effective DMI fungicide resistance prevention strategies are possible. The 

results from the present study demonstrate that continued use of DMI fungicides selects against 
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sensitive isolates and for resistant isolates, resulting in populations with reduced sensitivity. This 

study also suggests that some resistance management strategies are delaying the onset of full-

blown resistance. Future observation and testing is required to determine if the predicted number 

of applications that cause complete fungicide disease failure is accurate. There is also a need to 

determine the exact RF threshold value that reflects field disease control failure, and these data 

would give a predicted timeline for the development of field resistance assuming continued use 

of DMI at the same rate. If possible, it would be ideal to take annual samples from the golf 

courses that had used over 65 DMI fungicide applications to test their DMI sensitivity and to 

determine whether the change in geometric mean is linear or exponential, as well as to track the 

fate of less sensitive isolates. A 30-year study would further help determine the state of DMI 

sensitivity in southern Ontario. Future field studies will be particularly important if there are 

reports of reduced level of control for propiconazole against dollar spot.  

 In summary, one of the original hypotheses of this study was that populations of S. 

homoeocarpa in Ontario that have been more intensively treated with DMI fungicides will show 

less sensitivity to DMI fungicides. The results demonstrated that continued use of DMI 

fungicides over 20 years did indeed select for less sensitive isolates resulting in populations with 

more resistance to DMI fungicides (RF=6.7) even compared to the 10 year study (RF=4.2). 

There was a strong relationship between the number of DMI fungicide applications and the EC50 

value (R2 = 0.70, p= 0.0001). Another hypothesis was that isolates of S. homoeocarpa that show 

reduced sensitivity to DMI fungicides in lab tests would also show reduced levels of disease 

control in the field. In field trials inoculated with isolates that had high EC50 values (least 

sensitive), disease was not inhibited, while disease was suppressed for moderately and highly 

sensitive isolates. It is projected that over 65 typical DMI fungicide applications are needed to 
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shift populations to mean propiconazole EC50 values of over 0.1 µg/mL, which might involve 

reduced levels of disease control in the field and future research will be needed to confirm 

whether this situation actually occurs.  
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APPENDICES 

 

Appendix 1: Sample job for calculation of propiconazole EC50 values. 

data temp; 

input isolate$ conc hour24 hour48; 

 diam= hour48 - hour24 ; output; 

cards; 

SH84 0 20 46 

SH84 0 20 47 

SH84 0 25 46 

SH84 0.001 20 40 

SH84 0.001 20 40 

SH84 0.001 22 40 

SH84 0.01 23 34 

SH84 0.01 23 34 

SH84 0.01 21 32 

SH84 0.1 9 16 

SH84 0.1 8 14 

SH84 0.1 5 8 

SH84 1 5 5 

SH84 1 5 5 

SH84 1 5 5 

SH84 10 5 5 

SH84 10 5 5 

SH84 10 5 5 

; 

run; 

data temp; 

set; 

* the command SET tells SAS to bring in the last data set which was 

* named by the DATA command. The default set (when no set is 

* specified) is the most recent data set. SET names can be specified.; 

number = 1; 

if conc = 0 then delete; 

* get rid of the 0 ppm values since they're in the denominator 

 calculations for response = inhibition. I've also run the job 

 including the 0 ppm values (with transform lconc=log10(conc+.0001) 

 and found the results to be the same; 

lconc=log10(conc); 

* take the log of concentration, note that if the 0 values were still 

 in the data set, one should add the next nonzero value e.g. 

 0.0001 so that one doesn't have problems with log(0); 

* the divisor of radmean was from the 0 ppm value for each isolate; 

* this following part of the SAS program is stored in a spreadsheet so 

 that it can be changed easily to replace the isolate names and 
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 the growth rate on unamended PDA which is the denominator for diam; 

 

if isolate ="SH84" then response = 1- (diam/24.67); 

if isolate = "09_012" then response = 1- (diam/ 20.7);   

; 

if response <= 0 then response = 0; 

* this resets all stimulated (non inhibitory) responses to 0; 

run; 

proc sort; by isolate ; 

run; 

proc probit log10; by isolate; 

model response/number=conc /lackfit inversecl itprint; 

run; 
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Appendix 2: Sample SAS job for comparing EC50 average across all Sclerotinia homoeocarpa 

populations.  

data temp;  

infile 'PROPDAT.PRN';  

  input isol SH01 SH02 SH03 SH04 SH05 SH06 SH07 SH08 SH09 SH10 SH11 SH12 SH13 

SH14 SH15 SH16 SH17 SH18 SH19 SH20 SH21 SH22 SH23 SH24 SH25 SH26 SH27 SH28 

SH29 SH30 SH31;  

EC50 = SH01; POPN = "SH01"; OUTPUT; 

EC50 = SH02; POPN = "SH02"; OUTPUT; 

EC50 = SH03; POPN = "SH03"; OUTPUT; 

EC50 = SH04; POPN = "SH04"; OUTPUT; 

EC50 = SH05; POPN = "SH05"; OUTPUT; 

EC50 = SH06; POPN = "SH06"; OUTPUT; 

EC50 = SH07; POPN = "SH07"; OUTPUT; 

EC50 = SH08; POPN = "SH08"; OUTPUT; 

EC50 = SH09; POPN = "SH09"; OUTPUT; 

EC50 = SH10; POPN = "SH10"; OUTPUT; 

EC50 = SH11; POPN = "SH11"; OUTPUT; 

EC50 = SH12; POPN = "SH12"; OUTPUT; 

EC50 = SH13; POPN = "SH13"; OUTPUT; 

EC50 = SH14; POPN = "SH14"; OUTPUT; 

EC50 = SH15; POPN = "SH15"; OUTPUT; 

EC50 = SH16; POPN = "SH16"; OUTPUT; 

EC50 = SH17; POPN = "SH17"; OUTPUT; 

EC50 = SH18; POPN = "SH18"; OUTPUT; 

EC50 = SH19; POPN = "SH19"; OUTPUT; 

EC50 = SH20; POPN = "SH20"; OUTPUT; 

EC50 = SH21; POPN = "SH21"; OUTPUT; 

EC50 = SH22; POPN = "SH22"; OUTPUT; 

EC50 = SH23; POPN = "SH23"; OUTPUT; 

EC50 = SH24; POPN = "SH24"; OUTPUT; 

EC50 = SH25; POPN = "SH25"; OUTPUT; 

EC50 = SH26; POPN = "SH26"; OUTPUT; 

EC50 = SH27; POPN = "SH27"; OUTPUT; 

EC50 = SH28; POPN = "SH28"; OUTPUT; 

EC50 = SH29; POPN = "SH29"; OUTPUT; 

EC50 = SH30; POPN = "SH30"; OUTPUT;  

EC50 = SH31; POPN = "SH31"; OUTPUT;  

run; 

data temp; 

set; 

logEC50 = log10(EC50);  

run; 

proc GLM; 

CLASS POPN;  

MODEL logEC50 = POPN; 
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MEANS POPN / lsd lines; 

lsmeans POPN; 

run; 
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Appendix 3: Estimated DMI fungicide applications.  

 

Legend: 

R- Record (Hsiang et al., 2007 or on-site records)  

E- Estimate made by the superintendent of the golf course 

V- Anne-Miet Van Den Nieuwelaar’s estimate based on trends in the data or estimates based on 

total active ingredient applied from IPM website data 

 

Burlington  

 

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 4.5 4.5 4.5 4.5 4.5 7 5 4 3 2 68.51 

V V V V V V V V V V E E E E E R R R R R  
1 Confirmed that the estimate was reasonable by the superintendent on 15/01/27 

 

Halton Hills  

 

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

0 1 2 2 1 1 0 1 2 2 2 2 2 2 2 2 3 1 1 2 31 

R R R R R R R R R V R R R V R R R R R V  

 

Mississauga 

 

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

1.8 1.8 1.8 1.8 1 1 1 2 3 3 5.3 5.3 7 2 4 6 4 7 7 5.3 71 

R R R R R R R R R R V V R R R R R R R V  

  

 

Guelph 2  

 

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1 1 1 0 2 2 1 3 1.3 1.3 1.3 26.62 

V V V V V V V V V R R R R R R R R V V V  
2 Confirmed that the estimate was reasonable by the superintendent on 15/01/26 

 

Hamilton  

   

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

1 1 1 1 1 1 1 1 4 2 0 2 3 2 1 0 0 1 2 0 253 

V V V V V R R R R R R R R R R R R R R R  
3 Confirmed that the estimate was reasonable by the superintendent on 15/02/13  

 

Guelph 1  

 

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

0 0 1 0 0 0 0 0 0 0 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 334 
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R R R R R R R R R R E E E E E E E E E E  
4 Confirmed that the estimate was reasonable by the superintendent on 15/02/02 

 

St. Catharines  

 

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

2.5 2.5 2.5 2.5 2.5 2.5 1 2 4 3 2 0 0 2 1 3 2 1 0 2 385 

R R R R R R R R R R R R R R R R R R R R  
5 Confirmed that the estimate was reasonable by the superintendent on 15/01/27 

 

Toronto  

  

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

1 2 2 6 6 5 3 4 2 0 2 2 2 3 5 4 5 5 3 2 646 

R R R R R R R R R R R R R R R R R R R R  
6 Confirmed that the estimate was reasonable by the superintendent on 15/01/27 

 

Kitchener 

 

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2 7 3 0 6 5 3 3.7 3.7 3.7 3.7 65.87 

V V V V V V V V V R R R R R R R V V V V  
7 Confirmed that the estimate was reasonable by the superintendent on 15/01/27 

 

Windsor 

 

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

1 3 5 4 5 2 5 3 3 3 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4 78 

R R R R R R R R R R V V V V V V V V V V  

 

St. Thomas  

 

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 4 4 3 3.5 4 3.5 3.5 3 3 3 59.58 

V V V V V V V V V V R R R V R V V R R R  
8 Confirmed that the estimate was reasonable by the superintendent on 15/02/04 

 

Point Pelee  

 

94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

2 2 2 2 2 2 2 2 2 2 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 65 

R R R R R R R R R R V V V V V V V V V V  

 

London 2 

.  
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94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 Total 

2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 4 4 4 5 5 5 5 5 5 5 72 

V V V V V V V V V V V E E E E E E E E E  
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Appendix 4: All isolates tested and their EC50 values.  

 

Location Accession 

Burlington 13306 06 

Halton Hills  13307 07 

Mississauga 13308 08 

Guelph 2  13309 09 

Hamilton 13310 10 

Guelph 1  13311 11 

St. Catharines 13312 12 

Toronto 13313 13 

Kitchener  13314 14 

Windsor 13315 15 

St. Thomas 13095 95 

Point Pelee 13128 28 

London 2  13130 30 

Guelph 3  14044_ 44_ 

 

Isolate EC50 

(ug/mL) 

Isolate EC50 

(ug/mL) 

Isolate EC50 

(ug/mL) 

Isolate EC50 

(ug/mL) 

 44_001  0.014  08_052  0.055  12_039  0.035  15_045  0.089 

 44_003  0.028  08_054  0.062  12_04  0.032  15_046  0.017 

44__004 0.055 08_055 0.027 12_042 0.016 15_047 0.011 

44__005 0.055 08_056 0.013 12_043 0.046 15_048 0.018 

 44_006  0.054  08_057  0.015  12_044  0.070  15_049  0.042 

 44_007  0.027  08_058  0.107  12_046  0.009  15_051  0.040 

 44_008  0.025  08_059  0.020  12_047  0.074  15_052  0.022 

 44_009  0.047  08_06  0.010  12_048  0.066  15_053  0.020 

 44_01  0.020  08_061  0.059  12_049  0.051  15_054  0.019 

 44_011  0.029  08_065  0.020  12_05  0.127  15_055  0.011 

 44_014  0.005  08_066  0.022  12_051  0.124  15_056  0.011 

 44_016  0.017  08_067  0.050  12_052  0.059  15_057  0.013 

 44_017  0.004  08_068  0.007  12_053  0.049  15_058  0.034 

 44_018  0.053  08_07  0.028  12_054  0.009  15_059  0.023 

 44_019  0.003  08_071  0.039  12_057  0.006  15_061  0.297 

 44_02  0.018  08_072  0.029  12_06  0.082  15_062  0.099 

 44_021  0.003  08_074  0.016  12_061  0.025  15_064  0.017 

 44_022  0.004  08_075  0.023  12_062  0.031  15_065  0.031 

 44_023  0.034  08_076  0.697  12_063  0.082  15_066  0.006 

 44_024  0.025  08_078  0.081  12_064  0.030  15_067  0.013 

 44_025  0.034  08_08  0.018  12_067  0.026  15_069  0.009 

 44_026  0.021  08_082  0.105  12_068  0.027  15_07  0.011 
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 44_027  0.017  08_083  0.013  12_069  0.035  15_071  0.001 

 44_028  0.003  08_086  0.033  12_07  0.131  15_073  0.054 

 44_029  0.020  08_087  0.037  12_073  0.091  15_074  0.103 

 44_03  0.024  08_088  0.019  12_074  0.044  15_075  0.060 

 44_032  0.004  08_089  0.030  12_075  0.225  15_076  0.038 

 44_034  0.003  08_092  0.028  12_076  0.006  15_077  0.9 

 44_035  0.037  08_093  0.029  12_077  0.016  15_078  0.052 

 44_036  0.005  08_094  0.047  12_078  0.027  15_079  0.022 

 44_037  0.004  08_095  0.015  12_079  0.062  15_08  0.051 

 44_038  0.005  08_1  0.077  12_08  0.016  15_081  0.037 

 44_039  0.003  09_002  0.030  12_081  0.075  15_082  0.092 

 44_04  0.004  09_003  0.059  12_082  0.065  15_083  0.046 

 44_041  0.048  09_004  0.207  12_083  0.012  15_084  0.044_ 

 44_042  0.029  09_005  0.368  12_084  0.018  15_085  0.052 

 44_043  0.024  09_006  0.023  12_086  0.039  15_086  0.031 

 44_045  0.024  09_007  0.025  12_089  0.168  15_087  0.722 

 44_049  0.028  09_009  0.037  12_09  0.092  15_088  0.029 

 44_05  0.024  09_01  0.013  12_091  0.024  15_089  0.043 

 44_051  0.030  09_012  0.007  12_092  0.022  15_09  0.026 

 44_052  0.032  09_013  0.033  12_093  0.005  15_091  0.056 

 44_053  0.019 09_014A  0.021  12_094  0.141  15_093  0.125 

44_054  0.015 09_014B  0.012  12_095  0.072 15_094A  0.216 

 44_055  0.015 09_015  0.282  12_096  0.038 15_094B  0.055 

 44_056  0.040  09_02  0.012  12_097  0.034  15_095  0.036 

 44_057  0.027  09_024  0.003  12_099  0.279  15_096  0.013 

 44_058  0.035  09_028  0.025  13_001  0.060  15_097  0.038 

 44_061  0.008  09_029  0.018  13_002  0.021  15_1  0.079 

 44_062  0.004  09_036  0.095  13_003  0.153  28_003  0.263 

 44_064  0.003  09_038  0.016  13_004  0.059  28_005  0.364 

 44_065  0.003  09_039  0.036  13_006  0.040  28_009  0.164 

 44_066  0.002  09_04  0.094  13_007  0.071  28_011  0.260 

 44_067  0.003  09_042  0.015  13_008  0.071  28_017  0.314 

 44_068  0.023  09_043  0.011  13_01  0.034  28_018  0.205 

 44_069  0.032  09_044  0.027  13_011  0.052  28_019  0.050 

 44_070  0.015  09_046  0.005  13_012  0.027  28_02  0.643 

 44_071  0.005  09_047  0.041  13_013  0.025  28_023  0.01 

 44_072  0.024  09_048  0.009  13_014  0.030  28_024  0.100 

 44_074  0.030  09_049  0.005  13_015  0.019  28_025  0.089 

 44_075  0.030  09_052  0.009  13_016  0.037  28_026  0.476 

 44_076  0.041  09_057  0.017  13_017  0.184  28_027  0.271 

 44_077  0.025  09_058  0.009  13_018  0.026  28_028  0.069 

 44_078  0.033  09_059  0.050  13_019  0.015  28_03  0.150 

 44_079  0.030  09_06  0.017  13_02  0.071  28_031  0.217 
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 44_08  0.003  09_062  0.005  13_021  0.041  28_032  0.106 

 44_081  0.003  09_063  0.007  13_024  0.056  28_033  0.368 

 44_082  0.004  09_068  0.036  13_026  0.065  28_034  0.089 

 44_083  0.027  09_07  0.038  13_028  0.020  28_035  0.017 

 44_084  0.005  09_072  0.003  13_029  0.097  28_036  0.026 

 44_086  0.042  09_073  0.004  13_03  0.045  28_038  0.029 

 44_087  0.034  09_077  0.003  13_031  0.029  28_039  0.243 

 44_088  0.017  09_078  0.203  13_032  0.010  28_04  0.042 

 44_089  0.003  09_079  0.055  13_033  0.050  28_041  0.054 

 44_09  0.040  09_08  0.007  13_034  0.019  28_042  0.035 

 44_091  0.018  09_081  0.010  13_035  0.033  28_044  0.027 

 44_092  0.023  09_083  0.005  13_036  0.011  28_047  0.131 

 44_094  0.022  09_084  0.028  13_037  0.016  28_048  0.177 

 44_095  0.015  09_086  0.016  13_038  0.131  28_049  0.129 

 44_096  0.018  09_088  0.098  13_039  0.013  28_052  0.149 

 44_097  0.012  09_089  0.024  13_04  0.037  28_053  0.079 

 44_098  0.023  09_09  0.100  13_042  0.092  28_054  0.227 

 44_099  0.019  09_093  0.005  13_043  0.025  28_055  0.077 

 44_1  0.015  09_094  0.008  13_044  0.044  28_056  0.057 

 44_6  0.030 09_095A  0.050  13_045  0.054  28_057  0.121 

 06_003  0.111 09_095B  0.025  13_047  0.089  28_059  0.076 

 06_004  0.029  09_096  0.007  13_049  0.082  28_06  0.357 

 06_006  0.053  09_097  0.003  13_05  0.110  28_061  0.121 

 06_007  0.074  09_098  0.026  13_051  0.073  28_062  0.431 

 06_008  0.127  09_099  0.025  13_053  0.071  28_063  0.269 

 06_01  0.107  09_1  0.180  13_054  0.073  28_064  0.474 

 06_012  0.077  10_002  0.039  13_055  0.021  28_065  0.201 

 06_014  0.068  10_003  0.047  13_056  0.047  28_066  0.347 

 06_015  0.317  10_004  0.028  13_057  0.033  28_069  0.249 

 06_016  0.120  10_005  0.008  13_058  0.012  28_07  0.545 

 06_017  0.128  10_011  0.008  13_06  0.014  28_071  0.058 

 06_018  0.116  10_012  0.021  13_061  0.025  28_072  0.095 

 06_019  0.213  10_013  0.011  13_062  0.060  28_073  0.120 

 06_02  0.164  10_014  0.031  13_063  0.023  28_074  0.200 

 06_022  0.128  10_015  0.008  13_064  0.022  28_076  0.127 

 06_024  0.011  10_016  0.077  13_065  0.047  28_078  0.093 

 06_025  0.021  10_017  0.005  13_066  0.200  28_079  0.037 

 06_027  0.033  10_018  0.013  13_067  0.047  28_08  0.032 

 06_029  0.014  10_019  0.037  13_068  0.039  28_082  0.025 

 06_033  0.182  10_02  0.015  13_071  0.021  28_084  0.092 

 06_034  0.007  10_021  0.036  13_072  0.044  28_085  0.339 

 06_035  0.098  10_022  0.021  13_073  0.026  28_086  0.098 

 06_036  0.004  10_023  0.046  13_074  0.054  28_087  0.287 



 
 

105 
 

 06_037  0.002  10_025  0.022  13_075  0.047  28_088  0.143 

 06_038  0.051  10_026  0.035  13_076  0.105  28_089  0.081 

 06_039  0.088  10_027  0.029  13_077  0.017  28_09  0.013 

 06_043  0.180  10_028  0.055  13_078  0.087  28_093  0.140 

 06_046  0.052  10_029  0.025  13_079  0.024  28_094  0.089 

 06_047  0.074  10_03  0.025  13_08  0.066  28_095  0.094 

 06_049  0.007  10_031  0.025  13_082  0.022  28_096  0.085 

 06_05  0.178  10_032  0.002  13_083  0.033  28_097  0.095 

 06_052  0.109  10_033  0.002  13_084  0.016  28_098  0.147 

 06_053  0.125  10_034  0.160  13_085  0.033  28_099  0.239 

 06_054  0.020  10_035  0.031  13_086  0.025  28_1  0.193 

 06_055  0.435  10_036  0.195  13_087  0.102  30_004  0.027 

 06_058  0.150  10_037  0.002  13_088  0.031  30_005  0.034 

 06_059  0.434  10_039  0.013  13_089  0.050  30_006  0.030 

 06_06  0.134  10_048  0.004  13_09  0.064  30_007  0.055 

 06_061  0.343  10_05  0.007  13_093  0.040  30_008  0.014 

 06_062  0.037  10_051  0.008  13_094  0.053  30_009  0.085 

 06_064  0.071  10_052  0.002  13_095  0.022  30_011  0.056 

 06_072  0.116  10_055  0.007  13_096  0.042  30_012  0.030 

 06_073  0.487  10_056  0.047  13_097  0.019  30_013  0.013 

 06_075  0.087  10_057  0.040  13_098  0.032  30_014  0.028 

 06_076  0.006  10_058  0.007 13_099A  0.033  30_015  0.030 

 06_077  0.047  10_059  0.357  13_1  0.035  30_017  0.019 

 06_078  0.123  10_061  0.153  14_001  0.052  30_018  0.072 

 06_081  0.277  10_062  0.127  14_002  0.155  30_024  0.157 

 06_083  0.189  10_063  0.028  14_004  0.266  30_025  0.081 

 06_094  0.555  10_064  0.248  14_006  0.004  30_027  0.018 

 06_097  0.383  10_065  0.332  14_007  0.047  30_032  0.041 

 06_099  0.106  10_067  0.154  14_009  0.105  30_033  0.020 

 06_1  0.058  10_068  0.056  14_011  0.037  30_034  0.008 

 07_002  0.031  10_069  0.097  14_012  0.058  30_035  0.019 

 07_004  0.024  10_071  0.142  14_013  0.045  30_036  0.131 

 07_005  0.018  10_073  0.020  14_014  0.102  30_037  0.054 

 07_006  0.006  10_074  0.141  14_015  0.104  30_04  0.061 

 07_007  0.021  10_075  0.072  14_016  0.109  30_041  0.034 

 07_008  0.014  10_076  0.129  14_017  0.279  30_042  0.013 

 07_009  0.082  10_077  0.213  14_018  0.089  30_043  0.176 

 07_01  0.121  10_078  0.021  14_02  0.114  30_045  0.005 

 07_011  0.040  10_079  0.065  14_021  0.225  30_047  0.221 

 07_012  0.012  10_08  0.029  14_022  0.053  30_048  0.058 

 07_015  0.115  10_081  0.004  14_023  0.127  30_051  0.101 

 07_016  0.022  10_082  0.015  14_024  0.177  30_052  0.056 

 07_017  0.050  10_083  0.101  14_025  0.149  30_053  0.039 
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 07_018  0.038  10_084  0.212  14_026  0.159  30_054  0.386 

 07_019  0.310  10_085  0.061  14_027  0.036  30_055  0.091 

 07_02  0.099  10_086  0.104  14_028  0.092  30_057  0.101 

 07_022  0.042  10_088  0.181  14_029  0.528  30_058  0.308 

 07_023  0.025  10_089  0.038  14_031  0.245  30_059  0.013 

 07_024  0.039  10_09  0.062  14_033  0.111  30_06  0.263 

 07_025  0.033  10_091  0.017  14_034  0.041  30_068  0.173 

 07_027  0.211  10_092  0.088  14_035  0.011  30_069  0.081 

 07_028  0.048  10_094  0.088  14_036  0.100  30_07  0.042 

 07_029  0.048  10_096  0.048  14_037  0.011  30_071  0.176 

 07_031  0.190  10_097  0.179  14_038  0.013  30_072  0.114 

 07_032  0.160  10_098  0.056  14_039  0.218  30_073  0.089 

 07_033  0.024  11_002  0.205  14_04  0.159  30_074  0.139 

 07_034  0.049  11_004  0.031  14_042  0.049  30_078  0.047 

 07_036  0.022  11_005  0.098  14_044  0.180  30_079  0.057 

 07_037  0.116  11_008  0.042  14_045  0.093  30_082  0.013 

 07_038  0.016  11_009  0.008  14_046  0.047  30_083  0.174 

 07_039  0.013  11_01  0.016  14_047  0.075  30_084  0.048 

 07_04  0.058  11_011  0.005  14_048  0.126  30_086  0.005 

 07_041  0.053  11_012  0.017  14_049  0.028  30_087  0.107 

 07_042  0.123  11_014  0.112  14_05  0.354  30_088  0.014 

 07_043  0.149  11_016  0.081  14_051  0.066  30_089  0.229 

 07_047  0.118  11_017  0.114  14_052  0.970  30_09  0.020 

 07_048  0.033  11_018  0.042  14_053  0.126  30_091  0.038 

 07_05  0.041  11_02  0.003  14_054  0.018  30_097  0.172 

 07_051  0.060  11_021  0.010  14_055  0.195  30_098  0.227 

 07_052  0.078  11_028  0.034  14_056  0.062  30_099  0.079 

 07_053  0.108  11_029  0.012  14_057  0.118  30_1  0.065 

 07_054  0.050  11_031  0.065  14_058  0.008  95_001  0.114 

 07_055  0.160  11_032  0.136  14_06  0.111  95_002  0.129 

 07_056  0.048  11_035  0.090  14_061  0.196  95_003  0.117 

 07_057  0.026  11_036  0.047  14_062  0.306  95_004  0.073 

 07_058  0.056  11_038  0.112  14_063  0.351  95_006  0.101 

 07_059  0.250  11_04  0.042  14_065  0.291  95_007  0.145 

 07_061  0.156  11_041  0.142  14_066  0.095  95_008  0.098 

 07_062  0.057  11_044  0.370  14_067  0.073  95_01  0.240 

 07_063  0.018  11_045  0.022  14_07  0.073  95_011  0.075 

 07_064  0.021  11_046  0.019  14_071  0.134  95_012  0.105 

 07_065  0.029  11_048  0.118  14_072  0.130  95_013  0.059 

 07_066  0.029  11_049  0.077  14_073  0.050  95_014  0.176 

 07_067  0.066  11_05  0.026  14_074  0.129  95_015  0.043 

 07_068  0.050  11_051  0.084  14_077  0.123  95_016  0.096 

 07_069  0.064  11_052  0.022  14_078  0.040  95_017  0.134 
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 07_071  0.051 11_053A  0.022  14_08  0.018  95_018  0.164 

 07_073  0.094 11_053B  0.072  14_082  0.176  95_019  0.012 

 07_074  0.046  11_054  0.021  14_083  0.517  95_02  0.042 

 07_075  0.034  11_055  0.102  14_084  0.113  95_021  0.060 

 07_077  0.037 11_056A  0.002  14_085  0.132  95_022  0.127 

 07_079  0.158 11_056B  0.014  14_086  0.306  95_023  0.047 

 07_082  0.028  11_057  0.028  14_087  0.304  95_024  0.028 

 07_083  0.126  11_058  0.008  14_088  0.056  95_025  0.185 

 07_084  0.171  11_059  0.180  14_09  0.202  95_026  0.384 

 07_085  0.199  11_06  0.051  14_091  0.057  95_027  0.108 

 07_086  0.147  11_064  0.017  14_092  0.196  95_028  0.051 

 07_087  0.048  11_065  0.046  14_093  0.014  95_029  0.044 

 07_088  0.039  11_067  0.040  14_094  0.024  95_03  0.038 

 07_089  0.041  11_068  0.047  14_096  0.119  95_031  0.199 

 07_09  0.104  11_07  0.062  14_097  0.049  95_032  0.098 

 07_094  0.408  11_071  0.045  15_001  0.025  95_033  0.040 

 07_095  0.027  11_073  0.225  15_002  0.028  95_034  0.067 

 07_096  0.139  11_074  0.077  15_003  0.027  95_035  0.094 

 07_098  0.061  11_077  0.076  15_004  0.010  95_036  0.169 

 07_1  0.068  11_078  0.078  15_005  0.049  95_037  0.049 

 08_002  0.097  11_079  0.095  15_006  0.084  95_038  0.145 

 08_003  0.088  11_08  0.062  15_007  0.044  95_039  0.187 

 08_004  0.037  11_082  0.045  15_008  0.053  95_041  0.469 

 08_005  0.048  11_083  0.111  15_009  0.063  95_043  0.170 

 08_007  1.562  11_084  0.037  15_01  0.014  95_044  0.094 

 08_009  0.053  11_085  0.008  15_011  0.020  95_045  0.033 

 08_01  0.020  11_086  0.067  15_012  0.022  95_046  0.087 

 08_012  0.049  11_087  0.019  15_013  0.015  95_047  0.059 

 08_013  0.028  11_088  0.080  15_015  0.009  95_048  0.307 

 08_015  0.033  11_09  0.036  15_016  0.024  95_049  0.270 

 08_016  0.033  11_091  0.062  15_017  0.009  95_052  0.137 

 08_017  0.034  11_093  0.058  15_018  0.016  95_054  0.132 

 08_018  0.020  11_094  0.024  15_019  0.022  95_056  0.062 

 08_022  0.036  11_095  0.080  15_02  0.043  95_057  0.024 

 08_023  0.282  11_097  0.042  15_021  0.053  95_058  0.700 

 08_024  0.262  12_001  0.023  15_022  0.081  95_059  0.021 

 08_025  0.028  12_002  0.008  15_025  0.031  95_06  0.071 

 08_028  0.011  12_003  0.038  15_026  0.070  95_061  0.038 

 08_029  0.164  12_004  0.018  15_027  0.035  95_062  0.150 

 08_032  0.024  12_006  0.008  15_028  0.015  95_064  0.074 

 08_033  0.066  12_007  0.049  15_029  0.032  95_065  0.031 

 08_034  0.043  12_008  0.073  15_03  0.010  95_066  0.110 

 08_036  0.014  12_009  0.027  15_031  0.027  95_067  0.083 
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 08_037  0.019  12_011  0.061  15_032  0.020  95_069  0.093 

 08_039  0.010  12_012  0.027  15_034  0.016  95_071  0.289 

 08_041  0.125  12_021  0.011  15_035  0.034  95_072  0.070 

 08_043  0.130  12_024  0.018  15_036  0.014  95_073  0.171 

 08_045  0.057  12_026  0.079  15_037  0.035  95_074  0.102 

 08_046  0.103  12_027  0.055  15_038  0.092  95_075  0.023 

 08_047  0.046  12_028  0.058  15_039  0.185  95_076  0.079 

 08_048  0.069  12_031  0.104  15_04  0.034  95_077  0.072 

08_048B  0.085  12_032  0.017  15_042  0.171  95_078  0.042 

 08_049  0.037  12_033  0.032  15_043  0.028  95_079  0.057 

 08_05  0.031  12_037  0.123  15_044  0.107  95_08  0.106 

 95_081  0.556  95_087  0.173  95_092  0.077  95_097  0.024 

 95_083  0.069  95_088  0.134  95_093  0.019  95_098  0.046 

 95_084  0.043  95_089  0.060  95_094  0.201 95_099 0.088 

 95_085  0.049  95_09  0.013  95_095  0.180  95_1  0.153 

 95_086  0.233  95_091  0.037  95_096  0.254     
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Appendix 5: Isolate code, EC50 values, sensitivity group, fungicide treatment, and mean dollar 

spot counts per 0.25 m2 plot at five observation dates for plots on the pathology green at the 

Guelph Turfgrass Institute, Guelph, ON. Means with the same letter are not significantly 

different (P = 0.05).  

     Observation Date 

Isolate 
EC50  

(µg/mL) 

Group 
a 

Treated 
b 

19-Jun-

14 

26-Jun-

14 

03-Jul-

14 

09-Jul- 

14 

15-Jul-

14 

06_094 0.55 High No 0 27 84 143 143 

07_029 0.048 Mod No 0 25 163 200 200 

14_004 0.26 High No 0 26 125 151 151 

28_023 0.01 Mod No 0 29 181 238 238 

30_034 0.008 Low No 0 38 133 163 163 

SH15 0.005 Low No 0 13 58 101 101 

SH84 0.008 Low No 0 6 48 93 93 

06_094 0.55 High Yes 0 53 113 213 213 

07_029 0.048 Mod Yes 0 43 70 91 91 

14_004 0.26 High Yes 0 39 80 158 158 

28_023 0.01 Mod Yes 0 34 94 106 106 

30_034 0.008 Low Yes 0 21 75 150 150 

SH15 0.005 Low Yes 0 15 51 58 58 

SH84 0.008 Low Yes 0 24 21 31 31 

LSD - - - 0 4 51 73 73 
a Group refers to fungicide sensitivity grouping:  High = high EC50 values (EC50 > 0.1 µg/mL, 

high levels of reduced sensitivity), Mod = moderate EC50 values (EC50 0.01 – 0.1 µg/mL, 

moderate levels of reduced sensitivity), and Low = low EC50 values (EC50 <0.01 µg/mL, highly 

sensitive). 
b Treated with or without propiconazole (half rate of propiconazole -13 mL per 100 m2).   
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Appendix 6: Isolate code, EC50 values, sensitivity group, fungicide treatment, and mean dollar 

spot counts per 0.25 m2 plot at five observation dates for plots on the annual bluegrass green at 

the Guelph Turfgrass Institute, Guelph, ON. Means with the same letter are not significantly 

different (P = 0.05).   

    Observation Date 

Isolate 
EC50 

(µg/mL) 

Group  
a 

Treated 
b 

19-Jun-

14 

26-Jun-

14 

03-Jul-

14 

09-Jul 

-14 

15-Jul 

-14 

06_094 0.55 High No 0 19 84 114 114 

07_029 0.048 Mod No 0 18 65 100 100 

14_004 0.26 High No 0 25 70 95 95 

28_023 0.01 Mod No 0 18 78 110 110 

30_034 0.008 Low No 0 18 53 78 78 

SH15 0.005 Low No 0 16 55 65 65 

SH84 0.008 Low No 0 15 60 68 68 

06_094 0.55 High Yes 0 30 78 111 111 

07_029 0.048 Mod Yes 0 25 58 90 90 

14_004 0.26 High Yes 0 20 89 118 118 

28_023 0.01 Mod Yes 0 11 40 53 53 

30_034 0.008 Low Yes 0 8 38 26 26 

SH15 0.005 Low Yes 0 7 26 16 16 

SH84 0.008 Low Yes 0 20 40 29 29 

LSD - - - 0 14 32 48 48 
a Group refers to fungicide sensitivity grouping:  High = high EC50 values (EC50 value > 0.1 

µg/mL, high levels of reduced sensitivity), Mod = moderate EC50 values (EC50 value 0.01 – 0.1 

µg/mL, moderate levels of reduced sensitivity), and Low = low EC50 values (EC50 value <0.01 

µg/mL, highly sensitive). 
b Treated with or without propiconazole (half rate of propiconazole -13 mL per 100 m2).   
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Appendix 7: Isolate code, EC50 values, sensitivity group, fungicide treatment, and mean dollar 

spot counts per 0.25 m2 plot at five observation dates for plots on the native green at the Guelph 

Turfgrass Institute, Guelph, ON. Means with the same letter are not significantly different (P = 

0.05).   

    Observation Date 

Isolate 
EC50 

(µg/mL) 

Group 
a 

Treated 
b 

19-Jun 

-14 

26-Jun 

-14 

03-Jul-

14 

09-Jul 

-14 

15-Jul 

-14 

SH84 0.008 Low No 0 a 5 35 58 58 

SH15 0.005 Low No 0 a 6 35 86 86 

30_034 0.008 Low No 0 a 9 68 75 75 

28_023 0.01 Mod No 0 a 7 73 138 138 

14_004 0.26 High No 0 a 8 50 81 81 

07_029 0.048 Mod No 0 a 8 94 188 188 

06_094 0.55 High No 0 a 11 88 163 163 

SH84 0.008 Low Yes 0 a 6 23 18 18 

SH15 0.005 Low Yes 0 a 6 38 23 23 

30_034 0.008 Low Yes 0 a 7 30 30 30 

28_023 0.01 Mod Yes 0 a 8 86 63 63 

14_004 0.26 High Yes 0 a 13 65 95 95 

07_029 0.048 Mod Yes 0 a 8 40 53 53 

06_094 0.55 High Yes 0 a 8 73 123 123 

LSD - - - 0 6 40 53 53 
a Group refers to fungicide sensitivity grouping:  High = high EC50 values (EC50 value > 0.1 

µg/mL, high levels of reduced sensitivity), Mod = moderate EC50 values (EC50 value 0.01 – 0.1 

µg/mL, moderate levels of reduced sensitivity), and Low = low EC50 values (EC50 value <0.01 

µg/mL, highly sensitive). 
b Treated with or without propiconazole (half rate of propiconazole -13 mL per 100 m2).  
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Appendix 8: Effects of DMI treatment (13 mL of propiconazole per 100 m2) on various isolates 

of Sclerotinia homoeocarpa at 12 days after treatment on the pathology green at the Guelph 

Turfgrass Institute, Guelph, ON. Means with the same letter are not significantly different (P = 

0.05). 

   

Average number 

of spots per plot 

 

 

Isolate EC50  

(µg/mL) 

Group a Treated Untreated Suppression 

(%) b 

28_023 0.01 Mod 106 cd 238 a 33.8  a 

SH84 0.008 Low 31 ef 93 cde 29.3 a 

07_029 0.048 Mod 91 cde 200 ab 27.2 a 

SH15 0.005 Low 58 efg 101 cde 6.5 b 

30_034 0.008 Low 150 bc 163 bc 3.5 b 

14_004 0.26 High 158 bc 151 bc -1.6 b 

06_094 0.55 High 213 ab 143 bc -35.5 c 

LSD - - 73 73 14.1 
a Group refers to fungicide sensitivity grouping:  High = high EC50 values (EC50 value> 0.1 

µg/mL, high levels of reduced sensitivity), Mod = moderate EC50 values (EC50 value 0.01 – 0.1 

µg/mL, moderate levels of reduced sensitivity), and Low = low EC50 values (EC50 value <0.01 

µg/mL, highly sensitive). 
b suppression = [(untreated – treated) / untreated ]* 100.   
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Appendix 9: Effects of DMI treatment (13 mL of propiconazole per 100 m2) on various isolates 

of Sclerotinia homoeocarpa at 12 days after treatment on the annual bluegrass green at the 

Guelph Turfgrass Institute, Guelph, ON. Means with the same letter are not significantly 

different (P = 0.05).  

    Average number  

   of spots per plot  

Isolate 
EC50 

(µg/mL) 
Group a Treated Untreated 

Suppression  

(%) b 

06_094 0.55 High 111 abc 114 ab 1.3 bc 

07_029 0.048 Mod 90 abcd 100 abcd 5.0 b 

14_004 0.26 High 118 a 95 abcd -11.8 c 

28_023 0.01 Mod 53 def 110 abc 26.1 a 

30_034 0.008 Low 26 efg 78 abcd 33.8 a 

SH15 0.005 Low 16 gf 65 cde 37.7 a 

SH84 0.008 Low 29 efg 68 bcde 29.2 a 

LSD - - 48 48 15.3 
a Group refers to fungicide sensitivity grouping:  High = high EC50 values (EC50 value > 0.1 

µg/mL, high levels of reduced sensitivity), Mod = moderate EC50 values (EC5 values 0.01 – 0.1 

µg/mL, moderate levels of reduced sensitivity), and Low = low EC50 values (EC50 value <0.01 

µg/mL, highly sensitive). 
b suppression = [(untreated – treated) / untreated ]* 100.   
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Appendix 10: Effects of DMI treatment (13 mL of propiconazole per 100 m2) on various isolates 

of Sclerotinia homoeocarpa at 12 days after treatment on the native green at the Guelph 

Turfgrass Institute, Guelph, ON. Means with the same letter are not significantly different (P = 

0.05).  

    
Average number 

of spots per plot 
 

Isolate 
EC50  

(µg/mL) 
Group a Treated Untreated 

Suppression 

(%) b 

06_094 0.55 High 123 bcd 163 ab 12.6 b 

07_029 0.048 Mod 53 efghi 188 a 36.1 a 

14_004 0.26 High 95 cde 81 def -8.8 c 

28_023 0.01 Mod 63 efgh 138 abc 27.5 ab 

30_034 0.008 Low 30 fghi 75 edfg 30.0 a 

SH15 0.005 Low 23 hgi 86 cde 36.5 a 

SH84 0.008 Low 18 hi 58 efghi 35.1 a 

LSD - - 53 53 16.1 
a Group refers to fungicide sensitivity grouping:  High = high EC50 values (EC50 value > 0.1 

µg/mL, high levels of reduced sensitivity), Mod = moderate EC50 values (EC50 value 0.01 – 0.1 

µg/mL, moderate levels of reduced sensitivity), and Low = low EC50 values (EC50 value <0.01 

µg/mL, highly sensitive). 
b suppression = [(untreated – treated) / untreated ]* 100.   


