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CHAPTER 2 

2.0 Efficacy of fungicide seed treatment in the management of early tan spot and stripe 

rust in wheat 

Abstract 

Tan spot and stripe rust caused by Pyrenophora tritici-repentis and Puccinia 

striiformis Westend. f. sp. tritici Erikss, respectively, are common foliar diseases of 

wheat (Triticum aestivum L.) with the potential to cause extensive grain yield losses. Tan 

spot causes 5% grain yield loss in South Dakota but individual field grain yield loss can 

be higher with recorded losses of up to 50%. P. tritici-repentis infections can start in the 

fall in winter wheat especially when there is extended warm weather. Similarly, extended 

warmer fall conditions can lead to occasionally stripe rust developing in emerging winter 

wheat. Some producers are using fungicide seed treatments to manage foliar fungal 

diseases that develop in winter and spring wheat early in the season. However, there is a 

paucity of information with regards to fungicide seed treatments efficacy in winter wheat 

to suppress foliar fungal disease in fall. To determine the efficacy of fungicide seed 

treatments in managing tan spot, tan spot and stripe rust susceptible spring and winter 

wheat cultivars ‘Select’ and ‘Brick’, ‘Alice’ and ‘Expedition’, respectively, were 

subjected to two fungicide seed treatments: ipconazole + metalaxyl, triticonazole + 

metalaxyl, and a non-treated check (naked seeds). Treated and non-treated seeds were 

planted into “cone-tainers” under greenhouse conditions and winter wheat cultivars 

planted in the fields at the South Dakota State University (SDSU) Northeast Research 

Farm near South shore and SDSU Volga Research Farm. Seven days and ten days after 

planting, all plants were inoculated with P. tritici-repentis and Puccinia striiformis f. sp. 
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tritici at a concentration of 3,000 conidia ml-1
 and ~ 6x105 spores/ml of spores, 

respectively, until runoff. The inoculated plants were placed in a misting chamber for 24 

hours and then maintained in the greenhouse. Plants inoculated with P. striiformis f. sp. 

tritici were put in a growth chamber maintained at 17 oC day 12 oC night temperatures 

and 98% humidity for 48 hours.  Plants were assessed for tan spot severity at 7 and 14 

days after inoculation while those inoculated with stripe rust pathogen were assessed 15 

days after inoculation. Field studies relied on natural inoculum sources.  Results indicated 

a significant difference between fungicide-treated plants and the non-treated check for tan 

spot severity, number, and size of lesions for the greenhouse study. Tan spot severity at 2, 

3, and 4 weeks after inoculation and was not significantly different among fungicide seed 

treatments but were significantly different from the check for disease severity, number, 

and size of lesions. Likewise, disease severity for stripe rust was significantly low in the 

treated plants than the untreated ones. Tan spot disease severity in “Redfield” cultivar 

was numerically lower at 14 and 20 days after planting in the treated plots at Volga. 

However, there was a significantly lower tan spot disease severity in “Ideal” cultivar 

treated plants (11-22%) than the untreated ones (48-64%). At the NERF, tan spot disease 

severity was significantly reduced by fungicide seed treatments in both cultivars at 14 

and 20 days after planting.  Plots with fungicide seed treatments had a high plant density, 

winter survival rate and a higher grain yield as compared to plots with no seed treatments 

at both locations. These results indicate fungicide seed treatments may be useful in 

reducing early tan spot and stripe rust diseases in wheat.  
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2.1 Introduction  

Wheat is one of the most widely cultivated staple grains globally and is a key 

source of calories and proteins needed by the human body (Curtis et al. 2002; Breiman & 

Graur, 1995). The production of wheat is faced with a number of biotic and abiotic 

constraints. Plant diseases are one of the biotic problems faced by wheat (Heydari & 

Pessarakli, 2010). Use of fungicide seed treatments has proved to be an important 

strategy not only for ensuring optimal stand but also lessening early-season foliar fungal 

diseases (Menzies & Gilbert, 2003; Wiese, 1987). Some of the diseases controlled by 

fungicides include tan spot caused by Pyrenophora tritici-repentis and Puccinia 

striiformis Westend. f. sp. tritici Erikss. 

Pyrenophora tritici-repentis is a stubble-borne disease with yield losses ranging 

between 5- 50% (Singh et al. 2010; Shabeer and Bockus, 1988). In South Dakota, 5% 

grain yield loss has been recorded but individual field grain yield loss can be higher up to 

30 % (Buchneau et al. 1983). In efforts to curb down tan spot effects on wheat yield, a 

number of measures such as breeding for resistance, use of fungicides, and cultural 

practices including crop rotation and stubble management are being used. Likewise, 

stripe rust is an important disease of wheat world over (Hovmøller et al. 2011; Wellings, 

2011) and in South Dakota (Byamukama, 2015). The effect of stripe rust on the 

susceptible wheat cultivars can be severe especially if infection occurs before booting 

(Boshoff, 2003). Stripe rust has been reported to cause grain yield losses of between 50-

100 %, a reduction in kernel mass of 43% and a decrease in the kernel number of 72% 

(Murray et al. 1995; Chen, 2005).  



61 
 

Fungicide seed treatment is used by growers to manage seed-borne and soil-borne 

pathogens that attack seed and seedlings. However, it has been recorded that fungicide 

seed treatments are used by some growers with anticipation to manage the foliar diseases 

such as tan spot, spot blotch, and stripe rust among others that show up early in the wheat 

growing season (Stack and McMullen, 1988, Mehta, 1993, Sharma-Poudyal et al. 2005, 

Duveiller et al. 2005; Boshoff, 2003). Most fungicide seed treatments are applied as pre-

coated on the grains and are taken up by the seedling at germination and later distributed 

throughout the leaves and other plant tissue depending on the mode of action (Sierotzki & 

Scalliet, 2013; Davidse, 1975; Howard et al. 1977; Buchenauer,1987; Lyr, 1995). 

Fungicide seed treatments act as pathogen repellents or antagonists hence reduce 

pathogen infection, reduce sporulation and increase the pathogens’ latent period. Seed 

treatments inhibit surface and internally seed-borne pathogens. Soil-borne pathogens like 

Pythium, Rhizoctonia, and Fusariums are highly inhibited by fungicide seed treatments 

(Wegulo, 2017). Studies by Sharma-Pourdyal et al (2005 & 2016) indicated that 

Helminthosporium leaf blight disease complex was effectively managed in spring wheat 

by seed treatments when a combination of triadimenol + carboxin + thiram was used. 

Sharma-Poudyal et al (2005) also reported increased kernel weight and grain yield due to 

the use of propiconazole fungicide seed treatment. Other studies have indicated that 

Helminthosporium leaf blight disease complex was effectively managed in spring wheat 

by seed treatments using a combination of triadimenol and carboxin + thiram with a 9% 

and 8 % grain yield increase, respectively (Sharma-Purdyal et al. 2005 & 2016). In the 

case with tan spot, seed treatments with a foliar-active systemic action will confer 

additional disease control and allow a good complementation of the subsequent foliar 
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applications for instance in case of a delay of foliar treatment (Bartlett et al. 2002). Luz, 

(1986) indicated that tan spot was reduced by traideminol seed treatment 20-30 days after 

sowing under controlled environmental conditions and this is one of the motivations for 

most growers to use seed treatments. In stripe rust management, seed treatment products 

containing triademenol or triticonazole gave protection to plants against stripe rust for 

about 4 weeks after sowing (Hollaway, 2018). Other studies indicating successful seed 

treatment for the control of wheat diseases like smuts, kernel bunt, and root rots are; 

imazalil, nuarimol, triadimenol, propiconazole, difenoconazole, and flutriafol (Stack and 

McMullen, 1991), epoxiconazole (Sharma et al. 2005); tebuconazole, ciproconazole, 

fluzilazole, metaconazole and propiconazole (Viedma & Kohli, 1998); triademefon, 

fentinacetate-maneb and propiconazole (Hobbs et al. 1998; Lapis, 1985). Larsen and 

Falk, (2013) reported that a dual fungicide (difenoconazole & metalaxyl) and an 

insecticide (thiamethoxam) enhanced the frost tolerance of wheat seedlings hence 

increased winter wheat survival which ultimately boosted yield.  

Although several studies have reported benefits to fungicide seed treatments with regards 

to early foliar fungal diseases control, no information is available on the effectiveness of 

this practice in the Northern Great Plains region. One additional benefit due to seed 

treatments in winter wheat is the increased plant vigor that leads to better winter survival 

(Turkington et al. 2016). Fungicide seed treatments have also been reported effective in 

improving the winter wheat stand establishment (Schaafsma & Tambauric llincic, 2005; 

Menzies & Gilbert, 2003; Wiese, 1987). There is limited to no information on the effect 

of fungicide seed treatment in managing early foliar diseases in winter and spring wheat, 

especially in the frigid Northern Great Plains environment. Also, a number of previous 
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studies did not fully address the duration of protection by fungicide seed treatments and 

the possible impact these have on subsequent diseases and ultimately the yield. Thus, the 

objectives of this study were to 1) Determine the efficacy of fungicide seed treatments in 

the management of early tan spot and stripe rust diseases in wheat 2) Assess effect of 

fungicide seed treatment on winter stand establishment and winter survival 3) Determine 

the effect of fungicide seed treatments on yield. 

 

2.2  Materials and methods 

Studies to establish the efficacy of fungicide seed treatments in the management of 

tan spot and stripe rust were conducted both in the greenhouse and in the field. Two 

winter wheat cultivars were evaluated using different fungicide treatments at different 

planting times i.e., early and late fall planting for the field studies.  

2.2.1 Greenhouse study 

Greenhouse experiments were conducted at the South Dakota State University 

Plant Science greenhouse. Hard red spring wheat cultivars “Select” and “Ideal”, and hard 

red winter wheat cultivars; “Alice” and “Expedition” that have varying susceptibility to 

tan spot and stripe rust were planted in the greenhouse experiments. The spring and 

winter wheat seeds were treated with two fungicides with active ingredient combinations 

difenoconazole + mefenoxam + fludioxonil + sedaxane (Warden Cereals WR11, 

WinField® United) and pyraclostrobin + triticonazole + metalaxyl (Stamina F3, BASF, 

U.S) and the untreated naked seeds were the untreated check. The study was arranged in 

a complete randomized design and treated and untreated seeds planted in separate “cone-

tainers” (Stuewe & Sons, Inc. Tangent, OR) of a cell diameter of 3.8cm and a depth of 
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20cm filled with a soil mix pro-mix® BX mycorrhizae (Greenhouse Megastore, Danville, 

IL). Five seeds per cone for each of the cultivars were planted and thinned to four 

seedlings after emergence.  

2.2.1.1 Inoculation and disease ratings 

The Pyrenophora tritici-repentis (Ptr) race 1 “Pti2” isolate was used for the 

greenhouse inoculations. The isolate was obtained from wheat samples collected in South 

Dakota and kept in the freezer at -20oC. A fresh culture of the isolate was initiated on by 

growing plugs on V8-PDA (V8 juice: 150 ml; CaCO3: 3 grams, Potato Dextrose Agar: 10 

grams; Agar 10 grams; distilled water 850 ml) (Lamari & Bernier, 1989). After 5 days of 

incubation under dark conditions, the V8-PDA plates with growing mycelia were matted 

down using a flame-sterilized test tube bottom and transferred to light for 24 hours 

followed by another round of 24 hours’ darkness at 16 oC to facilitate conidia formation. 

Using a sterilized wire loop, conidia were scrapped off the media and counted on a 

microscope. Conidia spores were brought to a concentration of 3000 spores/ml before 

inoculation. The diluted spores were transferred to a Preval sprayer (Nakoma Products, 

Bridgeview, IL) and all plants were inoculated until runoff. To determine the length of 

fungicide seed treatment protection against tan spot development, tan spot pathogen 

inoculations were done at 7, 14, 21 and 28 days after planting. The inoculated plants were 

transferred to the humidity chamber set to mist for 10 seconds every after 12 minutes for 

a span of 24 hours to enhance infection (Lamari & Bernier, 1998). After 24 hours in the 

misting chamber, the rack containing inoculated plants was transferred to the greenhouse 

bench. Rating for the percent disease severity, lesion size and number was conducted 7 

and 14 days after inoculation (DAI).       
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For stripe rust inoculation, wheat seedlings were inoculated with P. striiformis f. 

sp. tritici (Pst) urediniospores collected in 2017 from Brookings county Crop 

Performance Trail (CPT). The spores were kept in a freezer at -80 oC. Frozen spores were 

recovered and heat shocked in a water bath at 45 oC for 2 minutes.  At 10 days after 

planting, the seedlings were spray inoculated with the recovered urediniospores at a 

concentration of ~ 6x105 spores/ml of spores suspended in soltrol 170 oil (Phillips 

Petroleum, Bartlesville, OK) at a rate of 0.01g/mL and then left to air dry for 30 minutes. 

The seedlings were later transferred to the dew chamber set at 10 oC and supplied with 98 

% humidity for 48 hours in the dark. The plants were maintained in a growth chamber at 

17 °C/ 12 °C (day/night) at a 16-hour photoperiod in a growth chamber. Disease severity 

was assessed 20 days’ post inoculation based on the total percentage leaf area diseased 

(TPLAD). The experiments ran for 4 weeks for the spring wheat tan spot study and 6 

weeks for the winter wheat stripe rust study. Tan spot inoculations were done every week 

so as to establish the length for which fungicide seed treatments are active against tan 

spot pathogen. Both stripe rust and tan spot greenhouse studies were repeated twice. 

2.2.2 Field study 

Two winter wheat cultivars “Ideal” and “Redfield” were planted at South Dakota 

State University (SDSU) Northeast Research Farm (NERF) near South Shore and at 

SDSU Volga Research Farm in fall 2017. These cultivars were selected for varying in 

susceptibility to tan spot and stripe rust with Redfield being moderately susceptible and 

Ideal is susceptible (Kleinjan et al. 2015).  
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2.2.3 Fungicide treatments and study design 

Winter wheat was sown into the previous season’s wheat stubble to facilitate tan spot 

infection. The following fungicide seed treatments and rates in milliliters per hundred-

pound weight (cwt) were applied to the cultivars “Redfield” and “Ideal”. prothioconazole 

+ penflufen + metalaxyl (Evergol® Energy, Bayer® CropScience, Research Triangle 

Park, NC) at 29.6 ml; sedaxane (Vibrance® 500FS, Syngenta® USA) at 2.4 ml; 

pyraclostrobin (Stamina®, BASF, Research Triangle Park, NC) at 26ml; ipconazole+ 

metalaxyl (Rancona® Pinnacle, MacDermid Agricultural Solutions, Inc. Waterbury, CT) 

at 146 ml; difenoconazole + mefenoxam (Dividend® Extreme, Syngenta® USA) at 118 ml 

and the untreated check (naked seed). The study design was a split-plot design with 

cultivar as the main plot factor and fungicide treatments as the subplot and treatments 

were replicated four times. To assess time of planting effect on the effectiveness of 

fungicide seed treatments, two planting times were done:  September 9th for early 

planting and October 24th for late planting at the Volga location and on September 8th and 

October 25th for the NERF for the early and late planting, respectively. The plots were 

planted with a 7-row tractor mounted small grain planter fitted with cone units at a 

seeding rate of 323 seeds/m2. Plot size was 1.5m wide by 4.6m long.  Stand counts were 

done 8 and 14 days after planting for the early planting and 10 days after emergence in 

late spring for the late planting. Foliar disease rating was conducted 10 days at the two 

emerged leaves in late fall and at 10 and 20 days after emergence and in late spring. 

Disease severity ratings were recorded for the first two lower leaves and flag leaves for 

the fall ratings. Percent disease severity was recorded for each leaf based on chlorotic and 

necrotic lesions for the 20 randomly selected plants per plot. Further, plant density counts 
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and height measurements (cm) were conducted in the late spring of 2018 on the late- 

planted plots at Northeast Research Farm (NERF) and Volga to ascertain winter survival 

at 20 days after planting. The plant stand counts were done using 1000mm hula-hoop for 

both the early and late planted plots at the Volga research farm. A measuring tape was 

used for the late planted plots (at 1m length) at the NERF due to poor emergence as a 

result of winter kill. Foliar disease rating was conducted 14 and 20 days after planting for 

the early planted plots. Total leaf disease severity was rated for each leaf as the total 

percentage leaf area covered with tan spot lesions for 20 randomly selected plants per 

plot. At all the locations, plots were harvested using a small plot combine and yield per 

plot, test weight and protein content were recorded.  

To assess the incidence of root rot pathogens for different treatments, ten plants were 

randomly uprooted per plot at seedling and early booting stages and were cleaned by 

washing soil off the plant roots using running tap water. The plants were wrapped in 

paper towels and left to dry overnight to remove any excess moisture. Plant crown roots 

were excised using a sterile pair of scissors from each of the ten plants to a length of 0.5- 

0.7cm. The root segments were surface sterilized in 1% bleach for 60 seconds and rinsed 

in double distilled water for 60 seconds. The sterilized root segments were plated on a 

lactic acid-amended half strength PDA. Each plate had 4 spaced root segments which 

were left to incubate at room temperature ranging from 20-23 oC with 12-hour alternate 

dark and light conditions for 7 days. The 7 day-old cultures from each of the 4 root 

segments per plate were individually transferred using a flame-sterilized scalpel onto 

fresh half strength PDA plates to get pure cultures of the fungi. The fungal growth was 

assessed using a compound Zeiss microscope illuminated with an illuminator 100 (Carl 
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Zeiss Inc., Thornwood, NY) for identification. The percent pathogen incidence was 

determined for each root rot as follows: The number of root pieces with the particular 

pathogen/total number of root pieces per plot x 100.  

 

2.3 Data analysis  

Disease severity, number of lesions, size of lesions, and height of plants data were 

subjected to multiple linear model procedures in the R computing environment (R Core 

Team, 2018) to determine the effect of seed treatments in controlling tan spot and stripe 

rust and also on yield and plant vigor. Two greenhouse repeats were combined after 

conducting homogeneity of variance test.                                                                           

For statistical models, fungicide seed treatments and cultivar for both the greenhouse and 

field studies were considered fixed factors whereas location, plots and “cone-tainers” 

were the random factors. Analysis of variance (ANOVA) was conducted for both 

greenhouse and field studies on the percentage disease severity, an average number of 

lesions, size of lesions and only percentage disease severity for the stripe rust study. From 

the analysis of the main and interactive effects, means were separated using Fisher’s 

Least Significant Difference. The data for root disease assessments were log transformed 

to minimize variance and meet the normal distribution assumptions. 

 

2.4 Results 

2.4.1 Efficacy of seed treatment to manage tan spot in the greenhouse study 

The ANOVA revealed significance fungicide seed treatments effect (P ≤ 0.05) 

for, weeks after planting, cultivar and the rating interval (days after inoculation) effects 
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on disease severity, lesion numbers, and size (Table 2.1).  Since weeks after planting-

treatment effects were significantly different, means are analyzed by weeks after planting 

(Table 2.2). Significant differences occurred between treatments for the four assessment 

dates. Disease severity was high in plants inoculated at 2, 3 and 4 weeks after planting 

and was low in 1 week after planting. Likewise, the number of lesions significantly 

varied across treatments 2, 3 and 4 weeks after plating. There was a reduction in the 

efficacy of the fungicide seed treatments as wheat seedlings’ growth progressed from 

week 1 to week 4 in terms of disease severity. Overall, there was a significantly low 

disease severity, size and number of lesions for the fungicide seed-treated plants as 

compared to the untreated (Table 2.2). Products pyraclostrobin + triticonazole + 

metalaxyl and thiamethoxam+ difenoconazole + mefenoxam + fludioxonil + sedaxane 

were not significantly different from each other. There were numerical differences 

between fungicide treatments in controlling tan spot severity with thiamethoxam + 

Difenoconazole + mefenoxam + fludioxonil + sedaxane treated plants having lower 

disease severity scores compared to pyraclostrobin + triticonazole + metalaxyl. 

2.4.2 Efficacy of seed treatment to manage stripe rust in wheat in the growth chamber 

Two runs were combined for the stripe rust study. Disease severity was 

significantly different amongst treatments with the untreated (naked) seeds having a high 

percentage of disease severity of 53% (Table 2.4) compared to 41 and 36% for seed 

treated plants. Pyraclostrobin + triticonazole + metalaxyl (Stamina® F3) and 

difenoconazole + mefenoxam (Dividend® Extreme) were not significantly different from 

each other in controlling stripe rust disease. However, plants treated with pyraclostrobin 

+ triticonazole + metalaxyl (Stamina® F3) had numerically lower disease severity than 
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difenoconazole + mefenoxam (Dividend® Extreme). There was no significant difference 

between treatments and cultivar (Table 2. 3). Also, there was no treatment-cultivar 

interaction hence the disease severity results were independent of the wheat cultivars 

used in the study.  

2.4.3 Efficacy of seed treatments in managing tan spot under field conditions 

There was no significant difference in the planting time and treatment interaction 

for disease severity hence both the early and late planted data for the plots was combined 

for analysis. Disease severity was significantly different amongst cultivars, seed 

treatments, and locations. At Volga research station, treatments did not significantly 

differ in disease severity both at 14 and 20 days after planting. “Ideal” cultivar had a 

significantly high tan spot infection (percent severity) in the untreated plants with 48.5% 

and 63.6% at 14 and 20 days after planting, respectively (Table 2.5). Tan spot severity 

was not significantly different amongst the fungicide seed treatments but there were 

numerical differences with difeconazole + mefenoxam treated plants having the least 

disease severity at 14 days after emergence (DAE), and ipconazole + metalaxyl, sedaxane 

and pyraclostrobin at 20 DAE for the “Ideal” cultivar. At the Northeast Research Farm 

(NERF) disease severity was high in the untreated plots at 13.5 and 34.1% at 14 and 20 

DAE in “Redfield” cultivar and 28.4 and 38.6% at 14 and 20 DAE, respectively, for the 

“Ideal” cultivar. The tan spot severity for plots under seed treatments was not 

significantly different for “Redfield” cultivar at NERF at α= 0.05 level of significance but 

was numerically different with sedaxane and difeconazole + mefenoxam that had the 

least percent disease severity. In the “Ideal” cultivar the seed treatments were 

significantly different in controlling tan spot with the least disease severity from 
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pyraclostrobin (7.7%, 13.3% at 14 and 20 DAE respectively), Sedaxane (11.2% at 14 

DAE) and prothioconazole + penflufen + metalaxyl treated plants (4.9%, 12.8% at 14 and 

20 DAE respectively) (Table 2.5). For all the plant densities, the untreated plots had low 

plant counts compared to the treated plants (Table 2.5). The mean plant densities were 

high relative to non-treated check for the plants treated with difeconazole + mefenoxam 

at 8 DAE and prothioconazole + penflufen + metalaxyl at 16 DAE. Winter survival had 

significant location and treatment interaction (Table 8) and the results for both locations 

indicated untreated plants with low plant densities (Table 2.9) compared to the treated 

plants. There were no significant differences for plant height between the treated and 

untreated plants but there were numerical differences where the untreated plots had 

shorter height measurements (cm) as compared to the seed treated plants (Table 2.6). 

Overall, plants at the Northeast Research Farm had high plant densities. The yield was 

not significantly different amongst fungicide seed treatments for the early planted plots 

but was significantly lower in the check, for both the early and late plantings. The late 

planting had lower yields but there were significant differences amongst the treatments 

with prothioconazole + penflufen + metalaxyl (Evergol® Energy) having higher yields 

(Table 2.7). There was a positive correlation between yield and the disease rated at 20 

DAE for the early and late planted plots. 

For root diseases analyses at different plant stages, the plants at the seedling stage 

were not significantly different for Bipolaris Sorikiniana and Rhizoctonia root rot. The 

recovery rate of Fusarium species was significantly high in the untreated plots at the 

seedling stage (Table 2.10) but there were no significant differences amongst the rest of 

the treatments including in the early booting stages. The plants at early booting stages 
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similarly had a higher Bipolaris Sorikiniana recovery rate (incidence) in the untreated 

plots followed by plants treated with sedaxane, prothioconazole + penflufen + metalaxyl, 

and the least incidence in pyraclostrobin, ipconazole + metalaxyl and difeconazole + 

mefenoxam. Likewise, there was no significant difference in the incidence of Fusarium 

and Rhizoctonia root rot disease at the early booting stage but Fusarium had comparably 

high incidence than Rhizoctonia. Overall, there was more Fusarium spp disease incidence 

at the early booting stage of growth than the seedling stage. At all stages, Rhizoctonia 

was the least recovered. 

2.5  Discussion  

The results from the greenhouse and growth chamber for assessment of the effect of 

seed treatments in the management of early tan spot and stripe rust diseases respectively 

indicated a significant reduction in the percent disease severities. This was from a 

comparison between treated and untreated plants inoculated at different weeks after 

planting for tan spot and inoculations at two weeks old plants for stripe rust in the 

greenhouse studies. Winter wheat field plots also indicated a significant reduction of tan 

spot in the seed treated plots from NERF and Volga research farms early in the season.  

Fungicide action on the tan spot pathogen spores might have been through the systemic 

movement of the fungicide into young wheat leaves since there are records of the vertical 

movement of the active ingredients to offer protection to the aerial parts through root 

absorption (Rowell, 1976). This also matches studies by Sharma-Pourdyal et al (2005 & 

2006) where Helminthosporium leaf blight complex which includes tan spot was 

effectively managed using seed treated with triadimenol + carboxin + thiram. There was 

a general increase in disease severity for the 2, 3 and 4 weeks old plants in the 
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greenhouse and 20 days old plants for the winter wheat field plants. The disease severity 

was significantly high in the control as compared to the treated plots and this might be 

because the fungicides do reduce infection by eliminating or decreasing the amount of 

secondary inoculum under field conditions.  

The mean plant density/m2 and height was high in the treated plots especially in those 

treated with difeconazole + mefenoxam under field conditions. This might be because the 

seed treatments enhanced seedling emergence and also offered protection from the root 

diseases. The results of increased plant density are consistent with studies conducted by 

Turkington et al (2016) and Beres et al (2016) where plant density increased with seed 

treatment application. Other related studies by (Reis, 1991; Herrman et al., 1990; Stack 

and McMullen, 1991; Giri et al. 2001) also reported increased germination when seed 

treatments were applied. 

  Poor plant stand at the NERF location was most likely due to poor snow cover 

and late planting reasons hence the fungicides had not much of an effect in improving 

plant stand and vigor. A study by Turkington et al (2016) reported poor stands because of 

poor snow cover in a study from one of the provinces in Manitoba, Canada. The winter 

survival in terms of plant density was significantly different for both studies at Volga and 

NERF with a high density in the treated plots.  

The higher yields in the treated plots than untreated ones are attributed to good 

plant vigor and disease protection early in the season by the fungicides. A study, in 

Ontario, Schaafsma, and Tamburic- Ilincic, (2005) reported that most fungicide seed 

treatments increased yield. This study also verified the results of Sharma-Pourdyal (2005) 

where propiconazole treated plots increased kernel weight and grain yield. Another study 
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though in soybeans by Bradley, (2008) reported that fungicide seed treatments with 

active ingredients fludioxonil + mefenoxam and azoxystrobin + metalaxyl prevented 

stand and yield losses, especially under cool and moist soil condition just like was the 

case for the plots at NERF and Volga Research Farms that were treated with fungicide 

seed treatments.  On a different note, the generally low (from the expected according to 

the seeding rate of 323 seeds/m2) but significantly different yields from the late-planted 

plots were due to poor winter survival, lodging, and poor seed emergence at both 

locations. A study in South Africa by Boshoff et al (2003) where fungicides triadimenol 

and triticonazole were applied as seed treatments resulted in high yields and reduced 

stripe rust diseases in wheat. This partly explains the high yields in field plots with 

fungicide seed treatments and the low disease severity ratings for the stripe rust disease 

conducted in the growth chamber where treatments pyraclostrobin + triticonazole + 

metalaxyl (Stamina® F3) and difenoconazole + mefenoxam (Dividend® Extreme) was 

applied. Also, the study agrees with Hollaway (2018) who noted that seed treatments 

containing triademenol or triticonazole offered protection to plants against stripe rust for 

close to 4 weeks after sowing. A similar study by Luz and Bergstrom (1986) indicated 

both disease control and yield increase in plants treated with triadimenol while managing 

tan spot, powdery mildew, spot blotch and septoria nodurum spot in spring wheat. A 

study by Mendham et al (2009) showed that winter-oil seed rape (Brassica napus) 

planted early in autumn yielded more than the late spring planting. 

For the root diseases, only Bipolaris Sorikiniana, Fusarium spp, and Rhizoctonia spp 

were isolated from diseased roots in the late planted trials from Volga and NERF. In this 

study, there was a considerably lower recovery rate of Bipolaris sorikiniana and 
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Rhizoctonia in plots treated with ipconazole + metalaxyl at the early booting stage of 

wheat. Strobilurins like pyraclostrobin and azoxystrobin have been reported to have 

control effects on Fusarium, Rhizoctonia, Phytophthora, and Pythium spp. (Barlett et al. 

2002; Broders et al. 2007; Hewitt, 1998; Kiewnick et al. 2001). Fludioxonil was also 

reported to have activity on Rhizoctonia and Fusarium spp. (Hewitt,1998; Broders et al. 

2007; Meyer et al. 2006; Munkvold et al. 2002) and this might explain the low recovery 

rates in these two pathogens from our study in the fungicide-treated plots. Other reports 

of several fungicides such as iprodione + thiram or iminoctadine (Reis, 1991); imazalil 

(Herrman et al. 1990); imazalil, nuarimol, triadimenol, propiconazole, difenoconazole, 

and flutriafol (Stack & McMullen, 1991); mancozeb and thiram (Giri et al. 2001); 

carboxin + thiram, and carbendazim (Sharma-Poudyal et al. 2005) have been reported to 

be useful in protecting germinating seeds and seedlings from early infection. 

The seed treatment plots displayed significant grain yield differences as compared 

to the untreated ones. In a recent study by Turkington et al (2016), grain yield was 

improved in spring wheat by application of foliar fungicides but there was no recorded 

synergistic or antagonistic effect of improved yield with the application of seed 

treatments. Also, in order for a fungicide to effectively impact yield, a fungicide 

application should protect the flag leaf (Fernandez et al. 2014, Turkington et al. 2004 

&2015, Poole & Arnaudin, 2014). However, our results might explain the systemic 

protection accorded by the seed treatments over time. This might be one reason for the 

observed yield in the treated plots than the untreated. Previous studies indicate that seed 

treatments will not benefit yield where no seed/soil-borne diseases do not exist (Heer, 

1998, Guy et al. 1989, May et al. 2010) but this study went further to isolate soil-borne 
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pathogens in the late planted plots and there was a great pathogen incidence evidenced by 

the recovery/isolation rate in the untreated plots as compared to the treated plots (Table 2. 

10). This gives confidence that seed treatment had an impact on the soil-borne diseases 

and ultimately impacted yield, for example, a higher yield was registered in 

pyraclostrobin treated plots, and likewise, there had been a higher incidence of the 

common root rot (Tables 2.7 and 2.10). 

The findings of this study indicated that use of seed treatments would manage an 

early foliar disease like tan spot and stripe rust in wheat. The study also elucidated that 

there were higher wheat winter recovery and plant density in plots with fungicide-treated 

seeds. Ultimately the yield benefit was recorded in seed treated plots. An integrated 

management approach to early foliar diseases has benefits of managing soil and seed-

borne diseases as early wheat foliar diseases.  
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Table 2.1: Analysis of variance (ANOVA) for the number of lesions, size of lesions and 

percent disease severity for two fungicide seed treatments and the untreated plants as 

observed for four weeks in the greenhouse studies in 2017 and 2018  

Dependent variable, Source 

of variation 

DFa    MS P>F 

Disease severity  

Seed Treatment 2 34524 < 0.001 

Cultivar 1 7035 < 0.001 

Weeks after planting 3 44896 <0.001 

WAP*Treatmentb 6 2985 <0.001 

Number of lesions  

Seed Treatment 2 7785.4 <0.001 

Cultivar 1 20087.1 <0.001 

Weeks after planting 3 19593.2 <0.001 

WAP*Treatment 6 603 <0.001 

Size of lesions  

Seed Treatment 2 3.817 <0.001 

Cultivar 1 0.023 <0.001 

Weeks after planting  3 57.808 <0.001  

WAP*Treatment 6 0.266 0.5012 
aDegrees of freedom 
bWAP*Treatment Weeks after planting and treatment interaction 

Data was combined across the two runs after the test of homogeneity of variance 
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Table 2.2: Effect of fungicide seed treatments on tan spot severity, number of lesions, 

size of lesions at different days after planting for the pooled 2017 and 2018 greenhouse 

study  

Weeks After Planting, Treatment 

 

 

Disease 

severity 

(%) 

Number of 

lesions 

Size of 

lesions 

(cm) 

 

week 1 

Check 54.5      a 32.1      a 0.60      a 

Pyraclostrobin 39.4      b 23.4      b 0.50      ab 

Thiamethoxam + difenoconazole + mefenoxam 

+ fludioxonil + sedaxane 

38.4      b 22.1      b 0.45       b 

week 2 

Check 70.0      a 33.1     a 0.60      a 

Pyraclostrobin 46.6      b 23.4      b 0.50     ab 

Thiamethoxam + difenoconazole + mefenoxam  

+ fludioxonil + sedaxane 

43.2      b 22.0     b 0.50      b 

week 3 

Check 72.3     a 41.3      a   0.53   a 

Pyraclostrobin 61.3      b 34.1     b   0.48   a 

Thiamethoxam + difenoconazole + mefenoxam 

+ fludioxonil + sedaxane 

57.1      b 31        b   0.44   a 

week 4 

Check 69.3      a 39.3      a 0.70     a 

Pyraclostrobin 65.3     ab 35.41    b 0.55     ab 

Thiamethoxam + difenoconazole + mefenoxam 

+ fludioxonil + sedaxane 

 

62.7     b 34.1      b 0.53      b 

Values are least squared means of 32 replications for the two runs and two varieties. Runs and cultivars 

combined after homogeneity of variance test and interaction F-values, respectively. For each treatment 

within a column, means followed by a common letter are not significantly different according to least-

square means t-tests (P ≤ 0.05) 
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Table 2.3: Analysis of variance table for stripe rust disease severity under different seed  

treatments 

Variable aDF MS 

     

P>F  

Treatment 2 2894 <0.001  

Cultivar 1 29.3 0.6673  

Treatment*Cultivar 2 73.73 0.6279  

a Degrees of freedom 

 

Table 2.4: Mean percent stripe rust disease severity for the pooled data for run 1 and 2 for 

stripe rust seed treatment efficacy study 

Treatment  Disease severity(%) 

Check      52.900  a 

Difenoconazole + mefonoxam    41.375  b 

Pyraclostrobin + triticiconazole+ metalaxyl    36.300  b 

Values are the least squared means of 40 replications for the two runs and cultivars. 

For each treatment within a column, means followed by a common letter are not significantly 

different according to Fishers Least Significance Difference test (P ≤ 0.05) 
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Table 2.5: Effect of different fungicide seed treatments on the percentage tan spot 

severity (percentage) for Volga and Northeast Research Farms (NERF) sorted by cultivar 

Location, Cultivar, and Treatment Disease severity (%) 

 14 DAEa 20 DAE 

Volga   

Redfield   

check     15      a 28      a 

Prothioconazole + penflufen + metalaxyl 14      a 20      a 

Ipconazole+ metalaxyl 13      a 24      a 

Sedaxane 12      a 16      a 

Pyraclostrobin 12      a 21      a 

Difenoconazole + mefenoxam  10      a 14      a 

Ideal  

check     48      a 64     a  

Prothioconazole + penflufen + metalaxyl 17      b 24     b 

Ipconazole+ metalaxyl 16      b 22     b 

Sedaxane 13      b 22     b 

Pyraclostrobin  12      b 22     b 

Difenoconazole + mefenoxam 11      b 24     b 

NERF   

Redfield  

check     13    a 34     a 

Prothioconazole + penflufen + metalaxyl 5      b 11     b 

Ipconazole+ metalaxyl 6      b 9       b 

Sedaxane 5      b 9       b 

Pyraclostrobin  6      b 9       b 

Difenoconazole + mefenoxam 6      b 8       b 

Ideal 

check     28    a 39    a  

Prothioconazole + penflufen + metalaxyl 5       c 13    c 

Ipconazole+ metalaxyl 13    b 22    bc 

Sedaxane 11    bc 25    b 

Pyraclostrobin  8      bc 13    c 

Difenoconazole + mefenoxam 13    b 25    b 

Values are least squared means of 32 replications over two different planting times 

and locations. Different letters in the same column for each treatment represent 

significant differences according to Fishers Least Significant Difference test (P ≤ 

0.05). 
aDAE Days after Emergence  
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Table 2.6: Mean winter plant density and height for combined locations Volga and 

Northeast Research Farms, early and late planted plots  

Treatment 

Plant Density 

/m2 16 DAE 

 Plant 

Density/m 28 

DAEa Height (cm) 

Check    83 a  52 a 7 a 

Difenoconazole + mefenoxam 90  a  71 a 8 a 

Prothioconazole + penflufen + metalaxyl 91  a   59 a 8 a 

Ipconazole+ metalaxyl 88  a  58 a 8 a 

Pyraclostrobin 86  a  59 a 9 a 

Sedaxane 85  a  60 a 8 a 
Values are least squared means of 32 replications over two different planting times and locations. For each 

treatment within a column, means followed by a common letter are not significantly different according to 

Fishers Least Significance Difference Test (P ≤ 0.05) 
aDAE Days after Emergence 

 
 

 

 

Table 2.7: Effect of different fungicide seed treatments on yield for field plots planted 

early (9/8th /2017) and late (10/24th /2017) for Northeast and Volga Research Farm  

Time, Treatment Yield kg/ha 

Late planting  

Pyraclostrobin 1033   a 

Prothioconazole + penflufen + metalaxyl 844    ab 

Sedaxane 790    ab 

Ipconazole+ metalaxyl 771    ab 

Difenoconazole + mefenoxam 727     a 

check        563     b 

Early Planting  

Pyraclostrobin      1777   a 

Prothioconazole + penflufen + metalaxyl   1676    a 

Sedaxane    1768    a 

Ipconazole+ metalaxyl   1804    a 

Difenoconazole + mefenoxam   1724    a 

check    1327    b 
Values are the least squared means of 32 replications for the pooled data from all planting 

times and locations. 

For each treatment within a column, means followed by a common letter are not 

significantly different according to least-square means t-tests (P ≤ 0.05) 
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Table 2.8: Analysis of variance table for winter survival in the late planted plots at Volga 

and Northeast Research Farm to determine the effect of seed treatment on winter survival 
 

 

 

 
 

 

Table 2.9: Mean plant density/m2 and height (cm) taken early May 2018 to estimate 

winter survival of late planted plants under different fungicide seed treatments sorted by 

location 

 
 

 

Variable Dfa MS P>F 

Location 1 1060 <0.01 

Treatment 5 3228.3 <0.001 

location*Treatmentb 5 731 <0.001 
aDegrees of freedom 
blocation*Treatment location treatment interaction effect 
  

Location, Treatment 

Plant 

density/m2  Height (cm) 

NERFa    

Check        45   c 4.1 a 

  Difenoconazole + mefenoxam     69    b 4.1 a 

  Ipconazole+  metalaxyl    88    a 4.8 a 

  Prothioconazole + penflufen +  metalaxyl          87    a 4.2 a 

  Pyraclostrobin   97    a 4.5 a 

  Sedaxane  95    a 4.3 a 

Volga    

Check        68  b 9.1  a 

Difenoconazole + mefenoxam 92  a 9.5  a 

Ipconazole+  metalaxyl 87  a 9.4  a 

Prothioconazole + penflufen +  metalaxyl 94  a 9.5  a 

Pyraclostrobin      90  a 9.6  a 

Sedaxane     90  a 9.3  a 
Values are least squared means of 32 replications over two different locations. Different 

letters in the same column for each cultivar represent significant differences according 

to Fishers Least Significant Difference test, (P ≤ 0.05) 
aNERF Northeast Research Farm 
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Table 2.10: Percentage recovery rate of root rot pathogens amongst different treatments 

for the late planting at different growth stages pooled for Northeast and Volga research 

farms 

Stage, Treatment Percent  

Bipolaris 

sorikiniana 

(log10+10) 

Percent 

Fusarium 

spp 

(log10+10) 

Percent 

Rhizoctonia 

(log10+10)  

    

Seedling stage    

Check 2.0 a 1.7 a 1.1  a 

Sedaxane 1.6 a 1.2 b 1.0  a 

Prothioconazole + penflufen +metalaxyl 1.6 a 1.3 b 1.0  a 

Pyraclostrobin 1.6 a 1.1 b 1.0  a 

Ipconazole + metalaxyl 1.6 a 1.3 b 1.0  a 

difenoconazole + mefenoxam 1.5 a 1.3 b 1.0  a 

Early Booting    

Check 2.0   a 2.0  a 1.1 a 

Sedaxane 1.5  ab 1.7  a 1.0 a 

Prothioconazole + penflufen + metalaxyl 1.5  ab 1.8  a 1.0 a 

Pyraclostrobin 1.5  ab 1.7  a 1.0 a 

Ipconazole + metalaxyl 1.4    b 1.9  a 1.0 a 

Difenoconazole + mefenoxam 1.4    b 1.8  a 1.0 a 
Values are least squared means of 16 replications over two locations for the late planted plots. Different 

letters in the same column for each treatment represent significant differences according to Fishers Least 

Significant Difference test (P≤ 0.05). Treatments with the same letters are not significantly different from 

each other. 
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CHAPTER 3 

3.0 Efficacy of biochemical and microbial pesticides in the management of tan spot in 

wheat 

Abstract 

Use of USDA-approved chemical control of fungal pathogens in an organic wheat 

production system is on the rise due to an increasing demand for organic wheat products. 

However, information on the efficacy of such chemicals in wheat is limited. To 

determine the efficacy of biochemical and microbial pesticides in the management of tan 

spot in wheat, in-vitro, greenhouse and field studies were done.  In vitro studies evaluated 

the growth of Pti2 isolate of Pyrenophora tritici repentis on biochemical and microbial 

pesticides amended Petri plates to assess possible inhibition of mycelial growth. The 

greenhouse study used a tan spot susceptible “Select” cultivar and plants were treated 

with the biochemical and microbial pesticides and then inoculated with tan spot pathogen 

at 3 and 6 weeks after planting for the greenhouse. The field study had two hard red 

spring wheat cultivars “Select” and “Ideal” with varying tan spot susceptibility and were 

grown under natural Pyrenophora tritici repentis inoculum. The greenhouse plants and 

field plants were pre-treated with microbial and biochemical pesticides namely Bacillus 

amyloquafasciens D747, Streptomyces lydicus Wyec 108, Bacillus subtilis QST713 and 

hydrogen peroxide + peroxyacetic acid at two different intervals prior to inoculation. A 

positive check consisted of plants treated with pyraclostrobin, a proven very good 

synthetic fungicide for tan spot management. Both greenhouse and field plants were 

assessed for tan spot severity and field plots yield was recorded. Results from the 

greenhouse studies showed significantly low levels of tan spot severity in the treated 
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plants over the untreated plants and smaller (diameter) to no mycelial growth on the 

biopesticides-amended plates especially on treatments Bacillus subtilis QST713, and 

Bacillus amyloquafasciens D747 followed by Streptomyces lydicus Wyec 108 in vitro. 

There was no significant effect of hydrogen peroxide + peroxyacetic acid on mycelial 

growth in vitro and also in the field and greenhouse studies. Studies from the field show 

that products were effective in managing tan spot. Further analysis of the plant greenness 

showed that overall greenness was high in the treated plants than untreated across the 

cultivars. Grain yield was significantly higher for Bacillus subtilis QST713, and Bacillus 

amyloquafasciens D747 followed by Streptomyces lydicus Wyec 108. Our study 

indicated that biochemical and biological pesticides evaluated were effective in 

controlling tan spot and improving yield and plant vigor in spring wheat. 
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3.1 Introduction 

Wheat production is affected by a number of constraints including pests and 

diseases. To overcome these, a combination of management practices including use of 

crop rotation, biocontrol fungicides, proper fertilization and use of resistant cultivars may 

be used to minimize the impact of pests in farming (Bockus, 1998; Jardine et al. 2000; 

Krupinsky et al. 2002, 2004; McMullen and Lamey, 1994; Turkington et al. 2003). 

Pesticides including herbicides, insecticides, and fungicides have contributed a great deal 

to substantial increases in yields and product quality (Osteen & Szmedra, 1989; 

Fernandez-Cornejo et al. 1998; Gardner et al. 2009, Fernandez-Cornejo et al. 2014). In 

the industrialized world, pest control is heavily dependent on the use of synthetic 

chemical inputs. These are not only very expensive but also are detrimental to the 

environment (Romeis & Meissle, 2006). The synthetic pesticides also present a plethora 

of risks to human health. The human and environmental risks can result from direct 

exposure of workers to pesticides or residues on consumables and movement of 

pesticides into the ground and surface water and into the food chain respectively (Council 

of Environmental Quality, 1993). It is also noted that the use of synthetic pesticides 

presents higher likelihoods of eliminating beneficial organisms (Hassan et al. 2014) 

which ultimately destabilizes the ecosystem (Schuler et al. 1998). The above detrimental 

effects from pesticides have partly led to a yearly increase in the usage of biochemical 

and microbial pesticides world over (Marketsandmarkets.com, 2018). Biopesticides are 

certain types of pesticides derived from natural materials like animals, plants, bacteria, 

and certain minerals. For example, canola oil and baking soda have pesticidal properties 
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and hence are considered biopesticides (Leahy et al. 2014).  Biological control can also 

be defined as an “environmentally-friendly” strategy using living microorganisms or their 

derivatives to reduce a targeted pathogen. These have proven successful for example the 

use of dusting sulfur to prevent powdery mildew in late season cucurbit crops. Part of the 

biological control approach is the use of biocontrol agents (BCA) whose narrow spectrum 

provide an optimum efficacy without affecting non-targeted organisms (Alabouvette et 

al. 2006; Mendelsohn et al. 1994). The use of biochemical and microbial pesticides has 

been in existence for over 50 years but of recent, has started declining due to the 

emergence of resistance in the pest populations (Chandler et al. 2011).  Plant extracts 

were likely the earliest agricultural biocontrols, as history records that nicotine was used 

to control plum beetles as early as the 17th century (BPIA, 2017).  As of now, 

biopesticides are gaining popularity because of the sustainability benefits and the 

increasing concerns of the negative impact of residues arising from the overuse of 

synthetic chemical pesticides (Pertot et al. 2015). The biochemical and microbial 

pesticides are far less toxic with no to less residual effects as compared to the 

conventional pesticides hence less pesticide pollution problems associated with them.  

They (biochemical and microbial pesticides) also degrade faster and are not persistent in 

the environment. It is however advised that biochemical and microbial pesticides be used 

as a part of the Integrated Pest Management (IPM) program, not as “stand-alone” (Leahy 

et al. 2014). Use of agents like Bacillus, Streptomyces, and Lysobacter that can produce 

effective lytic enzymes or antibiotics confer protection to the plants against fungal 

diseases like tan spot (Luz et al. 2003; Whipps, 2001; Zhang et al. 2001; Luz et al. 1998; 

Gough & Ghazanfari, 1982). Most of these biopesticides are already marketed 
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commercially (Fravel, 2005). Biochemical and microbial pesticides have considerably 

less to none detrimental effects on the environment as compared to the synthetic 

counterparts (Romeis & Meissle, 2006; Lacey & Siegel, 2000). Related benefits from 

biopesticides like Bacillus and pseudomonas flourecens include promoting plant 

pigmentation processes (Mohamed & Gomma, 2012; Bertelsen & Neergaard, 2001). 

Antagonism to the pathogens is the mechanism used by most Bacillus strains to halt 

infection (Pérez-García et al. 2011). Bacillus strains are also known for their ability to 

produce biologically active molecules some of which are inhibitors of fungal pathogen 

growth (Schallmey and Ward, 2004).  Other biochemical pesticides with recorded 

bactericidal, fungicidal and sporicidal properties are hydrogen peroxide and peracetic 

acid (Baldry, 1983) 

Most biochemical and microbial pesticides are being used to manage diseases in 

crops like vegetables and fruits (ornamentals) (Doug and Ann, 2017) and are labelled for 

plants such as vegetables, fruits, nuts, ornamental trees, shrubs, flowering plants, 

houseplants, and tropical plants grown in and around home gardens or home greenhouses 

(Anonymous, 2018; Ockey et al. 2012). The labels also spell out many bacterial and 

fungal pathogens which the biochemical and microbial pesticides can control. However, 

no evaluations have been done on the efficacy of these products on field crops such as 

wheat for managing foliar diseases (US-EPA, 2005). One of the most pressing concerns 

in the synthetic fungicides arises from the prophylactic use of such fungicides which later 

puts at risk the ecosystem and the resultant development of resistance in a pest population 

(Van Emden & Service, 2004).  Hence the objectives of this study were to 1) assess the 

efficacy of commercial biochemical and microbial pesticides in the management of tan 
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spot in wheat, 2) assess the efficacy of biochemical and microbial pesticides and other 

organic substrates in improving grain yield. 

 

3.2 Materials and methods 

A study to assess the efficacy of biochemical and microbial pesticides in the 

management of tan spot of wheat was carried out in the in vitro using Petri plates, in the 

greenhouse, and in the field plots at the Southeast Research Farm (SERF) organic and 

conventional fields.  

3.2.1 In vitro mycelia growth inhibition assays 

The in vitro experiments were conducted in the lab using biochemical and 

microbial pesticides -amended V8 PDA plates of size 100 x 15 mm (VWR® Radnor, PA).  

The in vitro efficacy of the biochemical and microbial pesticides was assessed based on 

the inhibition of mycelial growth measured by diameter (cm) of the ring formed by Ptr 

isolate growing on a treatment-amended plate in comparison with the positive control 

(pyraclostrobin) and the untreated check with no biochemical and microbial pesticides 

amendments. A Pyrenophora tritici repentis race 1 isolate “Pti2” was used for this study. 

This was used because it has already been characterized and its virulence is known 

(Lamari & Bernier, 1989b; Lamari et al. 2003). It presents symptoms of chlorosis and 

necrosis on the infected wheat leaves. 

3.2.2 Culturing of the tan spot isolate 

The isolate was recovered from -20 oC and a fresh culture was initiated on V8-

PDA growth media (V8- 150 ml, PDA 7grams, Agar 10grams, CaCO3 3grams and 850 
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ml of distilled water) on Petri plates (Lamari & Bernier, 1989). The Petri plates 

containing the formerly frozen plugs were incubated under dark conditions at room 

temperature (21-23 oC) for 7 days. Four biochemical and microbial pesticides (Table 3.1) 

were used; Bacillus amyloquafasciens D747, Streptomyces lydicus Wyec 108, Bacillus 

subtilis QST713, hydrogen peroxide + peroxyacetic Acid, the synthetic positive check 

pyraclostrobin and the negative control check (untreated).  V8- PDA media was 

autoclaved and left to cool in a water bath at 10 oC. The cooled media was aseptically 

amended with the products at recommended field concentrations of; Bacillus 

amyloquafasciens D747 19.6 ml/l, Streptomyces lydicus Wyec 108 at 4.6 ml/l, Bacillus 

subtilis QST713 at 39 ml/l, hydrogen peroxide + peroxyacetic Acid at 8.3 ml/l and finally 

pyraclostrobin at 2.3 ml/l poured onto the Petri plates (9cm diameter) from a running 

fume hood and left for 24 hours to solidify. Seven days old tan spot pure culture was used 

to make plugs using a flame-sterilized steel cork borer of 7/5mm outside inside diameter. 

A Ptr plug was placed on each of the biochemical and microbial pesticides -amended 

plates and also on the control (non-amended plates), hydrogen peroxide + peroxyacetic 

acid and a positive control of pyraclostrobin. The plates were transferred to the dark room 

maintained at 20-23 oC and left to incubate for 7 days. The design of this study was 

completely randomized and treatments were replicated five times. The experiment was 

repeated once. 

3.2.3  Mycelia growth assessment  

After 7 days of incubation in the dark, the plates were assessed for growth and 

measurements were taken on the diameter of the growth ring per plate per treatment using 

a Wescot® (R405-30cm, China) clear ruler. The diameter was taken from four diagonal 
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directions and later averaged. Data were collected for the second time at 12 days after 

incubation to ascertain further growth. 

 

3.3 Greenhouse studies  

A tan spot susceptible cultivar, “Select” was used for the greenhouse studies at the 

Plant Science greenhouse. Five seeds were planted in each cone and later thinned to four 

seedlings. Black “cone-tainers” of a cell diameter of 3.8cm and a depth of 20cm 

containing commercial soil “Pro-mix® BX mycorrhizae” (Greenhouse Megastore, 

Danville, IL) were used. The experiment was run for 8 weeks with inoculations and foliar 

biochemical and microbial pesticides application done at two different times on 3 and 6 

weeks old plants, respectively. The products were applied at rates recommended by the 

manufacturers as per the label and MSDS (Table 3.1). All products were applied to the 

plant leaves except Streptomyces lydicus Wyec 108 which was applied in the soil. 

Percentage disease severity and number of lesions on the fully inoculated leaf were 

recorded at 7 and 14 days after inoculation on four plants in each “cone-tainer” and 

treatment set 

3.3.1 Inoculum preparation and inoculation process 

All plants in the greenhouse were inoculated with race 1 Pti2 isolate of 

Pyrenophora tritici repentis (Ptr) known for producing chlorosis and necrosis on the 

infected leaves (Lamari & Bernier, 1989b; Lamari et al. 2003). The isolate was prepared 

as outlined in the in-vitro study. After 5 days of incubation under the dark condition, the 

V8-PDA plates had a fully grown Ptr fungus, which was matted down using a flame-

sterilized test tube bottom and transferred to light for 24 hours followed by another round 
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of 24 hours of darkness at 16 oC to facilitate conidiation. Using a sterilized wire loop, the 

conidia was scrapped off and enumerated using a microscope. The conidial concentration 

was brought to 2000 spores/ml per inoculation. The diluted spores were transferred to a 

Preval® sprayer (Nakoma Products, LLC, Bridgeview, IL) and plants were inoculated 

until runoff on the leaves. The inoculated plants were transferred to the humidity chamber 

with misting for 10 seconds every after 12 minutes for a span of 24 hours to allow the 6-

20 hours of leaf wetness that is favorable for tan spot fungus infection (De Wolf et 

al.1998; Lamari & Bernier, 1989). After 24 hours in the misting chamber, the rack 

containing inoculated plants was relocated to the greenhouse. Assessment of disease 

severity and lesion number was carried out at 7 and 14 days after inoculation (DAI) on 

the four plants in each “cone-tainer”/replicate per treatment set and this was later 

averaged. 

  

3.4 Field studies 

The field experiments were done at the Southeast Research farm located in 

Beresford, SD. Two spring wheat cultivars “Select” and “Brick” with varying 

susceptibilities to tan spot were planted in the spring of 2018 (April 23). Two separate 

fields were used, one organically certified field where only the organic biochemical and 

microbial pesticides were tested and another conventional field where a synthetic 

fungicide (pyraclostrobin) was included in as a positive check. The organic study had six 

treatments namely; Streptomyces lydicus Wyec 108, Bacillus amyloquafasciens D747, 

hydrogen peroxide + peroxyacetic acid, Bacillus subtilis QST713, azadirachtin, and a 

positive check pyraclostrobin. A negative control consisted of untreated wheat seedlings. 
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Treatments were applied at 4 leaf stage and a second application was after 10 days from 

the first treatment application (The first application of the microbial and biochemical 

products was 5/26/2018 and the next application was 6/20/2018). The products were 

applied using a pressurized hand operated boom sprayer at an average spray volume of 11 

liters per hectare.  Tan spot severity rating was conducted 10 and 15 days after the second 

application. Also, plant greenness for each plot was determined 15 days after the last 

treatment using a GreenSeeker® (Trimble Inc. Sunnyvale, CA).  Plots were also rated for 

bacterial leaf streak to account for variation caused by this disease. Bacterial leaf streak 

severity was assessed at 15 and 25 days after product applications. Grain yield for all 

field plots was recorded at harvest. 

 

3.5 Data analysis  

Effect of biochemical and microbial pesticides on mycelial growth was computed 

with Analysis of Variance (ANOVA) after log transformation to homogenize the 

variance. Tan spot severity for the greenhouse and field studies was subjected to ANOVA 

for each assessment period. Treatment mean comparisons were performed using Fisher’s 

protected Least Significant Difference (LSD) at (P ≤ 0.05). All statistical analyses were 

conducted using R program 3.5.1 version (R Core Team, 2013). 

 

3.6 Results 

3.6.1 In vitro studies  

From the in-vitro mycelia assay studies, mycelial growth was inhibited by three 

biopesticides Bacillus subtilis, Bacillus amyloquafasciens, and Streptomyces lydicus but 
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they were not significantly different from each other in the inhibition of mycelial growth. 

There was no significant effect of hydrogen peroxide + peroxyacetic acid on the Ptr 

mycelia growth (Table 3.2). 

3.6.2 Greenhouse study 

Two greenhouse runs were pooled together after conducting a homogeneity of 

variance test. To cater for the zero values, the data for disease severity and the number of 

lesions was log transformed. The results showed a significantly lower disease severity 

and number of lesions in the treated plants as compared to the untreated plants (Table 

3.4).  There was better disease control in plants treated with Bacillus amyloquafasciens 

D747, Bacillus Subtilis QST713, and Streptomyces lydicus. Hydrogen peroxide + 

peroxyacetic acid did not offer significant protection to the plants but had numerically 

lower disease in comparison with the check. 

3.6.3 Field study  

The field study comprised of the organic and conventional fields. Data from these 

two fields were separately analyzed. The results from the organic field indicated a 

significantly higher tan spot disease severity in the untreated plots both at 10 and 15 days 

after treatment. Products Bacillus amyloquafasciens D747, Bacillus Subtilis QST713, 

Hydrogen peroxide + peroxyacetic acid and lastly Streptomyces lydicus respectively had 

low tan spot severity (Table 3.5). The results from the conventional field had a 

significantly low tan spot disease severity amongst treatments at 10 and 15 days after 

treatment. The untreated check had significantly high disease severity compared to the 

treated plots but the other treatments were not significantly different from each other. At 

15 days after planting, the check was significantly high in tan spot percent severity and 



99 
 

plants treated with pyraclostrobin had the lowest percent disease severity. Bacterial leaf 

streak severity was low under hydrogen peroxide + peroxyacetic acid, Bacillus subtilis 

QST 713 and pyraclostrobin treated plots. 

 

3.7 Discussion 

In the greenhouse, in vitro, and field studies, there was significant efficacy 

registered for biopesticides Bacillus Subtilis strain QST713, Bacillus amyloquafasciens 

D747. Bacillus subtilis strain QST713 is a widespread bacterium found in soil, water, and 

air. Bacillus subtilis strain QST713 is also known to control the growth of certain harmful 

bacteria and fungi. The mode of action of Bacillus Subtilis is said to be by competing for 

nutrients, growth sites on plants, and by directly colonizing and attaching to fungal 

pathogens (Bellet, 1998). Direct antagonism involves the production of several microbial 

metabolites among which lipopeptides play the major role (Pertot et al. 2015; Schallmey 

and Ward, 2004). Surfactin, in particular, is involved in the mechanism of resistance 

induction, hence there might have been some systemic acquired resistance in the plants 

treated with the Bacillus spp. There have been reports of induced resistance in plants 

treated with FZB24® strain of Bacillus subtilis  in the control of powdery mildew in 

wheat (Kilian et al. 2000) and this could partly explain the low levels of disease severity 

and inhibited mycelia growth in the greenhouse, field and in vitro studies respectively for 

the treatments Bacillus subtilis QST713 and Bacillus amyloquafasciens D747. The 

suppression of mycelial growth and tan spot disease severity by Streptomyces lydicus 

might indicate the presence of some bioactive compounds with an antifungal activity on 

Pyrenophora tritici repentis. The previous ability of Bacillus strains to control fungal 
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plant diseases has been attributed to iturins and fengycins (Ongena and Jacques, 2008; 

Romero et al. 2007; Arrebola et al. 2010). Fengycins show strong fungitoxic activity to 

filamentous fungi (Ongena and Jacques, 2008). Previous studies have reported that 

Streptomyces is used as fungicides for the control of rice blast, for instance, Blasticidin-S 

(isolated from S. griseochromogenes) and Kasugamycin are some of the common 

antibiotics produced by Streptomyces (Fukunaga et al. 1955; Takeuchi et al. 1958; 

Tapadar and Jha, 2013). Mildiomycin produced by the soil actinomycete 

Streptoverticillium rimofaciens strain B-  98891 (Harada and Kishi, 1978; Om et al. 

1984) is specifically active against the pathogens that cause powdery mildew and is 

applied as a foliar spray. However, foliar application of Streptomyces lydicus D747 did 

not offer any protection to the plants (data not shown) even when some studies have 

reported successful control of rice blast through foliar spray (Yang et al. 2008; Laborte et 

al. 2012; Gopalakrishnan et al. 2014). All these successful biopesticides disease 

management are in agreement with the results of this study. There was a complete 

stoppage of Ptr mycelial growth in Petri plates amended with pyraclostrobin. This is 

because of the effect of strobilurins on electron transport in the mitochondria where they 

bind to the ubihydroquinone reduction site, the Qo-site of complex bc1, thus inhibiting 

electron transfer between cytochrome b and cytochrome c1 in the respiratory chain. This 

in turn severely reduces the aerobic ATP production, thereby inhibiting the growth of the 

fungus (Godwin et al. 1994; Shirane et al. 1994; Leinhos et al. 1997; Sauter et al. 1999; 

Bartlett et al. 2002). Also, the conventional field and greenhouse studies registered 

significantly less tan spot disease severity in plants treated with pyraclostrobin fungicide 

which verifies previous reports with pyraclostrobin that pointed out its successful 
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management of tan spot in wheat (Wegulo, 2006, Turkington et al. 2003). Related 

benefits of a yield increase from using foliar fungicides have been registered before in 

strobilurins (Wegulo, 2006; Turkington et al. 2003; Bertelsen & Neergaard, 2001) and 

this could explain the higher yields in the conventional plots where pyraclostrobin was 

applied.  

Plots treated with azadirachtin had no significant tan spot disease control in the 

organic field at 10 days after treatment application, but a less numerical tan spot disease 

percentage at 15 days after treatment application was registered.  Also, plants treated with 

azadirachtin were found to be less green compared to other treatments.  This is because 

the active ingredient azadirachtin acts majorly as an insecticide not a pathogen control 

agent (Immaraju, 1998) and the less numerical disease percentage could have been 

because of the allelochemicals with the antifungal properties that azadirachtin is said to 

possess (Koul et al. 1994). Overall, plant vigor assessed based on greenness was high in 

plants treated with biopesticides and pyraclostrobin even though they were not 

significantly different amongst themselves but were significantly greener than the check 

plots. The improved plant greenness can in part be attributed to the considerable 

protection against foliar diseases by the microbial pesticides, soil factors, and cultivar 

attributes. However, a study by Bertelsen & Neergaard, (2001) showed an increased and 

prolonged plant greenness on plants that had been treated with azoxystrobin. Since 

azoxystrobin and pyraclostrobin are both strobilurins, this might explain in part the high 

greenness recorded in plots treated with pyraclostrobin compared to the check. Also in a 

study by Mohamed and Gomma (2012) involving Bacillus subtilis and Pseudomonas 

flourescens there was increased greenness in the plants that were treated. The increased 
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plant growth promotion and health marked by greenness in the treated plots can further 

be supported by (Gopalakrishnan et al. 2014) whereby in their study, Streptomyces strains 

significantly enhanced tiller and panicle numbers, stover and grain yields, dry matter, 

root length, volume, and dry weight, compared with the control for rice. There’s also a 

high likelihood of plant growth promotion by the microbial pesticides especially Bacillus 

and Streptomyces attained by modulation of plant development through the production of 

phytohormones (Tsavkelova et al. 2006). The used microbial pesticides were most 

probably able to produce auxins that ultimately stimulated root proliferation and nutrient 

uptake (Spaepen et al. 2007). Bacillus amyloquafasciens biosynthesizes indole-3-acetic 

acid (IAA) which is responsible for plant growth promotion (Idris et al. 2007) and this 

can also explain the recorded high plant greenness. In addition, Bacillus subtilis produces 

cytokinin which has a beneficial effect on plant growth (Arkhipova et al. 2007 and 

Ortı´z-Castro et al. 2008). All these studies match the results reported by the high green 

intensity in plants treated with microbial pesticides strains of Bacillus subtilis, Bacillus 

amyloquafasciens and Streptomyces lydicus at the Southeast research farm organic and 

conventional fields. 

There were general small percentages in tan spot disease severity ratings and yields 

in the field study. This is partly because of the impact of bacterial leaf streak and weeds 

which affected all our study plots later in the season. The infection with bacterial leaf 

streak was true for most parts of South Dakota in 2018 (Byamukama, 2018). The field 

study was also conducted from one location and not repeated hence there is a need for 

getting data on the effect of biopesticides across varied environments. The small but 

significantly different tan spot percentage disease severity in the field plots was because 
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of the infection from inoculum blown by the wind from the adjacent fields because plants 

were not planted on wheat stubble. There’s a need to evaluate these biopesticides 

products under no-till practices. This is because biopesticides are often strongly 

influenced by environmental conditions (e.g. temperature, humidity, pH, etc.), which can 

result in variable efficacy (Gaultier, 2009). In addition, the biopesticides have limited 

selectivity a reason this study could not conclusively verify if there was a biopesticides 

effect on Bacterial Leaf Streak (BLS) in the field study even when our results indicated 

varying levels of severity for BLS among treatments. The low BLS severity in plots 

treated with pyraclostrobin is most likely due to natural variation, not the effect of the 

pesticide in addition to pyraclostrobin being a fungicide with no reported control effect 

on bacteria.  

Results from the organic field indicated that yield was significantly high in plots 

treated with Bacillus subtilis QST713 and the next high yields were in plots treated with 

Bacillus amyloquafasciens D747, hydrogen peroxide + peroxyacetic acid, azadirachtin, 

Streptomyces lydicus Wyec 108 respectively even when they were not significantly 

different from each other. The check had the least kilograms per hectare of grain yield. In 

the conventional field, yield was significantly high in the plots treated with 

pyraclostrobin followed by Bacillus subtilis QST713, Bacillus amyloquafasciens D747, 

Streptomyces lydicus Wyec 108 which were not significantly different from each other. 

The smallest yield was in hydrogen peroxide+ peroxyacetic acid and check. The observed 

yield increase can be attributed to the fact that the biopesticides products and other foliar 

fungicides are able to offer protection to the flag leaf which is important for grain filling 

(Fernandez et al. 2014, Turkington et al. 2004 & 2015, Poole & Arnaudin, 2014). 
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Overall, this study reveals hope for microbial pesticides to be used in the organic tan 

spot disease management in wheat. This is based on the in vitro, greenhouse and the field 

results that this study has reported.  
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Table 3.1: Treatments used in the greenhouse and Southeast Research Farm (SERF) field 

study to assess the efficacy of microbial and biochemical pesticides in managing tan spot  

Common name Active ingredient    Rate 

Actinovate ® Lawn and Garden Streptomyces lydicus Wyec 108 4.6 ml /l 

Monterey ® complete disease control Bacillus amyloliquefaciens strain D747 19.6 ml/l 

Serenade ® garden disease control Bacillus subtilis QST713 39 ml/l 

Biosafe ®disease control-concentrate 

and RTU 
Hydrogen peroxide + peroxyacetic acid. 8.3 ml/l 

Safer ®  Bio Neem Azadirachtin 29 ml/l 

Headline ® F3 Pyraclostrobina 2.3  ml/1 

aPyraclostrobin  was used as a positive check in the conventional block,  

 

Table 3.2: Effect of microbial and biochemical pesticides on the growth of Pyrenophora 

tritici repentis (diameter in centimeters) in vitro recorded at 7 and 14 days after 

incubation 

Days after incubation, Treatment Length (cm, Log +10)  

7 DA1a 

Check         1.1 a    

Hydrogen peroxide + peroxyacetic acid  1.1 a    

Pyraclostrobin 1 c    

Bacillus amyloquafasciens D747 1 c    

Bacillus subtilis QST713 1 c    

Streptomyces lydicus 1 c    

14 DAI     

Check         1.3   a    

Hydrogen peroxide + peroxyacetic acid 1.12 b    

Pyraclostrobin 1 c    

Bacillus amyloquafasciens D7474 1 c    

Bacillus subtilis QST713 1 c    

Streptomyces lydicus 1 c    

Values are least sqaured means of 5 replications. Variables with the same letters are 

not significantly different from each other according to Fishers Least Significant 

Difference Test, (P ≤ 0.05) 
aDAI Days After Incubation 
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Table 3.3: Effect of microbial and biochemical pesticides on tan spot disease severity and 

lesion numbers for plants inoculated at 3 and 6 weeks after planting in the greenhouse 

Weeks after planting, Treatment 

 Number of Lesions 
b(log+10) 

% Disease  

severity(log+10) 

3 Weeks       

Check 1.66 a 1.44 a 

Streptomyces lydicus Wyec 108 1.39 b 1.21 b 

Hydrogen peroxide + peroxyacetic acid  1.26 c 1.11 c 

Bacillus subtilis QST713 1.03 d 1.01 d 

Bacillus amyloquafasciens  D747 1.03 d 1.00 d 

Pyraclostrobin 1.00 d 1.00 d 

6 weeks     

Check 1.71 a 1.83 a 

Hydrogen peroxide +peroxyacetic acid 1.49 b 1.45 b 

Streptomyces lydicus Wyec 108 1.35 c 1.20 c 

Bacillus subtilis QST713 1.08 d 1.03 d 

Bacillus amyloquafasciens D747 1.05 de 1.02 d 

Pyraclostrobin 1.01 e 1.00 d 
Values are 64 replications from the two runs. Treatments with the same letters are not 

statistically different (P ≤ 0.05) 
b Disease severity and lesions are log-transformed values 

 

 

Table 3.4: Effect of microbial and biochemical pesticides on tan spot severity in the 

organic field block at Southeast Research Farm. 

Treatment Tan spot severity (%) 

 10 DATa 15 DAT 

Check 12 a 24 a 

Azadirachtin 5 b 7 b 

Bacillus subtilis QST713 2 c 5 b 

Hydrogen peroxide+ peroxyacetic acid 2 c 11 b 

Bacillus amyloquafasciens D747 1 c 4 b 

Streptomyces lydicus Wyec 108 1 c 6 b 
Values are least sqaured means of 8 replications. Variables with the same letters are not 

significantly different from each other according to Fishers Least Significant Difference Test, 

(P value ≤ 0.05) 
aDAT Days After Treatment 

 

 

 



114 
 

Table 3.5: Effect of microbial and biochemical pesticides on tan spot severity in the 

conventional field at Southeast Research Farm.  

Treatment Disease severity (%)  

 10 DATa 15 DAT 

Check 6.6      a 14  a 

Bacillus amyloquafasciens D747 2.1      b 6    bc 

Hydrogen Peroxide+ Peroxyacetic acid 1.5      b 8   ab 

Bacillus subtilis QST713 1.3      b 8    ab 

Streptomyces lydicus WYEC 108 0.8      b 8   ab 

Pyraclostrobin 0.7      b 1     c 
Values are least squared means of 8 replications. Variables with the same letters are 

not significantly different from each other according to Fishers Least Significant 

Difference Test, (P ≤ 0.05) 
aDAT Days After Treatment  

 
  

 

Table 3.6: Effect of microbial and biochemical pesticides on plant greenness  in the 

conventional field at the Southeast Research Farm across the two cultivars 

Cultivar, Treatment      Greenness 

Select   

Bacillus amyloquafasciens D747 0.7 a 

Bacillus subtilis QST713 0.7 a 

Hydrogen peroxide+ peroxyacetic acid 0.7 a 

Pyraclostrobin 0.7 a 

Streptomyces lydicus Wyec 108 0.7 a 

Check 0.3 b 

Brick    

Bacillus amyloquafasciens D747 0.6 a 

Streptomyces lydicus Wyec 108 0.6 a 

Hydrogen peroxide+ peroxyacetic acid 0.6 a 

Bacillus subtilis QST713 0.5 a 

Pyraclostrobin 0.5 a 

Check 0.2 b 

Values are least sqaured means of 4 replications for each cultivar. 

Variables with the same letters are not significantly different from each 

other according to Fishers Least Significant Difference Test, (P ≤ 0.05) 
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Table 3.7: Effect of microbial and biochemical pesticides on plant greenness in the 

organic field at Southeast Research Farm across the two cultivars 

Cultivar, Treatment Greenness 

Select   

Bacillus amyloquafasciens D747 0.57 a 

Streptomyces lydicus Wyec 108 0.56 a 

Bacillus subtilis QST713 0.56 a 

Hydrogen peroxide+ peroxyacetic acid 0.54 a 

Azadirachtin 0.52 ab 

Check 0.4 b 

Brick   

Streptomyces lydicus Wyec 108 0.6 a 

Hydrogen peroxide+ peroxyacetic acid 0.6 a 

Bacillus amyloquafasciens D747 0.6 a 

Bacillus subtilis QST713 0.5 ab 

Azadirachtin 0.5 ab 

Check 0.4 b 
Values are least squared means of 4 replications for each cultivar. 

Variables with the same letters are not significantly different from each 

other according to Fishers Least Significant Difference Test, P value ≤ 

0.05 

 

Table 3.8: Effect of microbial and biochemical pesticides on Bacterial leaf streak (BLS) 

in the conventional field at the Southeast Research Farm 

Days after Treatment, Treatment  

BLS disease 

severity (%) 

15 DATa   

check 21.4 a 

Bacillus amyloquafasciens D747 18.4 ab 

Hydrogen peroxide + peroxyacetic acid 13.3 ab 

Pyraclostrobin  11.6 ab 

Streptomyces lydicus Wyec 108 11.0 b 

Bacillus subtilis QST713 10.6 b 

25 DAT   

check 74.4 a 

Streptomyces lydicus Wyec 108 52.1 ab 

Bacillus amyloquafasciens D747 51.8 ab 

Bacillus subtilis QST713 46.8 b 

Hydrogen peroxide +peroxyacetic acid 37.1 b 

Pyraclostrobin  36.5 b 
Values are least squared means of 8 replications. Variables with 

the same letters are not significantly different from each other 

according to Fishers Least Significant Difference Test, (P ≤ 0.05) 
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aDAT Days After Treatment 

 

Table 3.9: Effect of biochemical and microbial pesticides on Bacterial Leaf Streak in the 

organic field at the Southeast Research Farm 

DATa, Treatment 

BLSb disease 

severity(%) 

15 DAT   

Check 39 a 

Streptomyces lydicus Wyec 108 20 ab 

Bacillus amyloquafasciens D747 11 b 

Azadirachtin 10 b 

Bacillus subtilis QST713 7 b 

Hydrogen peroxide + peroxyacetic acid 5 b 

25 DAT   

Check 70 a 

Azadirachtin 70 a 

Hydrogen peroxide + peroxyacetic acid 64 a 

Bacillus amyloquafasciens D747 64  a 

Streptomyces lydicus Wyec 108 63 a 

Bacillus subtilis QST713 63 a 
Values are least squared means of 8 replications. Variables with 

the same letters are not significantly different from each other 

according to Fishers Least Significant Difference Test, (P ≤ 0.05) 
aDAT Days after treatment with the biopesticides 
bBLS Bacterial leaf streak 

 

 

Table 3.10: Effect of microbial and biochemical pesticides on yield assessed in the 

conventional field at Southeast Research Farm. 

Treatment 

  Yield 

(kg/ha)  
Pyraclostrobin  1789    a 

Bacillus subtilis QST713                   1362   ab 

Bacillus amyloquafasciens D747           1315   ab 

Streptomyces lydicus Wyec 108  1303   ab 

Hydrogen peroxide + peroxyacetic acid                  855    b 

Check                          709     b 

Values are least squared means of 8 replications. Variables with the 

same letters are not significantly different from each other according 

to Fishers Least Significant Difference Test (P ≤ 0.05) 
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Table 3.11: Effect of microbial and biochemical pesticides on yield assessed in the 

organic field at Southeast Research Farm. 

Treatment  Yield (kg/ha) 

Bacillus subtilis QST713 2151 a 

Bacillus amyloquafasciens D747 2009 ab 

Hydrogen peroxide + peroxyacetic  1970 ab 

Azadirachtin 1835 ab 

Streptomyces lydicus Wyec 108 1722 ab 

Check 1117 b 

Values are least squared means of 8 replications. 

Variables with the same letters are not significantly 

different from each other according to Fishers Least 

Significant Difference Test, (P ≤0.05) 
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CHAPTER FOUR 

4.0 Investigating fungicide resistance in Pyrenophora tritici-repentis  

Abstract 

Fungicides are effective in managing many crop fungal diseases. However, 

repeated exposure of some fungicide active ingredients can increase the risk of 

developing resistance in the target population. In this study, 90 Pyrenophora tritici-repentis 

isolated collected in 2013, 2014, 2016 and 2017 were tested for sensitivity/insensitivity to 

three commonly applied fungicides in South Dakota. Fungicides with active ingredients 

picoxystrobin, prothioconazole + tebuconazole and azoxystrobin + propiconazole were 

used at three different dosages of the half, full, and double the field recommended 

application rates. Assays involved mycelia and spore germination testing on V8PDA, 

potato dextrose broth, and water agar respectively. Initial results from the mycelia assays 

using microtiter plate method showed thirty out of ninety isolates could grow in 

picoxystrobin half and full dosages amended broth. Five out of the thirty isolates were 

further tested on V8PDA fungicide amended plates using mycelia plugs and growth was 

noticed on picoxystrobin whereas prothioconazole + tebuconazole and azoxystrobin + 

propiconazole indicated 100 % inhibition of growth. Assays of five isolates on water agar 

using conidia spores revealed germination of the five isolates on all the three fungicides 

with a higher growth percentage recorded in picoxystrobin. Lower percentage spore 

germination was recorded in prothioconazole + tebuconazole and azoxystrobin + 

propiconazole which were not significantly different. Further Studies involving the use of 

Salicylhydroxamic acid (SHAM) were conducted on four out of the five isolates and the 

findings of this study indicate complete stoppage of spore germination. Findings of this 



119 
 

study indicate some level of insensitivity to picoxystrobin without SHAM and complete 

stoppage of germination with SHAM. Based on previous studies involving the use of 

SHAM to curtail the impact of alternative oxidase on strobilurins, we found no 

insensitivity amongst the isolates tested. 

 

4.1 Introduction  

Chemical approaches to disease plant disease management are descriptive of modern 

agriculture because of the benefits in increasing crop yields and quality (Lucas et al. 

2015). Fungicides have been used in agriculture for a long time but there was no evidence 

of resistance by that time (Horsfall, 1945). There are a number of successful disease 

management at low-level fungicide dosages (Russell, 2005) which partly explains why 

the use of fungicides remains essential in agriculture production in terms of maintaining 

healthy, reliable and high yielding crops. Fungicide application is an indispensable 

approach in the management of diseases like Fusarium head blight, tan spot and many 

other fungal diseases (Bai et al. 2003; Mesterházy, 2003; Dill-Macky et al. 2000; 

Ogundana and Denis, 1981; Plumbley, 1985). Fungicides with different modes of actions 

are used to manage wheat diseases. The commonly used classes in wheat disease 

management are strobilurins, triazoles, Succinate Dehydrogenase Inhibitors (SDHIs) and 

the Methyl benzimidazole-2-yl Carbamate (MBC). The wide use of especially triazoles in 

wheat disease management is partly because they are more effective than other active 

ingredients (Paul et al. 2008; Dubos et al.2011 and 2013& Sun et al. 2014) and they act 

by affecting ergosterol biosynthesis (Paul et al. 2008). Other fungicides with multiple 

modes of actions like metconazole + pyraclostrobin, prothioconazole + trifloxystrobin, 
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propiconazole + azoxystrobin, propiconazole + azoxystrobin, propiconazole + 

trifloxystrobin and tebuconazole + trifloxystrobin are also in use in the state of South 

Dakota (Fanning et al. 2012). The above and other modes of actions are the currently 

employed mechanisms in the chemical control of plant diseases in the US. There are 

reports of declining triazole sensitivity for example in Germany, a number of fungicide 

resistance cases were reported in 1987 (Klix et al. 2007; Krupinsky, 1982). As a result of 

the massive and injudicious use of fungicides, there are reports of declining sensitivities 

in wheat pathogens. The use of fungicides with similar modes of action for a long time 

and repeatedly is the principal cause of resistance (Deising et al. 2002). Both qualitative 

resistance which results from mutations in genes encoding fungicide targets (Ishi et al. 

2001) and the polygenic quantitative resistance that leads to cross-resistance have been 

reported (Brent & Hollomon, 1998). Quantitative resistance can also be triggered by the 

use of alternative metabolic pathways hence it is highly desired to know the mode of 

resistance of the target fungal pathogen before developing any anti-resistance strategies 

(Brent et al. 1998). In South Dakota, fungicides in the class of strobilurins and azoles 

such as azoxystrobin, pyraclostrobin and cyproconazole, metconazole, propiconazole, 

prothioconazole, tebuconazole, and prothioconazole + tebuconazole among others are 

mostly used in managing common fungal wheat diseases including tan spot, stripe rust, 

and Fusarium head blight (Fanning et al. 2012). Strobilurins are known to have a higher 

risk of resistance (Vincelli, 2002).   

In 2003, the first Pyrenophora tritici repentis (Ptr) isolates with reduced 

sensitivity to strobilurins were reported (FRAC, 2002). By 2004, reduced sensitivity in 

Ptr was observed in field populations, leading to the detection of the first quinone outside 
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inhibitor (QoI) reduced sensitivity in Ptr in middle regions of Sweden (Sierotzki et al. 

2007). It is therefore important to screen Ptr isolates for QoI and azole sensitivity in order 

to develop tan spot management plans that are sustainable. Therefore, the objective of 

this study was to determine the sensitivity of tan spot pathogen isolates to the commonly 

used fungicides in the Northern Great Plains.  

 

4.2 Materials and methods  

In this study, 90 isolates from wheat leaves collected from Montana, Kansas, North 

Dakota, Oklahoma, and South Dakota were tested for fungicide sensitivity. The assays 

were conducted in the microtiter plates and Petri plates (Size 100 mm x 20 mm). This 

was done using fresh mycelial plugs and spores scrapped from newly cultured Ptr 

isolates.  

Tan spot symptomatic leaves were collected from wheat fields across five states 

in the Northern Great Plains (NGP) region.  For each state, three counties with high 

wheat acreage were selected arbitrarily and from each county, five wheat fields were 

arbitrarily selected. In each field, four leaves with tan spot symptoms were picked from 

four plants at each of five stops (a total of 20 leaves per field) within a field in a “W” 

pattern. The leaves were placed in a paper bag and labeled accordingly and shipped to 

South Dakota State University. The leaves were kept at 4 oC until isolations were done.  

4.2.1 Isolation of Ptr from leaf tissues for sensitivity studies 

Symptomatic leaf samples were cut into small pieces of approximately 1 cm in 

length.  About 5-7 pieces of leaf tissue with symptoms from each of 20 leaves from the 

field were surface-sterilized in 1% bleach for 30 seconds and rinsed in sterile distilled 
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water for 1 min. The surface-sterilized leaf tissue was placed on glass Petri dishes with 

two layered wetted filter paper (Whatman3, Sigma-Aldrich Corp. St. Louis, MO USA). 

The leaf pieces were incubated at 20-23 oC with a 24-hour dark period followed by 

another round of 24 hours of white fluorescent light before examination for sporulation. 

The leaf tissues were later examined under a stereoscope. Upon observation of conidia, a 

flame sterilized needle was cooled down and used to excise the conidia from the leaf 

tissue and transferred the V8 PDA media. Multiple isolations were made from each of the 

5-7 tissues on the plate and were later transferred to the dark at room temperature (20-23 

oC). One day later, further isolations from the edges of the growing fungus on V8 PDA 

media were done to get a pure culture and these were left to grow for a period of 5-7 days 

under dark at room temperature in the dark. Using a flame-sterilized cork borer several 

plugs were made and left to dry overnight and were used the next day for the fungicide 

sensitivity study or inserted in sterile vials which were kept at freezer at -20 oC for future 

use. 

4.2.2  Microtiter plate assays  

Using a 96-well microtiter plate, Ptr plugs (0.2-0.3 cm) from different isolates 

were cultured on a fungicide amended potato dextrose broth(PDB) in each well Potato 

dextrose broth was prepared by suspending 24g of the powder in 1000 ml distilled water 

and autoclaving the solution for 30 minutes. The PDB was left to cool down in a water 

bath at 23 oC for 1 hour before mixing it with the fungicides and pouring in the microtiter 

wells. Three fungicides with different modes of action were used. These were 

picoxystrobin, prothioconazole + tebuconazole and a mixed mode of action fungicide 

with active ingredients azoxystrobin + propiconazole at label rates of 1.7 ml/l, 2.75 ml 
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and 4.46 ml/ l, respectively (Table 4.2). The fungicide concentrations were determined 

from the recommended field application label at the half and full rates (United States 

National Plant Board, 2001). The fungicide products were mixed with potato dextrose 

broth and using a pipette, 250µl of the broth + fungicide or broth alone were transferred 

to the wells of the microtiter plate for the half dose, full, double fungicide rates. Isolates 

in form of mycelial plugs of 0.3cm diameter were dipped upside down into the fungicide 

amended broth or PDB alone making sure that they were in full contact with the solution. 

The growth of Ptr was visually assessed based on visible mycelial growth in the wells. 

To ascertain a complete insensitivity to the fungicide, the isolates were further grown in 

PDB amended with twice the recommended fungicide rates. The microtiter plate with all 

the treatments was covered with a parafilm and wrapped in aluminum foil to create dark 

conditions. The plates were left to incubate at room temperature of about 20-23 oC. 

Assessment of the microtiter plates was conducted five days after incubation since in the 

first three days, there was limited mycelial growth in the wells. The microtiter plate was 

examined with the aid of a stereoscope (Carl Zeiss Inc., Thornwood, NY) to visually 

assess mycelial growth. Wells, with hyphal masses in the presence of a fungicide, were 

regarded as insensitive and those where the inserted plug had no single mycelia growth 

were recorded as sensitive to the fungicide. These were compared with the non-fungicide 

amended wells which had a prolific mycelial growth. Three replications were used for 

each isolate and fungicide concentration. The well was the experimental unit and a 

randomized complete design was used. 
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4.2.3 Petri plate mycelial growth assays 

The isolates that had shown fungicide insensitivity from the microtiter plate 

method were further confirmed using a Petri plate method. This was done using fungicide 

amended V8 PDA plates and five out of the thirty isolates were further tested (Tables 4.1 

and 4.3). These were selected randomly selected from the 30 isolates using the RAND 

function from Microsoft Excel 2007 (Microsoft Corp. Redmond, WA). The Ptr growth 

media V8 PDA (V8 Juice 150 ml; CaCO3 3grams, Potato Dextrose Agar 10 grams; agar 

10 grams; distilled water 850 ml) was prepared and the mixture autoclaved at chamber 

temperatures of 121 oC for one hour. The media was thereafter cooled down in a water 

bath at 40 oC for 15 minutes. When it was cool enough, one liter of the media was poured 

in a beaker using a graduated cylinder and the fungicide treatments were added and 

mixed well. Fungicides at a rate of 1.7 ml/l, 2.75 ml/l and 4.46ml/l for picoxystrobin, 

prothioconazole + tebuconazole and a mixed mode of action fungicide with active 

ingredients azoxystrobin + propiconazole respectively were added to the Petri plates and 

labeled accordingly. The fungicide-media mixture was poured on sterile Petri plates and 

left to solidify from a running laminar flow hood for 24 hours. The rates were further 

halved and doubled.  Non-fungicide amended plates were also prepared as the control 

checks.  The recovered Ptr plugs were placed in the center of the solidified fungicide and 

V8-PDA mixture plates and the control (V8-PDA with the plug only) and wrapped it in 

aluminum foil to create darkness and left to grow at room temperatures (22-23 oC). After 

5 days of incubation under the dark condition, the V8-PDA plates were assessed. The 

second assessment of the growth of the cultures was done 10 days after incubation. In this 

case, the Petri plate was the experimental unit and the fungicides and the isolates were the 
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treatments. Three replicates per treatments were used and the plates were arranged in a 

completely randomized design. Growth was assessed by measuring the radial growth of 

the isolates on the plates using a ruler (R405-12in China). Four diagonal measurements 

were done and the average recorded. These were contrasted with the control plates for 

each of the isolates and fungicides for the 5 and 10 days old cultures. Isolates that showed 

radial growth on the Petri plate amended with a fungicide were regarded as insensitive 

and these were compared to the non-fungicide amended plate 

4.2.4 Petri plate spore assays 

Technical grade fungicides with picoxystrobin, azoxystrobin + propiconazole, 

tebuconazole + prothioconazole active ingredients were used to make solutions based on 

field recommended application rates. The sensitivity of Pyrenophora tritici repentis 

isolates was tested using spore germination assays on water agar. Isolates were revived 

from the freezer (-80 oC) and grown to full maturity for 7 days at room temperature in 

the dark to allow sporulation. After sporulation, about 1 ml of sterile distilled water was 

added to the external mycelia ring of the fungal colony where the spores were located, 

and the surface of the colony was gently rubbed using a metal loop to scrap off the 

spores. The spores in glass flasks were maintained on ice to avoid germination. Spore 

suspensions for each isolate were prepared in a 0.05% Tween solution (J.T. Baker. 

Phillipsburg, NJ), at 4000 spores ml−1. Three hundred microliters of spore suspension for 

individual isolates were pipetted onto fungicide-amended water agar media (how was 

water agar prepared?) and spread using a sterile glass spreader (Carolina® Biologicals, 

Burlington, NC). After incubation in light at 22-23 °C for 18 hours, percentage spore 

germination was determined based on microscopic examination of a minimum of 50 
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spores for each isolate and fungicide concentration. A spore was considered non- 

germinated if the germ tube was shorter than the conidia itself or had no germ tube at all. 

The percentage germination was evaluated for each isolate and for each fungicide 

concentration treatment.  

 All the germinations were adjusted relative to the non-fungicide amended control plates 

for each of the isolates. There were two replicates of each of the five isolates for each of 

the three fungicides at three concentrations plus the non-fungicide amended control for 

each of the isolates. The microtiter wells were the experimental units and the study 

employed a complete randomized design for the spore and mycelia germination studies. 

4.2.5 Petri plate salicylhydroxamic acid (SHAM) amended spore and 

mycelial assays 

Studies involving the amendment of SHAM (Alfa Aesar, Ward Hill, MA) in the 

Petri plate assays were conducted on four isolates whereby a plug was placed onto a plate 

amended with SHAM + picoxystrobin. To prepare SHAM, a stock solution (100,000 

mg/ml) was prepared by adding 0.1g of SHAM to 1ml of 99.9% methanol and the 

mixture was warmed at 37 oC for 8-10 minutes to dissolve the SHAM as described by 

(Pasche et al. 2007). The same SHAM concentration was used for the spore assays where 

SHAM was mixed with 2% water agar and the half and full recommended picoxystrobin 

rates. The plates were left to incubate under light for 16 hours and were later evaluated on 

the microscope. Spores with germ tubes shorter than the conidia and those without germ 

tubes were considered non-germinated.  

 

 



127 
 

4.3 Results 

4.3.1 Microtiter plate mycelia plug assay results 

Out of the ninety total Ptr isolates assessed on the microtiter plates, thirty plugs 

(Table 4.1) were still able to grow in the presence of half and full dosage of 

picoxystrobin. Other fungicides had no mycelia growth in the microtiter assays. 

4.3.2 Petri plate mycelia assay results  

Out of the thirty isolates that showed some level of insensitivity under the 

microtiter plate method, five of these had some growths in the presence of the half, full 

and double the recommended dose for picoxystrobin (Table 4.4). There was complete 

inhibition of mycelial growth in prothioconazole + tebuconazole and azoxystrobin + 

propiconazole (data not shown). The isolates were not statistically different from each 

other in sensitivity to picoxystrobin (Table 4.4). There was, however, a significant 

fungicide and days after incubation interaction for the isolates (Table 4.4). There was no 

mycelial growth in the double dose of picoxystrobin at 7 days after incubation but there 

was a measurable growth 12 days after incubation (Table 4.5)  

4.3.2.1 SHAM amended Petri plate mycelia assays  

Studies involving Salicylhydroxamic acid (SHAM) were conducted on four of the 

five tested isolates using picoxystrobin. The results indicated complete stoppage of 

mycelial growth in the treated plates. SHAM was also found to inhibit mycelia growth as 

was observed by reduced radial growth in the plates amended with SHAM only 

compared to the non-SHAM and non-fungicide, check plates. 
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4.3.3  Petri plate conidia spore assay  

In the conidial assay, the isolate-fungicide treatment interaction was significant 

(Table 4.6). Percentage spore germination was overall low in isolates under azoxystrobin 

+ propiconazole double rate but was high in isolates under picoxystrobin half, full and 

double dosages (Table 4.7). Different isolates had different sensitivity levels to the active 

ingredients and dosages for both fungicides.  

4.3.3.1 Salicylhydroxamic acid (SHAM) amended Petri plate conidia spore assays 

Four of the five isolates tested on Petri plates were sensitive to the full and half 

rates of picoxystrobin with SHAM amendment since there was no spore germination 

observed (Table 4.8). There was a significant difference between the isolates plated on 

water agar amended with SHAM and picoxystrobin to those without SHAM (Table 4.9). 

There was no single conidial germination in the plates where SHAM + picoxystrobin was 

used.  

 

4.4 Discussion 

  Preliminary results from the microtiter and Petri plate studies indicated that using 

mycelia growth assays, 30 out of the 90 isolates tested were insensitive to picoxystrobin 

fungicide. There was complete inhibition of mycelial growth by prothioconazole + 

tebuconazole and azoxystrobin + propiconazole, the triazole fungicides. The mycelia 

inhibitory results using microtiter plates and V8PDA by prothioconazole + tebuconazole 

and azoxystrobin + propiconazole fungicide amended Petri plates in this study are in 

agreement with a study by Taskeen-Un- Nisa et al (2011) where hexaconazole inhabited 

mycelial growth in Fusarium oxysporum; epoxiconazole also inhabited mycelial growth 
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in Gibberella zeae isolates (Klix et al. 2006) which are both ascomycetes just like 

Pyrenophora tritici repentis. Triazoles are inhibitors of the ergosterol biosynthesis 

pathway (Siegel, 1981). The fungicides that inhibit biosynthesis of ergosterol will not 

necessarily inhibit spore germination (Ramirez et al. 2004). This is in agreement with the 

results obtained for fungicides, prothioconazole + tebuconazole and azoxystrobin + 

propiconazole in the study using Pyrenophora tritici repentis mycelial plugs in the 

microtiter plate wells and Petri plates as experimental units. On the other hand, there was 

mycelial growth in some isolates tested using picoxystrobin amended microtiter plates 

and Petri plates without SHAM. This is because strobilurins act as preventatives by 

effectively killing germinating spores which are devoid in the mycelia (Vincel P, 2002, 

Olaya et al. 1998). Also, the germinating spore that starts the infection process on the 

plant is more sensitive to QoI fungicides than is the mycelium. Several other studies have 

been reported where mycelial stages of pathogens were not controlled by strobilurins 

(Mizutani et al. 1996 and Hayashi et al. 1996). Since strobilurins/QoI fungicides target 

spore germination to achieve efficacy (Olaya et al. 998), assessment of spore germination 

is the best approach for sensitivity studies in chemicals that use this mode of action. In 

this study, the spore assays showed five tested Pyrenophora tritici repentis isolates had 

some spore germination in picoxystrobin, prothioconazole + tebuconazole and 

azoxystrobin + propiconazole fungicides with the highest percentages of germination in 

picoxystrobin (Table 4.7). The recorded spore germination in picoxystrobin fungicide 

amended water agar is a signal to a possible insensitivity but this cannot be fully verified 

since some fungal pathogens have been found to use the alternative oxidative pathway 

(AOX) allowing ATP synthesis to continue by evading the cytochrome b site of 
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QoI/strobilurins action (Vanlerberghe & McIntosh, 1997; Patel et al. 2012). This was 

later ruled out by amending plates with both picoxystrobin and SHAM using four isolates 

which later proved that all isolates were sensitive to the fungicide. Also, mycelia assay 

with picoxystrobin + SHAM indicated a sensitive response as evidenced by no single 

mycelia growth in SHAM amended plates (data not shown).   The use of SHAM to avoid 

the effect of AOX on strobilurins has been reported in previous studies whereby 

Salicylhydroxamic acid (SHAM) was incorporated to avoid confounding results in the 

laboratory assessment of Ptr (Jin et al. 2009). Similar effects of SHAM inhibiting the 

activity of the alternative oxidase(AOX) were reported in studies by (Maclean et al. 2017; 

Sierotzki et al. 2007; Vincelli and Dixon, 2002; Ziogas et al. 1997, Patel et al. 2012, and 

Day et al. 1995) 

It was observed that SHAM inhibited mycelia growth as indicated by poor growth 

compared to the non-SHAM amended control plate. This is because SHAM may have a 

toxic, or inhibitory effect on mycelial growth. The change in the PH caused by the acid 

may also explain the reduced mycelial radial growth in SHAM mycelial control study.  

This matches a study where SHAM was reported to have an effect of inhibiting Ptr 

mycelia growth (Maclean et al. 2017). 

 In the spore assays evaluated without SHAM in microtiter and Petri plates amended with 

picoxystrobin, the observed growth and germination could be explained not necessarily 

by the presence of an insensitive reaction but also because the fungus Ptr could have used 

the alternative oxidase since SHAM that would curtail the effects of alternative oxidase 

had not been incorporated. This infers that further investigations involving the use of 

SHAM and impact on spore germination. Scholars and other stakeholders ought to note 
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that the insensitivity to strobilurins fungicides which occurs by inducing the AOX 

pathway, allowing ATP synthesis to continue by circumventing the cytochrome b site of 

QoI action is reported only in vitro and is not transferable to the field conditions (Tamura 

et al. 1999). Hence, the isolates that showed insensitivity will best be concluded about by 

testing them in the greenhouse and field conditions. 

  The information gained from this study will guide future sensitivity studies for 

Ptr. Practices that assist in the avoidance or delay of fungicide resistance development 

such as rotation of fungicide chemistries, applying at the recommended doses, applying at 

the appropriate timing should be used for sustainable use of fungicide products.  

 

Literature cited 

Avenot, H. F., Thomas, A., Gitaitis, R. D., Langston, Jr. D. B., and Stevenson, K.L. 2012. 

Molecular characterization of boscalid‐and penthiopyrad‐resistant isolates of Didymella 

bryoniae and assessment of their sensitivity to fluopyram. Pest Manag. Sci. 68:645–651. 

 

Bai, G. H., Chen, L. F., and Shaner, G. 2003. Breeding for resistance to Fusarium head 

blight of wheat in China. Pages 296-317 in Fusarium Head Blight of Wheat and Barley. 

K. J. Leonard and W. R. Bushnell, eds. The American Phytopathological Society, St. 

Paul, MN. 

 

Bartlett, D. W., Clough, J. M, Godwin, J. R, Hall, A. A., Hamer, M., and Parr-

Dobrzanski, B. 2002. The strobilurin fungicides. Pest Manag Sci. 58:649–62. 

 

Breiman, A., and Graur, D. 1995. Wheat Evolution. Israel J. Pl. Sci. 43:85–98. 

 



132 
 

Brent, K. J., & Hollomon, D. W. 2007. Fungicide resistance in crop pathogens: How can 

it be managed? FRAC Monograph 1, 2nd edition, Brussels: FRAC. Retrieved  8/21/2018 

https://doi.org/D/1995/2537/1  

 

Brent, K. J., and D. W. Hollomon. 1998. Fungicide resistance: the assessment of risk. 

FRAC monograph II. Global Crop Protection Federation, Brussels, Belgium. 

 

Brent, K. J., and Hollomon, D. W. 2007. Fungicide resistance: The assessment of risk. 

FRAC Monogr. No. 2, 2nd ed. Fungicide Resistance Action Committee, Brussels. 

 

Brent, K. J. 1995. Fungicide resistance in crop pathogens, how can it be managed? 

Brussels Belgium. Global Crop Protection Federation. CropLife International. Retrieved 

9/14/201 http://www.frac.info/docs/default-source/publications/monographs/monograph-

1.pdf?sfvrsn=8. 

Buchenauer, H. 1987. Mechanism of action of triazole fungicides and related compounds. 

Pages 205-232. In modern selective fungicides. H. Lyr, ed.Gustav-Fischer-Verlag, Jena, 

Germany. 

Davidse, L. C. 1975. Antimitotic activity of methyl benzimidazole-2-yl-carbamate in 

fungi and its binding to cellular protein, p. 483. In M. Borgers and M. DeBrabander (ed.), 

Microtubules and microtubule inhibitors. North Holland Publishing Co., Amsterdam 

Day, D. A., Whelan, J., Millar, A. H., Siedow, J. N. & Wiskich, J. T. 1995. Regulation of 

the alternative oxidase in plants and fungi. Aust. J. Plant Physiol. 22:497–509. 

 

Deising, H. B., Reimann, S., Peil, A., Weber W. E. 2002. Disease management of rusts 

and powdery mildews, in The Mycota XI. Application in Agriculture. In: Kempken F., 

editor. Berlin: Springer; pp. 243–269. 

 

Dill-Macky, R., and Jones, R. K. 2000. The effect of previous crop residues and tillage on 

Fusarium head blight of wheat. Plant Dis. 84:71–76. 

https://doi.org/D/1995/2537/1
http://www.frac.info/docs/default-source/publications/monographs/monograph-1.pdf?sfvrsn=8
http://www.frac.info/docs/default-source/publications/monographs/monograph-1.pdf?sfvrsn=8


133 
 

Fanning. R, Connie. S., Kay, R. 2012. South Dakota Wheat Fungicide Recommendations. 

Retrieved 09/23/2018 Https://Igrow.Org/up/Resources/03-3008-2012.Pdf  

Food and Agriculture Organization of the United Nations, FAOSTAT statistics database, 

Food balance sheets .2017. Retrieved 8/19/2018 www.fao.org/faostat/en/#data/FBS.  

Fungicide Resistance Action Committee (FRAC). 2018. FRAC Code List © * 2018: 

Fungicides sorted by mode of action, 1–10. Retrieved 8/17/2018 

http://www.frac.info/docs/default-source/publications/frac-code-list/frac-code-list-2015-

finalC2AD7AA36764.pdf?sfvrsn=4. 

Fungicide Resistance Action Committee. 2002. Fungicide Resistance. The assessment of 

risk.  Retrieved 09/19/2018.  

https://pdfs.semanticscholar.org/b9b7/aa046d5f3437b898c855bbb9a0c8addb81b1.pdf  

Grimmer MK, van den Bosch F, Powers SJ, Paveley N. 2014. Evaluation of a matrix to 

calculate resistance risk. Pest Manag Sci. 70:1008–1016.  

Gudmestad, N. C., Arabiat, S., Miller, J.S., Pasche, J. S. 2013. Prevalence and impact of 

SDHI fungicide resistance in alternaria solani. Plant Dis. 97:952–960. 

Hamamoto, H., Hasegawa, K., Nakaune, R., Lee, Y. J., Makizumi, Y., Akutsu, K., and 

Hibi, T. 2000. Tandem repeat of a transcriptional enhancer upstream of the sterol 14 

alpha-demethylase gene (CYP51) in Penicillium digitatum. Appl. Environ. Microbiol.   

66:3421–3426. 

Hayashi, K., Watanabe, M., Tanaka, T. & Uesugi, Y. 1996. Cyanide-insensitive 

respiration of phytopathogenic fungi demonstrated by antifungal joint action of 

respiration inhibitors Nihon Noyaku Gakkaishi. J. Pestic. Sci. 21:399–403. 

 

Heydari, A., and Pessarakli, M. 2010. A review on biological control of fungal plant 

pathogens using microbial antagonists. Journ. of Bio. Sc. 10:273–290. 

Horsfall, J. G. 1945. Fungicides and their action. USA: Waltham, MA: Chronica 

Botanica. 

https://igrow.org/up/Resources/03-3008-2012.Pdf
http://www.fao.org/faostat/en/#data/FBS
http://www.frac.info/docs/default-source/publications/frac-code-list/frac-code-list-2015-finalC2AD7AA36764.pdf?sfvrsn=4
http://www.frac.info/docs/default-source/publications/frac-code-list/frac-code-list-2015-finalC2AD7AA36764.pdf?sfvrsn=4
https://pdfs.semanticscholar.org/b9b7/aa046d5f3437b898c855bbb9a0c8addb81b1.pdf


134 
 

Howard, R. J., and Ait, J. R. 1977. Effects of MBC on hyphal tip organization, growth, 

and mitosis of Fusarium acuminatum, and their antagonism by D20. Protoplas. 92:195–

210. 

Ishii, H., Miyamoto, T., Ushio, S., Kakishima, M. 2011. Lack of cross‐resistance to a 

novel succinate dehydrogenase inhibitor, fluopyram, in highly boscalid‐resistant isolates 

of Corynespora cassiicola and Podosphaera xanthii.  Pest Manag Sci. 67:474–482. 

Jin, L., Chen, Y., Chen, C., Wang, J., Zhou, M. 2009. Activity of azoxystrobin and 

SHAM to four phytopathogens. Agr Sci China. 8:835–842. 

Joseph-Horne, T., Hollomon, D., Manning, N., and Kelly, S. L. 1996.Investigation of the 

sterol composition and azole resistance in field isolates of Septoria tritici. Appl. Environ. 

Microbiol. 62:184–190. 

Joseph-Horne, T., Manning, N. J., Hollomon, D., and Kelly, S. L. 1995. Defective sterol 

denaturase as a cause of azole resistance in Ustilago maydis. FEMS Microbiol. Lett. 127: 

29–34. 

Klix, M. Verreet, J., Beyer, M. 2007. Comparison of the declining triazole sensitivity of 

Gibberella zeae and increased sensitivity achieved by advances in triazole fungicide 

development Crop Prot. 26:683–690. 

Krupinsky, J. M. 1982. Observations of the host range of isolates of Pyrenophora 

trichostoma. Can. J. Plant Path. 4:42–46. 

Kuck, K. H., Scheinpflug, H., and Pontzen, R. 1995. DMI fungicides. in Modern 

Selective Fungicides. H. Lyr, ed. Gustav-Fischer-Verlag, Jena, Germany. Pages, 205–258 

Leroux, P., Albertini, C., Gautier, A., Gredt, M., and Walker, A. S. 2007.Mutations in the 

CYP51 gene correlated with changes in sensitivity to sterol 14 alpha-demethylation 

inhibitors in field isolates of Mycosphaerella graminicola. Pest Manage. Sci. 63:688–698. 

Lucas, J. A., Hawkins, N. J., and Fraaije, B. A. 2015. The Evolution of fungicide 

resistance. Advances in Applied Microbiology (Vol. 90). Elsevier Ltd. 

https://doi.org/10.1016/bs.aambs.2014.09.001 

https://doi.org/10.1016/bs.aambs.2014.09.001


135 
 

Maclean, D. E., Aboukhaddour, R., Tran, V. A., Askarian, H., Strelkov, S. E., 

Turkington, T. K.,  Kutcher, H. R. 2017. Race characterization of Pyrenophora tritici-

repentis and sensitivity to propiconazole and pyraclostrobin fungicides. Can. J. Plant 

Path. 39:433–443.  

Mesterházy, Á. 2003. Control of Fusarium head blight of wheat by fungicides. Pages 

363-380 in Fusarium Head Blight of Wheat and Barley. K. J. Leonard and W. R. 

Bushnell, eds. The American Phytopathological Society, St. Paul, MN.  

Miazzi, M., and McGrath, M. T. 2008. Sensitivity of Podosphaera xanthii to registered 

fungicides and experimentals in GA and NY, USA, in 2007.  Journ. Plant Pathol. 90:2. 

Miyamoto T, Ishii H, Tomita Y. 2010. Occurrence of Boscalid resistance in cucumber 

powdery mildew in Japan and molecular characterization of the iron–sulfur protein of 

succinate dehydrogenase of the causal fungus. J. Gen. Plant Pathol. 76: 261–267. 

Miyamoto, T., Ishii, H., Seko, T., Kobori, S., and Tomita, Y. 2009. Occurrence 

of Corynespora cassiicola isolates resistant to boscalid on cucumber in Ibaraki Prefecture, 

Japan. Plant Pathol. 58:1144–1151. 

Mizutani, A., Miki, N., Yukioka, H., Tamura, H. & Masuko, M.1996. A possible 

mechanism of control of rice blast disease by a novel alkoxyiminoacetamide fungicide, 

SSF126. Phytopathology 86:295–300. 

 

Nakaune, R., Adachi, K., Nawata, O., Tomiyama, M., Akutsu, K., and Hibi, T. 1998. A 

novel ATP-binding cassette transporter involved in multidrug resistance in the 

phytopathogenic fungus Penicillium digitatum. Appl. Environ. Microbiol., 64: 3983–

3988. 

Nes, W. R, McKean M. R. 1977. Biochemistry of Steroids and Other 

Iisopentenoids. University Park Press; Baltimore. 

Nisa, T.-, Wani, A. H., Bhat, M. Y., Pala, S. A., & Mir, R. A. 2011. In vitro inhibitory 

effect of fungicides and botanicals on mycelial growth and spore germination of 

Fusarium oxysporum. JBiopest. 4:53–56. 



136 
 

Ogundana, S.K., and Denis, C. 1981. Assessment of fungicides for prevention of storage 

rot of yams. Pesticide Sci., 11: 491–494. 

Olaya, G., Zheng, D., Koller, W. 1998. Differential responses of germinating Venturia 

inaequalis conidia to kresoxim-methyl. Pestic. Sci. 54:230–236. 

Pasche, J. S., Wharam, C. M., Gudmestad, N.C. 2004. Shift 1 in sensitivity of Alternaria 

solani in response to QoI fungicides. Plant Dis. 88:181–187. 

Patel, J. S., Gudmestad, C. N., Meinhardt, S., & Adhikari, B. T. 2012. Pyraclostrobin 

sensitivity of baseline and fungicide exposed isolates of Pyrenophora tritici-repentis J 

Crop Prot. 34:37–41. 

Peever, T. L., and Milgroom, M. G. 1992. Inheritance of triademenol resistance in 

Pyrenophora teres. Phytopathology 82:821–828. 

Plumbley, R.A. 1985. Benomyle tolerance in strain of Penicillium sclereteginum 

infecting yams and use of imazalid as a means of control. Tropical Agriculture Trinidad, 

61:182–185. 

Ramirez, M. L., Chulze, S., and Magan, N. 2004. Impact of environmental factors and 

fungicides on growth and deoxinivalenol production by Fusarium graminearum isolates 

from Argentinian wheat. Crop Prot. 23:117–125 

Russell, P. E. 2005. A century of fungicide evolution. J Agric Sci, 143:11–25.  

Schaller, H. 2003. The role of sterols in plant growth and development. Prog. Lipid 

Res. 42:163–175 

Schnabel, G., and Jones, A. L. 2001. The 14 alpha-demethylase (CYP51A1) gene is 

overexpressed in Venturia inaequalis strains resistant to myclobutanil. Phytopathology 

91:102-110. 

Selmecki, A., Gerami-Nejad, M., Paulson, C., Forche, A., and Berman, J. 2008. An 

isochromosome confers drug resistance in vivo by amplification of two genes, ERG11 

and TAC1. Mol Microbiol. 68:624–641.  



137 
 

Siegel, M. R., 1981. Sterol-inhibiting fungicides: effects on sterol biosynthesis and sites 

of action. Plant Dis. 65:986–989 

Sierotzki H., Frey R., Wullschleger, J., Palermo, S., Karlin, S., Godwin, J. and Gisi, U. 

2007. Cytochrome b gene sequence and structure of Pyrenophora teres and P. tritici-

repentis and implications for QoI resistance. Pest Manag. Sci. 63:225–233. 

Sierotzki H., Scalliet G. 2013. A review of current knowledge of resistance aspects for 

the next-generation succinate dehydrogenase inhibitor fungicides. Phytopathology 103: 

880–887. 

Tamura H, Mizutani A, Yukioka H, Miki N, Ohaba K, Masuko M. 1999. Effect of the 

methoxyiminoacetamide fungicide, SSF129, on respiratory activity in Botrytis cinerea. 

Pest Sci. 55:681–686. 

Taskeen-Un-Nisa, Wani, A.H., Bhat, M. Y., Pala, S. A. and Mir, R.A. 201). In vitro 

inhibitory effect of fungicides and botanicals on mycelial growth and spore germination 

of Fusarium oxysporum., J. biopesticides. 4:53–56  

United States National Plant Board, 2001. Daylily rust pest alert. US animal and plant 

health inspection services. Retrieved 11/01/2019 

http://www.aphis.usda.gov/npb/daylily.html.  

Vanlerberghe, G. C, McIntosh L. 1997. Alternative oxidase: From gene to function. Annu 

Rev Plant Biol. 48:703–734. 

Vanlerberghe, G.C, McIntosh, L. 1997. Alternative oxidase: From gene to function. Annu 

Rev Plant Biol. 48:703–734. 

Veloukas, T., Leroch, M., Hahn, M., & Karaoglanidis, G. S. 2011. Detection and 

molecular characterization of boscalid-resistant Botrytis cinerea isolates from strawberry. 

Plant Dis. 95:1302–1307. 

Vincelli, P. 2002. QoI (Strobilurin) Fungicides: Benefits and Risks. The Plant Health 

Instructor. DOI: 10.1094/PHI-I-2002-0809-02. Updated, 2012. 

http://www.aphis.usda.gov/npb/daylily.html


138 
 

Vincelli, P., Dixon, E. 2002. Resistance to QoI (strobilurin-like) fungicides in isolates of 

Pyricularia grisea from perennial ryegrass. Plant Dis. 86:235–240. 

Wellmann, H., and Schauz, K. 1992. DMI-Resistance in Ustilago maydis. 

Characterization and genetic analysis of triadimefon-resistant laboratory mutants. Pestic. 

Biochem. Physiol. 43:171–181. 

Wood, J. S. 1982. Genetic Effects of Methyl Benzimidazole-2-yl-Carbamate on 

Saccharomyces cerevisiae. Mol Cell Biol. 2:1064–1079. 

Wyand, R. A., and Brown, J. K. M. 2005. Sequence variation in the CYP51 gene of 

Blumeria graminis associated with resistance to sterol demethylase inhibiting fungicides. 

Fungal Genet Biol. 42:726–735. 

Ziogas, B. N., Baldwin, B. C., Young, J. E.1997. Alternative respiration:  a biochemical 

mechanism of resistance to azoxystrobin (ICIA 5504) in Septoria tritici. Pestic.Sci.50:28–

34. 

 

Table 4.1: Fungicides active ingredients used for mycelial and spore assays while 

establishing the sensitivity of Pyrenophora tritici repentis to the fungicides. 

S/N Fungicide  Mode of action Full dose half dose 

double 

dose 

1 Picoxystrobin 

Inhibits ATP 

production 1.7 ml/l 0.85 ml/l 3.4 ml/l 

2 Prothioconazole + tebuconazole  

                             

Inhibits sterol 

biosynthesis 2.75 ml/l 1.4 ml/l 5.5 ml/l 

3 Azoxystrobin + propiconazole  

Mixed mode of 

action 4.46 ml/l 2.23 ml/l 8.92 ml/l 
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Table 4.2: Thirty Ptr isolates that showed growth in the potato dextrose broth amended 

with picoxystrobin without SHAM in the microtiter assays  

ID County  State Year 

GPDN16-024 (B) Dickenson Kansas 2016 

GPDN16-026 D Samnen Kansas 2016 

GPDN16-036(C) Bowman North Dakota 2016 

GPDN16-037(D) Slope North Dakota 2016 

7.36.12 Watertown South Dakota 2017 

GPDN16-044 ss2 Griggs  North Dakota 2016 

14-044-P1 NA South Dakota 2014 

GPDN16-002 ss1 Noble Oklahoma 2016 

GPDN16-007 ss3 Alfalfa Oklahoma 2016 

GPDN16-034(D) Sargent North Dakota 2016 

GPDN16-001 ss2 Noble Oklahoma 2016 

GPDN16-024 (B) Dickenson Kansa 2016 

58-5-17 Brookings South Dakota 2017 

58-6-17 Brookings South Dakota 2017 

GPDN16-026 (1) Samnen Kansa 2016 

17.36.3 Watertown South Dakota 2017 

GPDN16-030  Moccasin Montana 2016 

ptr hand  1 Hand South Dakota 2017 

GPDN16-002 ss2 Noble Oklahoma 2016 

GPDN16-007 ss6 Alfalfa Oklahoma 2016 

GPDN16-024 (D) Dickenson Kansas 2016 

13-7-P2 NA South Dakota 2013 

12-3-P4 NA South Dakota 2012 

13-1-P3 NA South Dakota 2013 

13-1-P5 NA South Dakota 2013 

13-9-P7 NA South Dakota 2013 

13-8-P8 NA South Dakota 2013 

14-029-P3 NA South Dakota 2014 

14-029-P13 NA South Dakota 2014 

GPDN16-001 ss2 Noble Oklahoma 2016 

NA Not Available for isolates whose counties of collection 

could not be retrieved 
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Table 4.3: Analysis of variance table showing the effect of different rates of 

picoxystrobin on five Ptr isolates tested using the Petri plate mycelia bioassay 

Source of Variation            Dfa Mean Sq Pr(>F)  

Treatment 3 134.4 <0.001  

Isolates 4 2.46 <0.01  

Days after incubation 1 77.4 < 0.001  

Treatment: Days after incubation  3 5.97 <0.001  
aDegrees of freedom 

 

 

Table 4.4: Effect of picoxystrobin on the five Ptr isolates amended on three different 

fungicide concentrations to ascertain their sensitivity/insensitivity using mycelia  

Days after Incubation Diameter (cm) 

7 DAI  

Control 4 a 

Picoxystrobin Half Dose 2 b 

Picoxystrobin Full Dose 1 c 

Picoxystrobin Double Dose 0 d 

12 DAI   

Control 7 a 

Picoxystrobin Half Dose 4 b 

Picoxystrobin Full Dose 3 c 

Picoxystrobin Double Dose 2 d 
Values are 60 replications for two pooled runs. Treatments with the same letters are not significantly different 

from each other according to Fishers Least Significant difference (P ≤ 0.05) 
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Table 4.5: Effect of fungicides and the three doses, half, full and double on spore 

germination of five Ptr isolates without salicylhydroxamic acid  

Treatment     Isolate/ Germinated spores (%) 

 GPDN16-024  

 GPDN16

-026 

GPDN16-

036 

GPDN1

6-037 

7.36.12 

Check  45 a 
 

42 A 31 a 52 a 31 a 

Picoxystrobin Full Dose 25 b  28 B 20 ab 36 ab 20 ab 

Picoxystrobin Half Dose 23 b  22 B 16 b 20 bc 16 b 

Picoxystrobin Double Dose 7 c  8 C 16 b 12 cd 16 b 

Prothioconazole+Tebuconazole Double Dose  4 c  7 C 13 bc 8 cd 13 bc 

Azoxystrobin + Propiconazole Full Dose  3 c  4 C 8 bc 5 cd 8 bc 

Prothioconazole+Tebuconazole Half Dose  2 c  3 C 7 bc 3 cd 7 bc 

Azoxystrobin + Propiconazole Half Dose 2 c  2 C 0 c 2 d 0 c 

Prothioconazole+Tebuconazole Full Dose  0.8 c  0.5 C 0 c 0 d 0 c 

Azoxystrobin + Propiconazole Double Dose  0 c  0 C 0 c 0 d 0 c 

Values are least squared means of 20 replications. Variables with the same letters are not significantly 

different from each other according to Fishers Least Significant Difference test, (P ≤ 0.05) 
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CHAPTER 5 

5.0 Conclusions and recommendations 

Seed treatment results showed considerable low disease severities in fungicide 

seed-treated plants and this proves that systemic seed treatment fungicides might have an 

added benefit in curbing down foliar diseases such as tan spot and stripe rust especially in 

the early stages of plant development. However, the primary purpose of fungicide seed 

treatment should be for protection against soil/seed borne pathogens that interfere with 

seedling emergence.   

The use of microbial pesticides in the management of tan spot in wheat plants 

proved to be effective. Visible and statistical reductions in disease severities were 

registered in plots and greenhouse pots that were pretreated with microbial and 

biochemical substrates and later inoculated with Ptr. Likewise, the use of biopesticides 

might improve yield as was registered in the microbial and biochemical treated plots as 

compared to the untreated plots. Products namely; Bacillus subtilis QST713, 

Streptomyces lydicus D747 and Bacillus amyloquafasciens Wyec 108   were effective 

against tan spot and can be recommended for use in organic wheat production once these 

products are registered for wheat.  

The fungicide sensitivity study presented a number of isolates that showed 

continued germination in the presence of fungicides for both mycelia and spore bioassays 

without SHAM. However, when SHAM was incorporated in picoxystrobin for both spore 

and mycelia germination the previously insensitive isolates were sensitive. Further 

screening involving more isolates is needed in order to confirm insensitivity to 

picoxystrobin fungicide.  
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Overall recommendations for future studies could focus on the evaluation of the 

different biochemical and microbial pesticides in varying environments and on different 

pathogens like stripe rust, powdery mildew, and leaf rusts. Further tan spot studies should 

solely be conducted on no-till practices so as to have a good source of inoculum. Seed 

treatment studies should be expanded to evaluate other wheat foliar diseases like powdery 

mildew and leaf rust. Including chemistries reach in the Methyl benzimidazole-2-yl 

Carbamate (MBCs) group will be an added advantage.  Fungicide sensitivity studies 

would have to be rigorously conducted by testing several isolates using SHAM in 

strobilurins for conidia spore assays. A bioassay that allows optical density readings 

would make quantification easy. Another key recommendation would be assessing the 

resistance risks associated with systemic seed treatment active ingredients when used 

alone or in combination with foliar sprays.  

 

 

 
 


