
ABSTRACT 

STEPHENS, CAMERON MATTHEW. Etiology, Epidemiology, and Management of Take-all 
Root Rot on Golf Course Putting Greens. (Under the direction of Dr. James P. Kerns and Dr. 
Travis W. Gannon). 
 

Take-all root rot (TARR) is a detrimental disease of ultradwarf bermudagrass that is caused 

by multiple soilborne ectotrophic root-infecting fungi including Gaeumannomyces graminis (Gg), 

Gaeumannomyces sp. (Gx), Gaeumannomyces graminicola (Ggram), Candidacolonium 

cynodontis (Cc), and Magnaporthiopsis cynodontis (Mc). Many etiological and epidemiological 

components of TARR remain unknown which has made chemical management of this disease 

challenging. Therefore, the objectives of this research were to i) determine the influence of post-

application management practices on fungicide movement on a golf course putting green, ii) 

identify and characterize the aggressiveness of TARR pathogens isolated from symptomatic 

bermudagrass putting greens iii) determine the in vitro fungicide sensitivity of TARR pathogens 

and evaluate the influence of organic matter on fungicide bioavailability, and iv) characterize the 

influence of fungicide selection, fungicide application timing, and manganese applications on 

TARR management using field trials and in vivo methods. 

 Field studies were initiated to determine the influence of post-application mowing and 

irrigation timing on pyraclostrobin, penthiopyrad, and triadimefon movement on a golf course 

putting green. A small amount of fungicide (<3.6%) was removed with clippings regardless of 

mowing and irrigation treatment. Post-application irrigation timing influenced fungicide 

movement through the soil profile. Yet, >50% of fungicide remained within the RAV for the first 

three DATs. In general, less fungicide remained in the RAV and more fungicide was detected in 

deeper soil depths when plots were irrigated immediately after fungicide application. 



Isolates of Gg, Gx, Ggram, Cc, and Mc were used to inoculate ‘Champion’ bermudagrass 

in an in vivo aggressiveness assay. The growth of each pathogen was also evaluated at 10, 15, 20, 

25, 30, and 35¡C. Infected plant tissue was used to develop a real-time PCR high resolution melt 

assay for pathogen detection and quantification. This assay was able to differentiate and quantify 

each pathogen directly from infected plant tissue using a single primer pair.  In general, Ggram, 

Gg, and Gx were the most aggressive and Cc and Mc exhibited moderate aggressiveness. 

Pathogens were more aggressive when inoculated at 30¡C compared to 20¡C. These pathogens 

grew optimally between 24.4 and 27.8¡C, exhibited limited growth at 35¡C, and no growth at 

10¡C. Therefore, chemical management practices should begin when soil temperatures reach 30¡C 

and continue until soil temperatures drop below 15¡C. 

The in vitro sensitivity of Gg, Ggram, Cc, and Mc to 14 different fungicides across three 

chemical classes was determined. An in vitro bioavailability assay was developed using three 

fungicides and three organic matter concentrations. DMI and QoI fungicides suppressed mycelial 

growth the most whereas SDHIs did not reduce mycelial growth. These data can serve a baseline 

for TARR pathogen sensitivity for future in vitro fungicide sensitivity studies and field efficacy 

trials. Fungicides from the QoI and/or DMI chemical class also reduced TARR severity under field 

and greenhouse conditions. Fungicide applications that started in late-July to early-August when 

soil temperatures were between 25-30¡C provided the greatest disease suppression. 

Bioavailability can be influenced by organic matter concentration and physicochemical 

properties of fungicides may provide insight into their binding affinity. Fungicides like 

pyraclostrobin and propiconazole have a high affinity to bind to organic matter which was evident 

as more fungicide was required to inhibit Gg growth as organic matter concentration increased. 

This was not observed when evaluating azoxystrobin, which has a lower binding affinity. 



This research enhances our understanding of fungicide fate on putting greens and improves 

our knowledge of TARR pathogens and disease management. These data demonstrate fungicide 

selection, post-application management practice, and proper fungicide application timing are 

critical for optimizing TARR suppression.     
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CHAPTER 1: Literature Review 

The Turfgrass System. For more than 10 centuries, managed turfgrass systems are used to 

enhance the natural environment (Beard and Green, 1993). The dense, perennial nature of this 

system presents many difficult and unique management challenges to turfgrass managers. 

Different management areas on a golf course such as putting greens, tees, fairways, and roughs 

require tailored management strategies to maintain the quality and function of the specific area. 

Putting greens are the most intensely managed areas on a golf course and have limited threshold 

for reduced aesthetic value or playability. Routine cultural and chemical management practices are 

used to mitigate biotic and abiotic stresses and produce a desirable product for the end user.  

Both warm- and cool-season grasses can be used on golf course putting greens. Each have 

particular benefits and drawbacks depending on the environment and management inputs under 

which they grow. Introduction, domestication, and breeding efforts of these grasses over the years 

has led to many physiological and functional changes.  

A common warm-season grass used on golf course putting greens is bermudagrass. While 

bermudagrass was transported to the United States from Africa in 1751, it was not until the 20th 

century that it started being established as a putting green surface (Hanson, 1972). Up until this 

point, bermudagrass was primarily used for forage in the southern United States. The first 

bermudagrass putting greens were from seeded varieties and it wasn’t until the 1960’s that 

breeding efforts from Dr. Glenn W. Burton produced ‘Tifgreen’; a cross between a common seeded 

bermudagrass species (Cynodon dactylon (L.) Pers.) and an Egyptian bermudagrass species 

(Cynodon transvaalensis Burtt-Davy) (Burton, 1991). Shortly after the release of Tifgreen, a 

vegetative mutant named ‘Tifdwarf’ was released in 1965 that could withstand daily mowing near 

a height of 4 mm. This started the cascade of ultradwarf bermudagrass cultivars that could be 
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mowed lower than 4 mm, had finer and softer leaf texture, and produced minimal seedheads 

making them desirable for putting green surfaces (Kopec, 2003). Many of the most popular 

ultradwarf bermudagrasses commonly used today, such as ‘Champion’ and ‘Miniverde’, are 

byproducts of the Tifgreen/Tifdwarf lineage (Kopec, 2003; Hanna and Anderson, 2008). 

Bentgrasses (Agrostis spp.) are the most desirable and popular grass grown on golf course 

putting greens, particularly in cool-season climates. Bentgrasses are native to Western Europe and 

were transported to the United States from South Germany during colonization (Alderson and 

Sharp, 1995).  Creeping bentgrass (Agrostis stolonifera L.), is a bentgrass species that exhibits 

increased stoloniferous growth, prostrate growth habit, and fine leaf texture compared to wildtype 

bentgrass species (Warnke, 2003). Selection of superior creeping bentgrass varieties, or ‘C-series’, 

originated from a South Germany mixed bentgrass stand that was planted in the Arlington Turf 

Gardens in Virginia. C-series varieties were planted from the 1920’s until 1954 when Dr. H.B. 

Musser from The Pennsylvania State University developed the cultivar ‘Penncross’ (Hanson et al., 

1969). A product of three vegetative propagated clones, the seeded Penncross cultivar had 

improved vigor, enhanced summer performance, and finer leaf texture compared to commonly 

used C-series varieties. Since the development of Penncross, numerous varieties have come to 

market that produced more dense stands, tolerated lower mowing heights, and resisted annual 

bluegrass contamination comparatively. Breeding efforts have also focused on improving disease 

resistance, lowering inputs, and refining environmental hardiness (Cook, 2008). More recently, 

the ‘A’, ‘G’, and ‘L’ varieties have become the industry standard due to their high density and 

tolerance to frequent mowing at or below 3 mm.   

Putting Green Thatch Management. Modern ultradwarf bermudagrass and creeping 

bentgrass cultivars can produce excellent aesthetic and playability conditions for golf course 
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putting greens. The high shoot density, prostrate growth habit, tolerance to low mowing, and fine 

leaf textures provide very desirable putting green surfaces for golfers (Beard and Sifers, 1996). 

These beneficial characteristics may also, in turn, result in excess thatch accumulation.  To harness 

the benefits of these desirable characteristics and limit deleterious effects of thatch requires intense 

cultural management. 

Thatch is perhaps one of the most unique features of the turfgrass system. The thatch layer 

is known as the zone where living, dead, and decaying organic matter has accumulated between 

the soil and verdure (Turgeon, 2005). When maintained appropriately, thatch can protect the plants 

from environmental and physical stresses and retain adequate moisture (Turgeon, 2005). While 

thatch development is a normal and necessary process, it can become a problem when plant organic 

matter production exceeds the rate of decomposition (McCarty et al., 2007). The disadvantages of 

excess thatch accumulation include limited oxygen and water infiltration, increased susceptibility 

to insects and diseases, shortened root zones, decreased playability, and limited movement and 

efficacy of pesticides (Turgeon, 2005). The rate of thatch accumulation and decomposition 

depends on temperature, moisture, soil pH, microbial activity, and cultural practices. Primary 

cultural practices for thatch management include sand topdressing, core cultivation, and vertical 

mowing (Samples and Sorochan, 2008). Topdressing refers to the practice of applying a sand or 

sand mix on the putting green surface and subsequently brushing or watering it into the canopy. 

The goal of this practice is to incorporate the sand into the thatch layer and dilute the organic 

residue buildup. This practice alone can reduce thatch accumulation over time, but is more 

effective when used in combination with vertical mowing and core cultivation. Vertical mowing 

implements vertical rotating blades that slice perpendicular into the putting green surface, cutting 

lateral stems and removing thatch. Effectively setting the blade depth to penetrate into the thatch 
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layer is paramount for thatch removal. Core cultivation, or hollow-tine aerification, is commonly 

used to manage thatch and overall putting green health. Hollow cores penetrate the surface and 

physically remove verdure, thatch, and soil. This practice will remove thatch, but it also alters the 

physical and chemical properties of the profile. Benefits of this technique include reduced thatch 

and soil compaction and improved root health, microbial activity, and water and oxygen 

infiltration.  

Fungicide Fate and Soilborne Disease Management. Physicochemical properties are 

important to consider when evaluating the environmental fate of pesticides. Fungicide Ks, Koc, and 

T1/2, are quantitative properties that characterize the chemicals solubility in water, sorption affinity 

to organic carbon, and half-life, respectively. While informative in attempting to predict pesticide 

mobility, these factors are often determined in laboratory experiments and field implications have 

been variable (Latin, 2019). 

Fungicides are large molecules that behave much differently in the plant and environment 

compared to herbicides. Phytomobility, or topical mode of action, refers the how the fungicide 

moves within the plant and can be characterized as either a contact or a penetrant (Latin, 2011). 

Contact fungicides remain on the surface of the plant and only redistribute via precipitation, 

irrigation, dew, or mechanical movement (Latin, 2011).  Penetrant fungicides can be split into 

three categories; local penetrants, acropetal penetrants and systemic penetrant.  Local penetrants 

are deposited on the leaf surface, diffuse into the waxy cuticle, and may move short distances 

translaminarly through the leaf.  Acropetal penetrants are deposited on the leaf surface and move 

apoplastically into the xylem where they are translocated upward to the leaf tips.  Fungicides that 

are systemic penetrants can move symplastically through the plant and are ambimobile in the 

phloem and xylem. Many of the fungicides used in turfgrass are acropetal penetrants with low Ks, 
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moderate-immobile Koc, and variable T1/2 values. Based on these physicochemical property 

parameters, and the high plant density and thatch layer in the turfgrass system, it can be very 

difficult to target soilborne diseases with fungicides.  

Fungicide fate on golf course putting greens has seldom been explored. Research on high 

cut turfgrass has shown the persistence of fungicides over time and movement of fungicides 

through the turfgrass profile is limited. For example, fungicide residue was found to greatly 

decrease 7 to 10 days after application and < 1.0% of fungicide applied was detected 17 days after 

application (Daniels and Latin, 2013; Dell et al, 1994; Gardner and Branham, 2001; Hockemeyer 

and Latin, 2015; Thom et al., 1997; Wu et al, 2002). Jeffries et al. (2016) also found a sharp decline 

in foliar fungicide residue 4 days after treatment in tall fescue maintained for home lawns. Pre- 

and post-application management practices have previously been shown to have limited influence 

on fungicide movement on golf course putting greens. Post-application irrigation, wetting agent 

application, and post-application irrigation + wetting agent treatments did not influence fungicide 

movement compared to applying a fungicide alone to a putting green (Latin and Ou, 2018). 

However, Hutchens et. al (2019) observed more 14C myclobutanil and 14C tebuconazole at deeper 

soil depths in a containerized system, yet greater than 51% of the fungicides were recovered in the 

top 2.5 cm. In general, fungicides are difficult to move and the thatch layer proves to be a 

formidable barrier to movement. However, small differences in fungicide movement between pre- 

and/or post-application management practices can make a significant difference in terms of 

potential efficacy. Therefore, further investigation into the influence of management practices on 

fungicide movement on golf course putting greens is warranted.  

Take-all Root Rot of Ultradwarf Bermudagrass Putting Greens. Take-all root rot (TARR) 

of ultradwarf bermudagrass putting greens is caused by soilborne, ectotrophic root-infecting (ERI) 
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fungi. Historically, TARR and bermudagrass decline have been synonymous diseases on 

ultradwarf bermudagrass putting greens (Smiley et al. 2005). However, differences between these 

diseases have been exhibited geographically and temporally. Bermudagrass decline causes general 

turf thinning primarily in the late summer and early fall month whereas TARR caused white to 

chlorotic patches that can persistent throughout the growing season. Upon evaluation of ERI fungi 

associated with bermudagrass decline a total of 4 different species spanning 3 different genera 

were characterized including Gaeumannomyces graminis (Gg), Magnaporthiopsis cynodontis sp. 

nov. (Mc), Candidacolonium cynodontis gen. nov. sp. nov. (Cc), and Gaeumannomyces sp. nov. 

(Gx) (Vines, 2015; Vines et al, 2020). These pathogens were found to have different optimal 

growth temperatures and aggressiveness on bermudagrass plants (Vines, 2015; Elliott, 1991; Vines 

et al., 2020). While inoculation and re-isolation of these organisms was performed and achieved, 

bermudagrass decline symptomology was never adequately observed in greenhouse experiments. 

In more temperate states such as North Carolina, TARR manifests as light colored, white to gray 

circular patches which are most prevalent in the Spring and Fall months but may persist throughout 

the growing season. While TARR and bermudagrass decline have historically been synonymous, 

they appear to be different diseases that occur at different times of the year, in different geographic 

regions, and may be caused by different species dynamics. The etiology, epidemiology, and 

management of TARR remains unclear and this disease continues to be a major problem on 

ultradwarf bermudagrass putting greens. 
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CHAPTER 2: Influence of post-application irrigation and mowing timing on fungicide fate 

on a USGA golf course putting green 

 
-FOR SUBMISSION TO JEQ- 

 
Abstract 

Fungicide applications for disease management on golf courses cost the golf industry 

approximately $174.40 million annually in the United States. Soilborne pathogens are particularly 

difficult to manage due to the high canopy density, high organic matter in the thatch layer, limiting 

physicochemical properties of fungicides for downward movement, and numerous potential 

fungicide degradation pathways present under field conditions. Therefore, optimizing fungicide 

applications with post-application management practices may enhance fungicide movement and 

limit potential off-target effects. Two field studies were initiated on a golf course putting green to 

evaluate the influence of post-fungicide application irrigation and mowing timing on fungicide 

removal in turfgrass clippings and fungicide movement through the soil profile. Plots were treated 

with a single application of pyraclostrobin, triadimefon, or penthiopyrad and received 0.64 cm 

post-application irrigation immediately or six hours after application. The experiment also 

included plots that received no post-application irrigation. Clippings were collected on 0, 1, and 3 

days after treatment (DAT) following non-successive mowing events and cores were collected at 

0, 1, 3, 5, 7, and 14 DAT. Cores were dissected into the remaining above ground vegetation (RAV; 

verdure/thatch), 0.0-2.5, 2.5-5.1, 5.1-7.6 cm soil subsections. Delaying mowing did not 

significantly influence the amount of fungicide removed in turfgrass clippings. A small amount of 

fungicide (<3.6%) was removed with clippings regardless of mowing and irrigation treatment. 

Post-application irrigation treatment influenced fungicide movement through the soil profile; 

however, >50% of fungicide remained restricted to the RAV for the first three DATs. In general, 
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less fungicide remained restricted to the RAV and more fungicide was detected in deeper soil 

depths when plots were irrigated immediately after fungicide application. Fungicide was only 

detected in 5.1-7.6 cm depth when plots were irrigated immediately. Applying post-application 

irrigation immediately may result in more fungicide moving down to soilborne targets. Irrigating 

six hours after application facilitated moderate fungicide movement compared to irrigating 

immediately but was better than no post-application irrigation. 
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Introduction 

Turfgrass is a perennial plant grown on an estimated 16.3 million ha throughout the United 

States (Milesi et al., 2005). It is used to enhance the environment for more than 10 centuries with 

land uses including golf courses, athletic fields, parks, roadsides, and commercial and residential 

spaces (Milesi et al., 2005; Clark and Kenna, 2010).  By the end of 2019, there were more than 

16,300 golf courses throughout the United States occupying more than 908,000 ha of land. 

Managed turfgrass accounts for 67% of the area on an average 18-hole facility and managers need 

to maintain high aesthetic and playability standards on these areas (GCSAA, 2017). Irrigation and 

mowing are commonly implemented to maintain functional, aesthetically-pleasing surfaces 

(Christians, 2011; Jeffries et al., 2016). While it is common to return turfgrass clippings when 

mowing rough and fairway areas, clippings are commonly collected and discarded from golf 

course putting greens and tees (Bruneau et al., 2008). Putting greens are the most intensely 

managed area on a golf course and turfgrass managers may spend 20,000-80,000 USD annually 

on fungicide applications alone. Previous research showed collecting and removing treated 

clippings may result in adverse off-target effects on aquatic and terrestrial organisms (Bahe and 

Peacock, 1995; Miltner et al., 2003). Movement of treated turfgrass clippings from one site to 

another is one of many pesticide transport processes that ensue after application (Lewis et al., 

2013). Limiting off-target effects and properly applying pesticides to target organisms is 

paramount for environmental stewardship and pest management. 

Turfgrass diseases negatively affect the aesthetic and playability of highly maintained 

turfgrass systems. While cultural practices can be implemented to mitigate disease outbreaks, 

fungicides are necessary to suppress disease severity. Diseases caused by soilborne pathogens are 

particularly difficult to manage and targeting soilborne pathogens with fungicides is challenging 
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due to the high canopy density, high organic matter content in the thatch layer, and ambiguous 

pathogen biology and ecology (Latin and Ou, 2018; Latin, 2011). Management of soilborne 

pathogens with fungicides relies on movement of active ingredient below the soil surface where 

the compound can reach the pathogen. However, the fate of fungicides applied to golf course 

putting greens has seldom been explored and the majority of information on fungicide movement 

under field conditions is anecdotal. Due to the limited number of ambimobile fungicides registered 

on amenity grasses, turfgrass managers often apply fungicides in higher carrier volumes, in 

conjunction with wetting agents, or apply post-application irrigation to move the active ingredient 

out of the turfgrass canopy, through the thatch layer, and into the soil profile. However, research 

shows that fungicide residues in the turfgrass system decline 7 to 10 days after application with 

limited residue detected in soil or plant roots (Hockemeyer and Latin, 2015; Dell et al, 1994; 

Gardner and Branham, 2001; Wu et al, 2002; Thom et al., 1997). Similarly, Daniels and Latin 

(2013) only detected 10% of azoxystrobin, flutolanil, metconazole, polyoxin D, and pyraclostrobin 

applied to field plots 3 to 8 days after application. Up to 99% of the active ingredients applied were 

no longer detected 17 days after application. 

Research investigating the influence of post-fungicide application management practices 

on fungicide distribution and fate are limited and have often resulted in inconsistent conclusions. 

Latin and Ou (2018) determined applying a wetting agent and post-application irrigation 

inconsistently affected fungicide movement and distribution in any turf component. Post-

application irrigation, wetting agent application, and post-application irrigation + wetting agent 

treatments did not influence fungicide movement compared to applying a fungicide alone (Latin 

and Ou, 2018). Schumann et al. (2000), Hockemeyer and Latin (2015), and Ou and Latin (2018) 

also observed limited fungicide detection in the root system and below 5.1 cm regardless of post-



   

11 
 

application management practices and fungicide delivery system. However, Hutchens et al. (2019) 

observed more 14C myclobutanil and 14C tebuconazole at deeper soil depths in a 90:10 sand:peat 

moss containerized system as post-application irrigation amount increased, yet greater than 51% 

of the fungicides were recovered in the top 2.5 cm. Limited differences between post-application 

management practices and fungicide movement may also be attributed to sampling method and 

sample processing discrepancies.  

Preferential flow, or finger flow, refers to the uneven and rapid movement of water and 

solutes through a porous medium. This physical process is prevalent on golf course putting greens 

and has been shown to influence nutrient and pesticide movement and distribution through the soil 

profile (Nektdrios et al., 2007). Latin and Ou (2018) and Hockemeyer and Latin (2015) used a 1.9 

cm soil probe to harvest soil cores from experimental plots. With the prevalence of preferential 

flow on golf course putting greens, using a small soil probe may limit representative sampling. In 

order to effectively separate samples into different turf components prior to residue analysis, Latin 

and Ou (2018) dried samples at 43°C for 24h. However, pesticide degradation increases drastically 

as temperature increases (Affam et al., 2012). Using a small soil probe and drying the samples 

prior to residue analysis may explain the lack of differences between post-application management 

practices on fungicide movement in these studies. Therefore, a larger sample should be used when 

investigating pesticide fate on golf course putting greens and the samples should remain at -20°C 

until residue analysis.  

The physicochemical properties of most fungicides are not conducive to movement as they 

typically have low water solubility (Ks), high soil sorption coefficients (Kd), and high soil organic 

carbon sorption coefficients (Koc). Therefore, facilitating fungicide penetration past the canopy 

and into soil with post-application management practices is challenging, yet important for 
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soilborne disease management. Similarly, limiting fungicide removal with turfgrass clipping 

collection may limit off-target effects, leave more product at the intended site, and potentially 

affect fungicide efficacy. Therefore, the objectives of this study were to determine the influence 

of post-application irrigation and mowing timing on pyraclostrobin, triadimefon, and penthiopyrad 

movement through the soil profile and removal with clipping collection on a golf course putting 

green.    

Materials & Methods 

Field studies were initiated at the Lake Wheeler Turfgrass Research Station in Raleigh, 

North Carolina in June 2018 and May 2019. Studies were conducted on a ‘A1’ creeping bentgrass 

(Agrostis stolonifera L.) putting green established in 2004. The putting green was built to United 

States Golf Association (USGA) specifications. Prior to the initiation, plots were mowed six times 

week-1 at a height of 3.8 mm. Field studies were arranged as a randomized complete block design 

with three replications and plots measured 0.9 x 3.7 m with 0.6 m non-treated alleyways between 

all plots. The trial area was not mowed for two days prior to study initiation and supplemental 

irrigation was withheld from the trial area until three days after trial initiation. Fungicide 

applications were applied using a CO2 powered pressurized sprayer at 345 kPa coupled to an air-

induction flat fan nozzle (AI9508EVS, TeeJet Spraying Systems Company, Glendale Heights, IL) 

calibrated to deliver 815 L ha-1. 

Single applications of pyraclostrobin (Insignia SC, BASF Corporation, Research Triangle 

Park, NC), triadimefon (Bayleton 50, Bayer Environmental Science, Research Triangle Park, NC), 

and penthiopyrad (Velista, Syngenta, Greensboro, NC) were applied at 0.55, 3.05, and 1.1 kg a.i. 

ha-1, respectively. Post-application irrigation treatments (PAIT) were applied using a custom-built 

irrigation wand comprised of an irrigation nozzle (Orbit, SKU 442589) coupled to a flow meter 
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(GPI 01N31GM, Sparta, NJ) to deliver 0.64 cm of post-application irrigation to respective plots 

immediately after fungicide application (0 hour) or six hours after fungicide application (6 hour) 

(Figure 1). The experiment also included a non-irrigated treatment receiving fungicide alone (no 

irrigation, no irr).  

Once the canopy was dry after fungicide application and PAIT, turfgrass clippings were 

collected 0, 1, or 3 days after fungicide treatment (DAT) using a reel mower (Toro Greensmaster 

1600, Bloomington, MN) set to a height of 3.8 mm with a bag-lined collection bucket. Bagged 

clippings were placed on ice in the field and immediately transported to a freezer set at -20"C until 

homogenization, extraction, and analysis. Mowing events were not successive for turfgrass 

clipping collections and daily mowing resumed after the final clippings collection 3 DAT. Cores 

were harvested from the center of each plot using a standard golf course cup cutter (10.8 cm 

diameter) to a depth of 15.2 cm on 0, 1, 3, 5, 7, and 14 DAT. Cores were wrapped in aluminum 

foil, immediately placed on ice in the field, and transported to a freezer set at -20"C until 

homogenization, extraction, and analysis. Prior to analyte extraction, cores were dissected into the 

remaining above ground vegetation (RAV; verdure/thatch), 0.0-2.5, 2.5-5.1, and 5.1-7.6 cm soil 

subsections. Soil subsamples were combined with dry ice, milled (or ground), and homogenized 

using a FitzMill (Fitzpatrick Company, Westwood, MA). Fresh weight of turfgrass clippings and 

RAV samples were recorded (g), combined with dry ice, milled (or ground), and homogenized in 

a high-speed blender (Homeland Houseware, Pacoima, CA) for 1 min. 

Soil Residue Extraction. Extraction and quantification of pyraclostrobin, triadimefon, and 

penthiopyrad from soil and plant tissue were conducted using modified methods previously 

described by Rao et al., 2013; Dornellas et al., 2014; MacDonald and Meyer, 1998; Liang et al., 

2011; and Huntingdon Life Sciences, 2009.  For samples treated with pyraclostrobin or 
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penthiopyrad, a 10 g subsample from each homogenized sample was transferred to a 250 mL 

polypropylene conical tube and combined with 30 mL acetonitrile. All solvents used in this 

research were high performance liquid chromatography (HPLC) grade and purity. Tubes were 

placed on an orbital shaker table for 30 min set to 220 rotations per minute (RPMs). A 10 mL 

aliquot was transferred to a 16x100 mm glass vial and centrifuged for 15 min at 3,600 RPMs. 

Finally, a 1 mL aliquot was taken from the centrifuged glass vials and filtered through a 0.45 ! m 

syringe PTFE filter into a 2 mL HPLC amber vial. Samples treated with triadimefon followed the 

aforementioned protocol but 30 mL methanol was used instead of acetonitrile. A non-treated 

control sample was spiked with a 100 ! g/mL fungicide solution and extracted using the 

aforementioned protocol in each run.  

Clippings and RAV Tissue Residue Extraction. For samples treated with pyraclostrobin or 

penthiopyrad, a 10 g subsample was transferred to a 250 mL glass jar and combined with 40 mL 

acetonitrile. The subsample was then homogenized using a hand-held wand grinder (Pro Scientific 

Inc, Oxford, CT) for 2 min at approximately 10,000 RPMs. The wand grinder was triple rinsed 

between each sample using methanol (2x) and acetonitrile (1x). Next, a 10 mL aliquot was 

transferred to a 16 x 100 mm glass vial and centrifuged for 15 min at 3,600 RPMs. After 

centrifugation, 1,600 ! L of solution was transferred to 2 mL QuEChERS dSPE extract cleanup 

tubes (Restek. Bellefonte, PA), vortexed for 1 min, and centrifuged for 5 mins at 9000 RPMs. 

Finally, a 1 mL aliquot was taken from the centrifuged QuEChERS tube and filtered through a 

0.45 ! m syringe PTFE filter into a 2 mL HPLC amber vial. Sample treated with triadimefon 

followed the aforementioned protocol but 40 mL methanol was used instead of acetonitrile. !

Application Verification Pad Extraction. Three absorbent filter paper check pads 

(Whatman 50, Maidstone, UK) were placed throughout the trial area and sprayed with respective 
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fungicide treatment when the research trials were initiated in 2018 and 2019. Treated check pads 

were placed in glass jars and stored at -20°C until extraction. Treated check pads were cut into 1.3 

cm squares and combined with either 200 mL of acetonitrile if treated with pyraclostrobin and 

penthiopyrad or 200 mL methanol if treated with triadimefon and incubated on the lab bench for 

10 min prior to extraction. After 10 min, jars were placed on an orbital shaker table for 30 min at 

200 RPMs. Finally, a 0.2 mL aliquot was taken from the centrifuged jars and filtered through a 

0.45 ! m syringe PTFE filter into a 2 mL HPLC amber vial. Another 0.8 mL of the respective 

organic solvent was also added directly into the 2 mL HPLC vial to for appropriate dilution. 

HPLC parameters. The limit of detection was 0.0125 mg L-1 and the limit of quantification 

was 0.025 mg L-1 for each analyte. Pesticide quantification was determined using peak area 

measurements. Fortified samples created by spiking a non-treated control samples with a 100 

! L/mL fungicide solution were included in each set using the aforementioned extraction protocols. 

Non-treated control samples and experimental standards were also included in each set. Residue 

of pyraclostrobin, triadimefon, and penthiopyrad were quantified by HPLC-DAD (Aglient-1260 

Infinity, Agilent Technologies, Santa Clara, CA) equipped with a C18 silica column. 

Statistics. Data were analyzed using the MIXED procedure in SAS (Version 9.4, SAS 

Institute, Cary, NC), with fungicide, depth, DAT, PAIT, and mowing timing as fixed effects. Main 

effects and their interactions are presenting according to their significance and means were 

separated according to Fisher’s Protect least significant difference test at P<0.05. HPLC results 

expressed as #$/mL (parts per million, ppm) were converted to a percent of total fungicide applied 

by dividing the total analyte quantified per sample by the total analyte applied based on the field 

application rate. Means for the percent of fungicide applied influenced by post-application 
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irrigation treatment (PAIT) and post-application mowing timing were subjected to analysis of 

variance by fungicide within each DAT and within each respective matrix according to ANOVA. 

Results 

Total pyraclostrobin, triadimefon, and penthiopyrad recoveries ranged from 93-100% on 0 

DAT regardless of PAIT or mowing timing. Pyraclostrobin, triadimefon, and penthiopyrad 

removed in and/or on turfgrass clippings ranged from 1.31-3.63%, 0.09-1.28%, and 0.31-2.27%, 

respectively (Figure 2A, Figure 3A, Figure 4A). Check pad recoveries ranged from 99-102% at 

the time of application for all compounds in both years. Delaying mowing events did not influence 

the amount of fungicide removed with clippings for any compound, whereas PAIT reduced the 

amount of pyraclostrobin removed with clippings on 0 and 3 DAT (Figure 2A). On 0, 1, and 3 

DAT, 0 hour and 6 hour PAIT reduced the amount of triadimefon and penthiopyrad removed with 

clippings compared to the no irrigation treatment (Figure 3A, Figure 4A). More pyraclostrobin 

was removed with clippings on 3 DAT in plots that received no irrigation (3.63%) compared to 

plots that were irrigated immediately (1.86%) or irrigated 6 hours after treatment (2.43%). 

Similarly, more triadimefon was removed with turfgrass clippings on 0, 1, and 3 DAT in plots that 

received no irrigation (1.03-1.28%) compared to plots that were irrigated immediately (0.09-

0.23%). Plots receiving irrigation immediately or 6 hours after penthiopyrad applications were not 

different from one another on 0, 1, and 3 DAT, but plots receiving no irrigation resulted in the 

greatest amount of penthiopyrad removed with clippings (1.97-2.27%). 

At 0, 1, and 3 DAT, pyraclostrobin, triadimefon, and penthiopyrad residue extracted from 

the RAV remained above 57.16%, 44.28%, and 64.91%, respectively. At 5, 7, and 14 DAT, more 

pyraclostrobin remained restricted to the RAV in plots that received no post application irrigation 

(34.46-46.29%) compared to plots that were irrigated immediately (12.63-43.58%) (Figure 2B). 



   

17 
 

PAIT did not influence the amount of triadimefon residue detected in the RAV at 7 and 14 DAT 

(Figure 3B). At all DATs, plots treated with penthiopyrad receiving immediate irrigation resulted 

in the least amount of fungicide restricted to the RAV compared to the 6 hour and no irrigation 

treatments (Figure 4B). 

Irrigating immediately after fungicide application resulted in more pyraclostrobin moving 

into the 0.0-2.5 cm depth at every DAT compared to the 6 hour and no irrigation treatments (Figure 

2C). Similarly, irrigating immediately after fungicide application resulted in the most triadimefon 

and penthiopyrad moving into the 0.0-2.5 cm depth at every DAT except 14 DAT, when compared 

to the 6 hour and no irrigation treatments (Figure 3C, Figure 4C). Irrigating immediately typically 

resulted in 2x more fungicide detected in the 0.0-2.5 cm depth compared to the other PAITs. 

Fungicide residue was not detected in the 2.5-5.1 cm depth until 3 DAT for plots treated 

with pyraclostrobin, triadimefon, and penthiopyrad. Only pyraclostrobin treated plots irrigated 

immediately had detection at the 2.5-5.1 cm depth at 3, 5, 7 DAT (1.22-2.45%) (Figure 2D). 

Similarly, triadimefon treated plots irrigated immediately resulted in more triadimefon detected in 

the 2.5-5.1 cm depth (0.97-1.54%) when compared to the 6 hour (0.0-0.25%) or no irrigation 

treatments (0.0%) on 3, 5, 7, and 14 DAT (Figure 3D). Penthiopyrad was detected at 3, 5, 7, and 

14 DAT in the 2.5-5.1 cm depth when plots were irrigated immediately and 5, 7, and 14 DAT 

when plots were irrigated 6 hours after treatment (Figure 4D). Penthiopyrad was not detected in 

the 2.5-5.1cm depth until 14 DAT if plots did not receive post-application irrigation. 

Pyraclostrobin and triadimefon residue was not detected at the 2.5-5.1 cm depth at any DAT when 

plots did not receive post-application irrigation. Pyraclostrobin residue (1.64%), triadimefon 

residue (0.28%), and penthiopyrad residue (0.87%) was only detected in the 5.1-7.6 cm depth on 
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14 DAT when plots were irrigated immediately after application (Figure 2E, Figure 3E, Figure 

4E). 

Discussion 

Post-application management practices affect fungicide movement and fungicide removal 

with turfgrass clippings under field conditions and no research has investigated the amount of 

fungicide residue in clippings collected from a golf course putting green. However, Jeffries et al. 

(2016) found up to 30.1% of azoxystrobin can be removed with lawn height turfgrass clippings 

following a single mowing event one day after application. A minimal amount of fungicide (< 

3.6%) was removed with creeping bentgrass putting green clippings in this study regardless of 

mowing timing and irrigation treatment. This discrepancy is likely due to differences in 

management area such as height of cut and frequency of mowing events. Delaying mowing events 

did not affect the amount of fungicide removed with clippings and residue remained consistent 

over the three-day collection period in this study. Jeffries et al. (2016) also observed consistent 

residue for the first three days followed by a sharp decline in foliar residue at the 4 DAT collection 

date which corresponded with a rain event. To maintain adequate playing conditions, three days is 

the maximum length of time turfgrass managers can delay mowing. Under these conditions, 

removing a substantial amount of fungicide that may affect efficacy with putting green clipping 

collection is not likely and would pose a minimal risk for detrimental off-target effects.  

Similar to Latin and Ou (2018) and Hockemeyer and Latin (2015), the majority of 

fungicide remained restricted to the RAV (verdure/thatch) layer regardless of post-application 

treatments. On most DATs, significantly more fungicide was moved into deeper soil depths when 

plots were irrigated immediately after application compared to the 6 hour and no irrigation 

treatments. Latin and Ou (2018) demonstrated post-application irrigation, with or without a 
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wetting agent, may increase pyraclostrobin distribution into the soil on certain DATs. Hutchens et 

al. (2019) showed applying 0.6, 1.3, or 2.5 cm of post-application irrigation reduced the amount 

of 14C myclobutanil and 14C tebuconazole detected in the 0.0-2.5 cm depth of a bare soil lysimeter 

and increasing irrigation amount resulted in more fungicide detected at deeper depths. Regardless 

of irrigation treatment, no radiolabeled fungicide was detected below 10.2 cm or in the lysimeter 

leachate (Hutchins et al., 2019). Gardner and Branham (2001) also observed an increase in 

mefenoxam residue at deeper depths when plots were irrigated compared to non-irrigated plots. 

Maxwell and Gannon (2020) showed post-application irrigation timing can affect dislodgeable 

azoxystrobin applied to turfgrass. Results indicate up to five-times greater azoxystrobin was 

dislodged from the turfgrass canopy if irrigation was withheld for 48 hours after treatment 

compared to irrigating 4 hours after treatment (Maxwell and Gannon, 2020). Similar to the findings 

in the current research, these studies demonstrate management practices can influence fungicide 

movement but movement is relatively limited in the turfgrass system. Irrigating immediately after 

fungicide application and increasing post-application irrigation amount can improve fungicide 

movement into deeper depths with limited potential for moving fungicides past the root zone. 

These results have direct implications in soilborne disease management and may optimize 

fungicide movement to soilborne targets. 

Applying post-application irrigation immediately after fungicide application or applying 

fungicides in a higher carrier volume can reduce soilborne disease severity. A 1.6 unit increase in 

turfgrass quality and 32% increase in root length was observed in plants inoculated with 

Magnaporthiopsis poae (Summer Patch) receiving post-application irrigation compared to 

inoculated pots receiving fungicide alone (non-irrigated) (Hutchins et al., 2019). Similarly, Wong 

and Corza (2005), Benelli et al. (2016), and Butler (2004) found applying fungicides in higher 
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carrier volumes increased efficacy on summer patch (Magnaporthiopsis poae) large patch 

(Rhizoctonia solani), spring dead spot (Ophiosphaerella spp.), and leaf spot (Drechslera poae). 

Either post-application irrigation or increased spray volume improves the suppression of root 

diseases. However, many turfgrass managers prefer not to increase spray tank volumes as it hinders 

the efficiency of completing fungicide applications before golfers begin play. 

While post-application irrigation treatments influenced fungicide movement through the 

profile, movement was generally limited in this study. The physicochemical properties of 

pyraclostrobin, triadimefon, and penthiopyrad are not conducive to movement as they have high 

Koc values indicating a high affinity for sorption to organic matter (University of Hertfordshire, 

Pesticide Properties Database) (Table 1). The Ks, or water solubility, for pyraclostrobin, 

triadimefon, and penthiopyrad are also low (Table 1). Organic matter content in the RAV and each 

2.5 cm depth was quantified in the trial area using the loss on ignition method and results indicated 

an average of 14, 7, 3, and 1% organic matter present in the RAV, 0.0-2.5, 2.5-5.1, and 5.1-7.6 cm 

depths, respectively (Broadbent, 1965). High organic matter present in the thatch layer and 

subsequent soil depths presents a challenge for moving fungicide to soilborne targets in a putting 

green. This also highlights the importance of thatch management on golf course putting greens. In 

vitro fungicide sensitivity assays of numerous soilborne pathogens suggests only a small amount 

of fungicide is necessary to reduce fungal growth. For example, only 0.017 µg pyraclostrobin mL-

1 is required to inhibit the growth of Gaeumannomyces graminis growth by 50% (Chapter III). 

Therefore, small differences in fungicide movement between post-application irrigation treatments 

likely make a significant difference in terms of potential efficacy.  

Many current post-fungicide application recommendations for soilborne disease 

management are anecdotal and inconsistent. This study provides a robust, multiyear evaluation of 
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fungicide movement on a golf course putting green following various post-application irrigation 

and mowing timings. Applying 0.64 cm post-application irrigation immediately after application 

will result in more fungicide residue in the soil where soilborne targets reside. Post-application 

irrigation, and to a lesser extent mowing timing, can significantly influence fungicide movement 

through the soil profile regardless of many limiting factors present in the turfgrass system.  
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Table 2.1 Physicochemical properties and mobility classification of pyraclostrobin, triadimefon, 

and penthiopyrad. 

Fungicide Koc (mL g-1)a Ks (mg L-1)b Mobility class (immobile, low, moderate, high) 
Pyraclostrobin 9304 1.9 immobile-low 
Triadimefon 300 70 low-moderate 
Penthiopyrad 804 1.4 low 

a Soil organic carbon sorption coefficient determined by the Pesticide Properties Database. 

b Water solubility determined by the Pesticide Properties Database. 
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Figure 2.1 Custom irrigation wand equipped with a flow meter to deliver precise post-application 

irrigation treatments to respective plots. 
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Figure 2.2 Distribution of pyraclostrobin residue influenced by 0.64 cm post-application irrigation 

applied immediately (0 Hour), six hours after application (6 Hour), or no post-application irrigation 

(No Irrigation) in the A) clippings B) remaining above ground vegetation (RAV; verdure/thatch) 

C) 0.0-2.5 cm depth D) 2.5-5.1 cm depth E) 5.1-7.6 cm depth and F) total residue recovered. 

Means expressed as percent of applied are separated between post-application irrigation treatments 

within each day after treatment (DAT) and within each panel according to Fisher’s Protected LSD 

test at P<0.05. 

  



   

25 
 

 

 

Figure 2.3 Distribution of triadimefon residue influenced by 0.64 cm post-application irrigation 

applied immediately (0 Hour), six hours after application (6 Hour), or no post-application irrigation 

(No Irrigation) in the A) clippings B) remaining above ground vegetation (RAV; verdure/thatch) 

C) 0.0-2.5 cm depth D) 2.5-5.1 cm depth E) 5.1-7.6 cm depth and F) total residue recovered. 

Means expressed as percent of applied are separated between post-application irrigation treatments 

within each day after treatment (DAT) and within each panel according to Fisher’s Protected LSD 

test at P<0.05. 
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Figure 2.4 Distribution of penthiopyrad residue influenced by 0.64 cm post-application irrigation 

applied immediately (0 Hour), six hours after application (6 Hour), or no post-application irrigation 

(No Irrigation) in the A) clippings B) remaining above ground vegetation (RAV; verdure/thatch) 

C) 0.0-2.5 cm depth D) 2.5-5.1 cm depth E) 5.1-7.6 cm depth and F) total residue recovered. 

Means expressed as percent of applied are separated between post-application irrigation treatments 

within each day after treatment (DAT) and within each panel according to Fisher’s Protected LSD 

test at P<0.05. 
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CHAPTER 3: Characterization and aggressiveness of take-all root rot pathogens isolated 

from symptomatic bermudagrass putting greens 

 
-FOR SUBMISSION TO PLANT DISEASE- 

 
Abstract 

Take-all root rot is a disease of ultradwarf bermudagrass putting greens caused by 

Gaeumannomyces graminis (Gg), Gaeumannomyces sp. (Gx), Gaeumannomyces graminicola 

(Ggram), Candidacolonium cynodontis (Cc), and Magnaporthiopsis cynodontis (Mc). Many 

etiological and epidemiological components of this disease remain unknown. Improving pathogen 

identification and our understanding of the aggressiveness of these pathogens and how they grow 

at different temperatures will advance our knowledge of disease development and optimize 

management strategies. Take-all root rot pathogens were isolated from symptomatic bermudagrass 

root and stolon pieces from 16 different golf courses. Isolates of Gg, Gx, Ggram, Cc, and Mc were 

used to inoculate ‘Champion’ bermudagrass in an in vivo aggressiveness assay. Each pathogen 

was also evaluated at 10, 15, 20, 25, 30, and 35¡C to determine growth temperature optima. 

Infected plant tissue was used to develop a real-time PCR high resolution melt assay for pathogen 

detection and quantification. This assay was able to differentiate and quantify each pathogen 

directly from infected plant tissue using a single primer pair.  In general, Ggram, Gg, and Gx were 

the most aggressive while Cc and Mc exhibited moderate aggressiveness. Pathogens were more 

aggressive when incubated at 30¡C compared to 20¡C. While they grew optimally between 24.4 

and 27.8¡C, pathogens exhibited limited growth at 35¡C and no growth at 10¡C. Therefore, 

chemical management practices should begin when soil temperatures reach 30¡C and continue 

until soil temperatures drop below 15¡C. These data provide important information on this disease 

and its causal agents that may improve take-all root rot management.  
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Introduction 

Bermudagrass (Cynodon dactylon L.) accounts for the largest acreage of turfgrass species 

(186,554 ha) used on golf courses in the United States and ultradwarf bermudagrass (UDB) 

(Cynodon dactylon L. x C. transvaalensis Burtt-Davy) is commonly used as a golf course putting 

green surface throughout the Southeastern United States and transition zone (GCSAA, 2017; 

Turgeon, 2005). While initially thought to be less susceptible to disease compared to its cool-

season counterparts, UDB is susceptible to many foliar and root diseases that can result in severe 

damage. Ectotrophic root-infecting (ERI) fungi are a group of organisms that colonize warm- and 

cool-season turfgrass roots, stolons, and rhizomes and are typified by producing darkly pigmented 

runner hyphae on these tissue (Clarke and Gould, 1993). ERI fungi span multiple genera and cause 

important root diseases in cereal crops and grasses (Smiley et al., 2005; Hernandez-Restrepo et al., 

2016). In turfgrass, ERI fungi cause diseases that adversely affect aesthetics and playability 

(Smiley et al., 2005; Landschoot and Jackson, 1990). Above-ground symptoms caused by ERI 

fungi typically include off-color to chlorotic patches which are a result of necrotic and brittle roots, 

stolons, and rhizomes colonized by ERI fungi (Whetzel et al., 1996).  Important diseases on warm-

season grasses caused by ERI fungi include dead spot caused by Ophiosphaerella agrostis (P.H. 

Dernoeden, M. Camara, N. O’Neill, van Berkum, and M. Palm), spring dead spot caused by 

Ophiosphaerella spp. (J. Walker, A.M. Sm, Wetzel, Hulbuer, and Tisserat), and take-all root rot 

(=bermudagrass decline) purported to be caused by Gaeumannomyces graminis (Sacc. Arx and 

Oliver).  

While Gaeumannomyces graminis is currently recognized as the causal agent of take-all 

root rot (TARR), Vines (2015) and Vines et al. (2020) identified novel ERI fungi in the 

Magnaporthaceae family associated with this disease. Vines (2015) found Gaeumannomyces 
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graminis (Gg), Gaeumannomyces sp. (species unknown; Gx), Magnaporthiopsis cynodontis (Mc) 

and Candidacolonium cynodontis (Cc) were pathogenic on UDB roots and together form a species 

complex that cause characteristic TARR symptoms. Stephens and Kerns (2019) associated a fifth 

ERI fungus, Gaeumannomyces graminicola (Ggram), within this species complex that was 

aggressive on UDB and causes characteristic TARR symptoms. TARR ERI pathogens vary in 

biological characteristics such as aggressiveness. Vines (2015) found Gg and Cc were more 

aggressive on UDB compared to Gx and Mc. A quantitative multiplex assay developed by 

Bronzato-Badial et al. (2020) found Gg and Cc had significantly greater DNA copies in 

symptomatic root material compared to Gx and Mc which may explain differences in their 

aggressiveness on UDB (Bronzato-Badial et al., 2020). While these findings are important, they 

do not evaluate the aggressiveness or detection of Ggram and in vivo experiments conducted by 

Vines (2015) used bermudagrass sprigs as host tissue which did not allow for above ground 

symptom evaluation. Moreover, multiple incubation temperatures were not evaluated in these 

aggressiveness assays. Pathogen aggressiveness research by Vines (2015) was only conducted at 

�™30°C, although optimal growth temperatures of TARR pathogens range from 25-30°C. Similarly, 

determining the in vitro temperature optima of Gg, Ggram, Gx, Cc, and Mc growth is warranted 

to assist in epidemiological studies and help guide preventive fungicide applications.  

Identification of ERI fungi based on morphological characteristics is challenging, time 

consuming, and in many cases inconclusive (Bryan, 1995; Freeman and Ward, 2004; Hernandez-

Restrepo et al., 2016). While hyphopodia are commonly found within the Gaeumannomyces genus 

and in other members within Magnaporthaceae, infection stage, and substrate can significantly 

affect production of attachment and penetration structures. Vines (2015) was only able to identify 

Gg morphologically as it produced deeply-lobed hyphopodia, but all other ERI fungi were 
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indistinguishable using traditional diagnostic methods. Due to the rigorous and often inconsistent 

identification of ERI fungi, molecular techniques have been developed to more accurately identify 

these organisms (Elliott et al., 1993; Freeman and Ward, 2004; Rachdawong et al., 2002; Sedeghi 

et al, 2012; Ward and Akrofi, 1994; Wetzel et al., 1996). In general, these studies were able to 

accurately identify individual ERI fungi present on bermudagrass roots using PCR methods, but 

detection and characterization of multiple ERI fungi simultaneously was inadequate. This is 

paramount as multiple ERI fungi are associated with TARR development (Vines, 2015; Bronzato-

Badial et al., 2020). Bronzato-Badial et al. (2020) developed a quantitative multiplex assay which 

can detect Gg, Gx, Cc, and Mc simultaneously from UDB roots. However, this approach uses four 

multiplexed species-specific TaqMan™ probes and primer pairs to individually detect and quantify 

target fungal DNA but the assay does not include a primer and probe for Ggram. An alternate 

method using a single primer pair to quantify Gg, Gx, Ggram, Cc, and Mc may offer a more cost-

effective and less laborious option to identifying ERI fungi present in UDB.  

The objectives of this research were to i) evaluate the isolation frequency of ERI fungi 

from symptomatic TARR samples, ii) develop an in vivo approach to characterize the 

aggressiveness of TARR pathogens including Ggram, iii) determine the in vitro temperature 

optima of each TARR pathogen, and iv) develop a high-resolution melt real-time PCR assay to 

detect ERI fungi associated with TARR. 

Materials and Methods 

Sample collection. Take-all root rot samples were collected from various golf courses 

throughout North Carolina and the Southeastern United States from April 2018 to April 2020. 

Bermudagrass putting green samples submitted to the Turf Diagnostics Lab at North Carolina State 

University and diagnosed with TARR were selected for pathogen isolation. For isolations, roots 
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and stolons were examined with a dissecting microscope for the presence of ERI fungi and root 

and stolon symptoms characteristic of TARR. Metadata including sample location, time of year, 

and cultivar for each sample was logged in the North Carolina State University Plant Disease and 

Insect Clinic database. 

Pathogen isolation. Antibiotic water agar (AWA) and potato dextrose agar (PDA) were 

used to isolate TARR pathogens from symptomatic root and stolons. Water agar was prepared by 

adding 20 g of granular bacteriological agar (Amresco LLC., Solon, OH) to 1 L of deionized water. 

The mixture was heated on a hot plate set to 100°C and stirred at 650 rotations per minute (RPM) 

until dissolved. The solution was autoclaved at 121°C for 25 min (115 kPa) and cooled to 50°C in 

a water bath. To prepare AWA, 0.5 g L-1 of the antibiotics Penicillin-G potassium (Millipore 

Sigma, Burlington, MA) and streptomycin sulfate (Tokyo Chemical Industry, Portland, OR) were 

stirred into the cooled molten water agar. Antibiotic water agar was poured into 100 x 15 mm 

plastic petri plates, allowed to solidify overnight, and stored at 4°C. PDA was prepared by adding 

39 g of granular nutrient agar (HiMedia Laboratories, Mumbai, India) to 1 L of deionized water. 

The solution was heated on a hot plate to 100°C and stirred at 650 RPMs until completely 

dissolved. The PDA was autoclaved at 121°C for 25 min and allowed to cool in a water bath to 

50°C. Molten PDA was poured into 100 x 15 mm plastic petri plates, allowed to solidify overnight, 

and stored at 4°C. 

Symptomatic roots and stolons were sectioned into 3 to 5 mm lengths, surface disinfested 

for 1 min in a 0.5% sodium hypochlorite solution (10% Clorox Bleach solution), rinsed in three 

consecutive sterile water baths for 30 sec, and air dried on sterile filter paper. Once dry, surface 

disinfested roots and stolons were set on AWA and incubated at room temperature for 3 to 5 days. 
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Mycelium from the actively growing margin of a fungal colony exhibiting characteristic 

ectotrophic root-infecting mycelia were transferred to PDA.  

Isolate storage. Isolates were grown on PDA for 5 to 8 days. Once colony diameter reached 

"  40 mm, the isolate was placed in storage. Filter paper was cut into thin strips and autoclaved at 

121°C for 30 min. A single plug from the margin of an actively growing colony was transferred to 

PDA and surrounded by 5 strips of sterile filter paper. Isolates were incubated on the lab bench for 

5 to 8 days, or until the mycelium grew over the filter paper. Colonized filter paper was removed 

from the PDA using sterile forceps, placed in coin envelopes and stored at -80°C.  

Isolate identification. Isolates were taken out of storage and grown on PDA for 5 to 8 days. 

Mycelium from an actively growing colony was transferred to PDA containing sterilized 

cellophane. After 5 to 8 days of growth on cellophane-PDA, sterile forceps were used to harvest 

mycelium into 2 mL tubes provided in the Qiagen DNeasy Plant Mini Kit (Qiagen, Hilden, 

Germany). Genomic deoxyribonucleic acid (gDNA) was extracted following the DNeasy Plant 

Mini Kit Quick-Start Protocol. Genomic DNA was quantified using a Nanodrop and diluted to 40 

ng/! L prior to polymerase chain reaction (PCR). Samples were prepared for PCR by combining 

12.5 ! L of 2x GoTaq® MasterMix (Promega, Madison, WI), 1 ! L of gDNA, 1.25 ! L of forward 

and reverse primers, and 9 ! L of sterile deionized water for a total reaction volume of 25 ! L. The 

internal transcribed spacer (ITS) region was amplified using ITS1 and ITS4 primer pair previously 

described by White et al. (1990). PCR product was then cleaned using ExoSAP-IT PCR product 

cleanup reagent (ThermoFisher, Waltham, MA) following manufacturer instructions. Finally, 

samples were submitted to the Genomic Sciences Laboratory for Sanger sequencing. Isolate 

sequences were identified to the genus and species level using BLAST provided by the National 

Center for Biotechnology Information.  
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In planta fungal aggressiveness assay. Colonized rye grain was used to inoculate 

‘Champion’ bermudagrass to evaluate the aggressiveness of TARR pathogens. Isolates (n) of 

Gaeumannomyces graminis (4), Gaeumannomyces sp. (2), Gaeumannomyces graminicola (4), 

Candidacolonium cynodontis (4), and Magnaporthiopsis cynodontis (2) were grown on PDA for 

5 to 8 days to collect actively growing mycelia from each isolate. In a 1000 mL Erlenmeyer flask, 

250 cc of rye grain, 10 cc calcium carbonate powder, and 220 mL of deionized water were 

combined and autoclaved twice on a liquid cycle for 45 minutes at 121°C. Once cooled, isolates 

grown on PDA were added to the sterile rye grain. Infested rye grain was incubated at 28°C for 

four weeks and flaks were shaken every three days.  

‘Champion’ bermudagrass plugs (6.4-cm-diameter) were harvested from a healthy, newly 

sprigged (2019) ‘Champion’ bermudagrass putting green located at the NC State University Turf 

Field Lab in Raleigh, North Carolina. The root system of each plug was removed and the remaining 

stolons, rhizomes, and above ground plant material was vigorously washed for 30 sec with water. 

Pots were arranged on a greenhouse bench and 400 cc of sterile play sand (Quikrete, Atlanta, GA) 

was added to each 10.2 cm pot. Once the infested rye grain had incubated for four weeks, 5 cc of 

infested rye grain was added to respective pots. Finally, a washed bermudagrass plug was placed 

directly on top of the inoculum, topdressed with 10 cc sand, and maintained in the greenhouse for 

four weeks. All pots received 0.64 cm supplemental mist irrigation two-times a day for the first 

week, one time a day for the second week, and one time every two days for the final two weeks of 

the experiment. Pots were arranged on the greenhouse bench in a randomized complete block with 

four replications and the experiment was repeated. A non-inoculated pot served as the control for 

the experiment. 
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The aforementioned in vivo aggressiveness protocol was also used to evaluate the 

aggressiveness of TARR pathogens on UDB at two different incubation temperatures: 20°C and 

30°C in separate growth chambers with a light/dark cycle set to 16h/8h. All inoculated pots 

received 15 mL supplemental irrigation daily for two weeks. Pots were randomly arranged within 

each growth chamber and the experiment was repeated. A non-inoculated pot served as the control 

for the experiment. 

Data collection and analysis. All plants were assessed two and four weeks after inoculation 

for percentage of basal necrosis and green cover. The percentage of basal necrosis was estimated 

visually as percent (%) of affected area. Percent green cover was determined two weeks after 

inoculation using ImageJ image analysis software (National Institutes of Health, Bethesda, MD). 

Individual plants were photographed in a lightbox with shutter speed 1/100th of a second, aperture 

7.1, and focal length 50 mm. Images were uploaded and color threshold adjusted to hue 50, 

saturation 0, and brightness 80. Percent green cover of adjusted images was calculated within a 

designated area using the elliptical tool. Four weeks after inoculation, plants were destructively 

sampled, washed to remove inoculum and sand particles, placed in coin envelopes, and dried at 

60°C for 48 hours. Dried plant material was then weighed to determine total dry biomass. Mean 

percent basal necrosis, percent green cover, and dry plant biomass values were analyzed using 

Proc MIXED in SAS 9.4 (SAS Institute, Cary, NC). 

In vitro optimal growth temperature. The optimal growth temperature for Gg (n = 2), Gx 

(n = 2), Ggram (n = 2), Cc (n = 2), and Mc (n = 2) was determined using the temperature range of 

10°C, 15°C, 20°C, 25°C, 30°C, and 35°C. A 7-mm plug of each pathogen isolate was transferred 

from an actively growing 4-day old culture and placed mycelium side down on potato dextrose 

agar. Six individual incubators were set to the aforementioned temperatures and three replicates of 
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each isolate were randomly placed within each incubator in complete darkness. This experiment 

had two independent runs and incubators were randomized between runs. Two-way colony 

diameter was measured five days after initiation and mycelial growth (mm) was recorded. Mycelial 

growth means within each temperature were analyzed using Proc MIXED in SAS and optimal 

growth temperature was determined using a quadratic regression.  

Quantitative real-time PCR assay. A real-time PCR assay was developed using SYBR 

green chemistry and high-resolution melt (HRM) analysis to detect TARR pathogens based on 

dissimilar RNA polymerase II (RPB I) gene sequences. HRM is a post-PCR process analysis that 

enables the detection of variable sequence differences down to single nucleotide sequence 

differences. This approach was used in this study to rapidly detect and identify TARR pathogens 

directly from pure culture or infected root tissue. RPB I gene sequences were obtained for Gg, Gx, 

Ggram, Cc, and Mc using the aforementioned DNA extraction, PCR, and sequencing protocols. 

Sequences were aligned using Mega7 cluster alignment software (Molecular Evolutionary 

Genetics Analysis). Degenerative primer pairs were designed from the RPB gene using the 

ThermoFisher Multiple Primer Analyzer. GgRPB1F (5’-GATGGTRTGCCACGAGTG-3’) and 

GgRPB1R (5’-CARAARTTRTTGTCRTTGCAC-3’) were designed to amplify a highly 

dissimilar 173 bp region of the RPB gene across Gg, Gx, Ggram, Cc, and Mc sequences. The real-

time PCR HRM assay was developed using Applied Biosystems MeltDoctor HRM master mix 

formulation and high-resolution melt analysis was conducted using the QuantStudio 6 platform. 

This experiment was originally designed using pure cultures of each TARR pathogen (data not 

shown) and subsequent experimental validation involved utilizing infected root tissue colonized 

by TARR pathogens. 
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The degenerative RPB primer pairs GgRPBF and GgRPBR were used on the Applied 

Biosystems QuantStudio 6 Flex real-time PCR platform following the Applied Biosystems 

MeltDoctor HRM protocol (Applied Biosystems, Foster City, CA). Briefly, a 20 ! L reaction was 

prepared on a 96-well plate by combining 0.6 ! L of forward and reverse primer at a 10 ! M 

concentration, 1.0 ! L gDNA at a 20 ! M concentration, 7.8 ! L molecular grade water, and 10 ! L 

2x MeltDoctor™ Master Mix (Applied Biosystems, Foster City, CA). Primer efficiency was tested 

with ten-fold gDNA concentrations ranging from 0.064-20.0 ng/! L. Each pure culture was 

evaluated in triplicate and melting profiles were analyzed using post-processing HRM analysis. 

Roots and stolons harvested from inoculated plants used in the in vivo aggressiveness assay 

were prepared for real-time PCR HRM assay validation. Total DNA from 100 mg of infected roots 

and stolons was extracted using the Qiagen DNeasy PowerSoil Pro kit (Qiagen, Hilden, Germany) 

and diluted to 20.0 ng/! L concentration. Amplification and melt curves were determined in the 

real-time PCR HRM assay using the GgRPB primer pair. Protein phosphatase 2A (PP2A) 

bermudagrass root gene served as the reference gene for this experiment (Chen et al., 2014). High 

resolution melt analysis was compared across infected root samples and pure culture samples. 

Results 

Isolation efficiency. A total of 26 individual bermudagrass putting green samples were 

submitted to the Turf Diagnostics Lab and diagnosed as TARR in 2018 and 2019. Twenty root and 

stolon pieces from each TARR sample were selected for pathogen isolation (n=520). Of the 520 

isolations, 123 putative isolates exhibited characteristic ERI mycelia in culture and were selected 

for genetic sequencing. Sequences revealed 77 TARR pathogens were isolated from 16 different 

golf courses throughout North Carolina, South Carolina, Texas, and Florida (Table 1). Of the 77 

isolates, 13, 17, 4, 40, and 3 were Gg, Gx, Ggram, Cc, and Mc, respectively. TARR pathogens 
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were successfully isolated 15% of the time. Multiple TARR pathogens were isolated from 4 of the 

16 golf courses evaluated. Gg, Gx, and Cc were isolated from Governors Club. Gx, Cc, and Mc 

were isolated from North Ridge Country Club. Gx and Cc were isolated from Ryder Golf Course. 

Gg and Ggram were isolated from Walnut Creek Country Club. A single TARR pathogen was 

isolated from all other golf courses (Table 1). 

Pathogen aggressiveness. Multiple isolates of each TARR pathogen were randomly 

selected and evaluated in an in vivo aggressiveness assay. Analysis of variance indicated the main 

effect of isolate significantly influenced basal necrosis. All isolates, except Mc2, increased basal 

necrosis compared to the non-inoculated control (Figure 1). Plants inoculated with Ggram1 and 

Ggram2 incited the most basal necrosis (83%) whereas plants inoculated with Gx2, Ggram4, Cc1, 

Cc2, Cc3, Cc4, Mc1, and Mc2 were among the lowest statistical grouping for basal necrosis 

(<10%) (Figure 1). Ggram3, Gx1, and Gg2 caused 77%, 69%, and 58% basal necrosis, 

respectively. Plants inoculated with Gg1, Gg3, Gg4 exhibited moderate basal necrosis at 22%, 

16%, 24%, respectively. 

The main effects of run and isolate significantly influenced percent green cover as 

determined by ImageJ software. On average, percent green cover values were 21% for run 1 and 

17% for run 2. For both runs, the non-inoculated control plants had the highest percent green cover. 

In run 1, plants inoculated with Gx2, Ggram4, Cc1, Cc2, Cc4, and Mc1 did not reduce percent 

green cover when compared to the non-inoculated control (Figure 2A). However, Gg2, Gx1, 

Ggram1, Ggram2, and Ggram3 all reduced percent green cover by more than 49% compared to 

the non-inoculated control (Figure 2A). Percent green cover values were lower in run 2 when 

compared to run 1, but general trends remained similar. All isolates reduced percent green cover 

compared to the non-inoculated control in run 2. Plants inoculated with Gg2 resulted in the lowest 
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percent green cover (5.4%). Similar to run 1, plants inoculated with Gg1-4, Gx1, and Ggram1-3 

reduced percent green cover by more than 50% (Figure 2B).  

The main effects of run and isolate significantly influenced dry plant biomass. Biomass 

across all treatments from run 1 averaged 1.9 g and biomass across all treatments from run 2 

averaged 1.1 g. Biomass of the non-inoculated control for run 1 and run 2 were 3.5 g and 2.0 g, 

respectively. For both runs, non-inoculated plants had the highest numerical biomass. However, 

plants inoculated with Gg2 did not differ statistically from the non-inoculated control in run 1 

(Figure 3A). For run 2, biomass of plants inoculated with Cc3, Gg3, Gx1, and Gx2 did not differ 

from the non-inoculated controls. Biomass of inoculated plants were on average 51% and 54% 

less than biomass of non-inoculated control for run 1 and run 2, respectively (Figure 3B). Plants 

inoculated with Gg4 and Ggram3 resulted in the lowest plant biomass for run 1 and plants 

inoculated with Ggram 1 resulted in the lowest plant biomass for run 2. When biomass was pooled 

across isolates for each pathogen, plants inoculated with Ggram had the lowest biomass and plants 

inoculated with Gg, Gx, Cc, and Mc exhibited a moderate reduction in biomass (Figure 4). These 

data show all TARR pathogens significantly reduced plant biomass compared to the non-

inoculated control.  

The main effect of incubation temperature affected pathogen aggressiveness in terms of 

plant biomass and percent green cover. Therefore, data were pooled across all TARR pathogens 

for each response variable. Plant biomass was lower for pots incubated at 30°C (1.7g) compared 

to pots incubated at 20°C (2.1g) (Figure 5A). Pots incubated at 30°C exhibited lower percent green 

cover (3.6%) compared to pots incubated at 20°C (14.6%) (Figure 5B). 

In vitro optimal growth temperature. All TARR pathogens grew most rapidly in vitro at 25 

and 30°C and least aggressively at 15, 20, and 35°C (Figure 6). No TARR pathogen was able to 
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grow when incubated at 10°C. Optimal growth temperatures for Gg, Gx, Ggram, Cc, and Mc on 

PDA were 25.8, 24.3, 24.5, 31.1, and 26.9°C, respectively (Table 2).  

Quantitative real-time PCR. No difference between melting temperatures (TM) of pure 

cultures and infected root tissue were observed. Therefore, the following data are from infected 

root tissue samples. Derivative melt curves of each TARR pathogen amplified by the GgRPB 

primer pairs exhibited distinctive TMs (Table 3). Analysis of derivative melt curves of each TARR 

pathogen amplified by the GgRPB primer pairs had a TM of 86.4244, 86.5538, 96.9620, 85.9615, 

and 86.2355°C for Gg, Gx, Ggram, Cc, and Mc, respectively (Table 3). Cycle threshold (CT) 

values of the RPB target for each TARR pathogen relative to the bermudagrass reference gene 

PP2A CT values were 1.2009, 1.2777, 1.2504, 1.3466, and 1.3478 for Gg, Gx, Ggram, Cc, and 

Mc, respectively (Table 3). Cc and Mc had the highest relative CT values.  Unique derivative melt 

curve profiles were produced for each TARR pathogen following high resolution melt analysis 

(Figure 7). Both derivative melt curves and melt curve difference plots clearly separate the five 

TARR pathogens from pure culture and from infected UDB roots. (Figure 7).  

Discussion 

This study demonstrates multiple ERI pathogens are associated with TARR of 

bermudagrass in the Southern United States and transition zone. However, management of TARR 

and the biology of TARR pathogens on turfgrass remains largely unknown since multiple 

pathogens have only recently been associated with TARR development. This study aimed to assess 

the isolation frequency of TARR pathogens from symptomatic plants, evaluate the aggressiveness 

of multiple isolates associated with TARR on ‘Champion’ bermudagrass using a novel in vivo 

approach, determine the optimal hyphal growth temperature of TARR pathogens, and develop a 
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real-time PCR HRM assay to detect and quantify TARR pathogens from pure culture and infected 

roots.  

All pathogens were isolated from symptomatic TARR samples in the 2018 and 2019 

sample collection period, although at low frequency. Low isolation frequency is common when 

attempting to isolate soilborne pathogens from turfgrass roots due to the diverse population of 

microorganisms present in this perennial system (Wong et al., 2012; Allan-Perkins et al., 2018; 

Asano et al., 2010; Bronzato-Badial; 2020). While Bronzato-Badial et al. (2020) determined 

multiple TARR pathogens were identified in 59% symptomatic TARR samples using molecular 

techniques, multiple TARR pathogens were isolated from 20% of the golf courses evaluated in the 

current study using traditional isolation methods. A seasonal shift in isolation frequency was not 

observed and the majority of golf courses evaluated tended to have a single predominate species 

present. Limited recovery of multiple TARR pathogens at specific locations compared to results 

by Bronzato-Badial et al. (2020) may be attributed to the non-selective nature of traditional 

isolation. Nevertheless, Vines (2015) and Bronzato-Badial et al. (2020) state certain ERI fungi 

such as Mc may be ubiquitous in nature and serves as a secondary pathogen playing a limited role 

in disease development. Traditional isolation methods of TARR pathogens are necessary for 

isolate collection and subsequent biological studies, but molecular assays should be integrated into 

population dynamic studies due to their accuracy and sensitivity.   

Real-time PCR methods are increasingly being used to rapidly identify and quantify fungi, 

bacteria, viruses, and insects (Dhami and Kumarasinghe, 2014). Real-time PCR allows for the 

elimination of post-PCR processing and can reduce the time to pest identification by several hours. 

In turfgrass, real-time PCR techniques have been developed to detect Clarireedia sp., Rhizoctonia 

solani, Puccinia coronata, and Magnaporthiopsis poae (Groben et al., 2020; Okubara et al., 2008; 
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Zhao et al., 2012; Beirn et al., 2011). SYBR green real-time PCR assays offer high specificity and 

are less expensive compared to using the TaqMan™ approach (Dhami and Kumarasinghe, 2014). 

SYBR green assays are also compatible with HRM analysis which can provide single nucleotide 

differentiation between targets using melt curve differences (Reed et al., 2007; Dhami and 

Kumarasinghe, 2014). This technique has been used to differentiate morphologically and 

genetically similar plant pests using a single primer pair (Dhami and Kumarasinghe, 2014; Yu et 

al. 2004).  The real-time PCR HRM assay we developed proved to amplify and differentiate Gg, 

Gx, Ggram, Cc, and Mc directly from infected root tissue (Figure 7). The TM of each pathogen 

target was unique and produced melt curve profiles that can be used to further differentiate between 

species (Table 3). This assay allows for relative quantification of target fungal DNA relative to 

bermudagrass root DNA present in the sample. The bermudagrass gene PP2A was consistently 

amplified in all reactions suggesting no interference with target pathogen amplification. A high 

relative Ct value for Cc was detected in this study compared to bermudagrass root DNA. This 

result is similar to Bronzato-Badial et al. (2020) that detected 24 times more Cc DNA copies 

compared to bermudagrass DNA copies. While our assay also detected a high amount of relative 

Mc DNA copies, Bronzato-Badial et al. (2020) detected 13 times less Mc DNA copies compared 

to bermudagrass root DNA copies. However, Bronzato-Badial et al. (2020) detected Mc in 97% 

of samples evaluated suggesting this pathogen is prevalent in symptomatic TARR samples. The 

real-time PCR HRM assay developed in this research can potentially eliminate the need to isolate 

TARR pathogens from symptomatic roots and subsequently extract and sequence gDNA. 

Researchers can instead extract total gDNA directly from infected roots and utilize this cost-

effective and efficient assay to differentiate and identity target TARR pathogens saving time and 

resources. 
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Overall, TARR pathogens varied in aggressiveness on ‘Champion’ bermudagrass. The in 

vivo approach developed in this research was an effective method for evaluating pathogen 

aggressiveness and may be used to study other biological parameters. While characteristic TARR 

symptoms were observed in the root system by Vines (2015), our method resulted in severe 

colonization of the root system and allowed for foliar symptom expression.  In general, Ggram, 

Gx, and Gg were the most aggressive TARR pathogens but Cc and Mc exhibited moderate 

aggressiveness. While Vines (2015) found Gg was moderate to weakly aggressive on 

bermudagrass, our results align with Elliott (1991) showing that Gg was highly destructive to 

bermudagrass. Cc was the most aggressive fungus evaluated by Vines (2015), yet it was 

moderately aggressive in the current study even though it was most frequently isolated (33%). 

Ggram caused the most severe damage to bermudagrass in this study. Inoculation with this 

pathogen resulted in the highest basal necrosis, lowest percent green cover, and lowest plant 

biomass. While not widely distributed based on our sampling, researchers should continue to 

monitor for this pathogen as it has the ability to severely compromise bermudagrass plants.  

The main effect of run significantly influenced percent green cover and dry plant biomass 

and values were generally higher in run 1 compared to run 2. This is most likely due to the time at 

which ‘Champion’ bermudagrass plugs were obtained from the field, processed, and used in the 

in vivo assay. ‘Champion’ bermudagrass plugs were obtained for run 1 on 10 July when 

bermudagrass growing conditions are optimal whereas plugs were obtained for run 2 on 5 

September when growing conditions were suboptimal. Since UDB plants were generally more 

devasted by pathogen inoculations in run 2, researchers should consider harvesting plants for in 

vivo aggressiveness assays when UDB is growing suboptimally. The vigor and health of plant 

material based on collection date offers a plausible explanation for the difference between runs.  
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Future studies should continue to explore other biological parameters of these pathogens as they 

are informative for optimizing TARR management. 

The main effect of incubation temperature significantly influenced TARR pathogen 

aggressiveness. Incubating inoculated UDB at 30°C resulted in lower plant biomass, percent green 

cover, and turfgrass quality compared to inoculated UDB incubated at 20°C. To our knowledge, 

this is the first study evaluating the influence of incubation temperature on TARR pathogen 

aggressiveness. Vines (2015) determined TARR pathogens were aggressive on UDB but these 

studies were conducted at a single incubation temperature range (~28/30°C dark/light). The in 

vitro optimal growth temperature research in the current study and conducted by Vines (2015) 

suggest TARR pathogens may grow optimally across a range of temperatures (23.9 to 31°C).  

Therefore, investigating different incubation temperatures in pathogen aggressiveness assays is 

important for understanding the role of temperature in UDB infection and aggressiveness.  

Vines (2015) evaluated Gg, Gx, Cc, Mc, and other ERI fungi at 18, 25, 32, and 38°C to 

determine optimal growth temperature and determined the average optimal growth of Gg, Gx, Cc, 

and Mc was 27.1, 24.4, 27.8, and 27.5°C, respectively. Results from the current study exhibit 

similar optimal growth temperatures as the average across all TARR pathogens was 26.5°C in the 

current study and 26.7°C (Vines, 2015). Differences between average optimal growth temperatures 

of each TARR pathogen may be attributed to the number of incubation temperatures evaluated and 

different isolates evaluated. Polynomial regression was used to determine the optimal growth 

temperature of each isolate. While the current research used six different incubation temperatures, 

Vines (2015) used four different incubation temperatures. Increasing the number of incubation 

temperatures and using different incubation temperatures could be a possible explanation for these 

minor differences. While Vines (2015) found different isolates within each species may vary in 
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optimal growth temperature, this was not observed between isolates in the current study. This 

suggests isolate selection, isolate number, and origin may be important when determining in vitro 

growth temperature optima. 

TARR pathogens grew optimally in vitro between 24.4-27.8°C but they did not grow at 

10°C and exhibited limited growth at 35°C. Moreover, pathogens were more aggressive when 

incubated at 30°C compared to 20°C. Therefore, fungicides should be targeted around 30°C when 

significant necrosis was observed and continue until soil temperatures drop to 15°C. In general, 

symptom development was not observed until 14 to 21 days after inoculation in the in vivo 

aggressiveness assays. This suggests damage to the UDB root system has already occurred once 

symptoms are present and may explain why curative fungicide applications typically have limited 

effect. While more research should be completed to optimize fungicide application timing under 

field conditions, our data strongly indicate chemical management should occur within this 

window. 

TARR is a devastating disease that negatively affects the aesthetics and playability of UDB 

putting greens. TARR pathogens were obtained from multiple golf courses throughout the 

Southeast and transition zone using traditional isolation methods. While informative for biological 

studies, molecular assays can be used to construct specific population dynamics present within 

symptomatic samples. The HRM real-time PCR assay and in vivo aggressiveness assay developed 

in this research may be a useful tool for future population dynamic studies, efficient diagnostics, 

and pathogen characterization. These data also provide important insight into optimizing TARR 

chemical management strategies.  All aspects of TARR etiology and epidemiology are not known, 

but this study presents valuable information on pathogen aggressiveness, optimal growth 
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temperatures, and pathogen detection; furthering our knowledge of this disease and its causal 

agents. 
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Table 3.1 Isolation frequency and distribution of take-all root rot pathogens isolated from symptomatic bermudagrass putting green 

samples submitted to the Turf Diagnostics Lab at NC State University. 

Location State Host Cultivar Genus Species N 
Alaqua CC FL Bermudagrass ÔChampionÕ Candidacolonium cynodontis 4 
Albemarle Plantation NC Bermudagrass ÔMiniverdeÕ Gaeumannomyces graminis 1 
Champions Golf Club TX Bermudagrass ÔChampionÕ Magnaporthiopsis cynodontis 1 
Duke University GC NC Bermudagrass ÔChampionÕ Gaeumannomyces graminis 1 
Eagle Point  NC Bermudagrass ÔG12Õ Gaeumannomyces graminis 3 
Escondido Club TX Bermudagrass ÔChampionÕ Gaeumannomyces sp. 5 
Governors Club NC Bermudagrass ÔChampionÕ Gaeumannomyces graminis 7 
    Gaeumannomyces sp. 1 
    Candidacolonium cynodontis 5 
Heritage Golf Club NC Bermudagrass  ÔChampionÕ Candidacolonium cynodontis 1 
North Ridge CC NC Bermudagrass ÔG12Õ Gaeumannomyces  sp. 7 
    Candidacolonium cynodontis 7 
    Magnaporthiopsis cynodontis 2 
Pinehurst #8 NC Bermudagrass ÔChampionÕ Candidacolonium cynodontis 11 
Prestonwood CC NC Bermudagrass ÔChampionÕ Candidacolonium cynodontis 3 
Ryder GC NC Bermudagrass ÔTifEagleÕ Gaeumannomyces sp. 2 
    Candidacolonium cynodontis 1 
Secession SC Bermudagrass ÔChampionÕ Gaeumannomyces sp. 1 
Tide Water SC Bermudagrass ÔTifEagleÕ Gaeumannomyces sp. 1 
Walnut Creek NC Bermudagrass ÔChampionÕ Gaeumannomyces graminis 1 
    Gaeumannomyces graminicola 4 
Warrior Golf Club NC Bermudagrass ÔChampionÕ Candidacolonium cynodontis 8 
    Gaeumannomyces graminis 13 
    Gaeumannomyces sp. 17 
    Gaeumannomyces graminicola 4 
    Candidacolonium cynodontis 40 
    Magnaporthiopsis cynodontis 3 
Total      77 
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Table 3.2 Optimal growth temperature of take-all root rot pathogens.      

z The experiment included two isolates of each pathogen, three replications, and two 

independent runs. Analysis of variance indicated run and isolate was not significant in the 

model and data are pooled within each species. 

y Each isolate was evaluated on potato dextrose agar incubated at 10, 15, 20, 25, 30, and 35¡C. 

Two-way colony diameter (mm) was measured five days after initiation and optimal growth 

temperature was determined using regression analysis following the quadratic equation 

y=ax2+bx+c. 

  

Take-all root rot pathogen Code nz Optimal temperature (¡C)y 

Gaeumannomyces graminis Gg 2 25.8 
Gaeumannomyces sp. Gx 2 24.3 
Gaeumannomyces graminicola Ggram 2 24.5 
Candidacolonium cynodontis Cc 2 31.1 
Magnaporthiopsis cynodontis Mc 2 26.9 



   

 48 

Table 3.3 Melting temperature, relative cycle threshold, and cycle threshold of take-all root rot 

pathogens amplified by the GgRPB primer pair evaluated in a real-time PCR high resolution melt 

assay. 

Pathogenz TM (!C)y Relative CTx CTw 

Gg 86.4244 cv 1.2009 d 26.4623 e 
Gx 86.5538 b 1.2777 bc 27.3927 d 
Ggram 86.9620 a 1.2504 c 28.0767 c 
Cc 85.9615 e 1.3466 a 28.4760 b 
Mc 86.2355 d 1.3478 a 30.4000 a 

z Take-all root rot pathogens evaluated in this experiment were Gaeumannomyces graminis 

(Gg), Gaeumannomyces sp. (Gx), Gaeumannomyces graminicola (Ggram), Candidacolonium 

cynodontis (Cc), and Magnaporthiopsis cynodontis (Mc). 

y Melting temperature 

x Mean cycle threshold values for positive amplification relative to ultradwarf bermudagrass 

root reference gene protein phosphatase 2A (PP2A) amplification. 

w Mean cycle threshold values for positive amplification. 

v Means followed by the same letter are not statistically different within each column according 

to Fishers Protected least significant difference test at P<0.05. 
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Figure 3.1 Influence of take-all root rot pathogen inoculation on basal necrosis development on 

ÔChampionÕ bermudagrass. Gg=Gaeumannomyces graminis, Gx=Gaeumannomyces sp., 

Ggram=Gaeumannomyces graminicola, Cc=Candidacolonium cynodontis, and 

Mc=Magnaporthiopsis cynodontis. NIC=Non-inoculated control. Mean percent basal necrosis 

values followed by the same letter are not statistically different according to FisherÕs Protected 

LSD test at P<0.05. 
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Figure 3.2 Influence of take-all root rot pathogen inoculation on percent green cover determined 

by ImageJ software analysis in A: Run 1 and B: Run 2. Gg=Gaeumannomyces graminis, 

Gx=Gaeumannomyces sp., Ggram=Gaeumannomyces graminicola, Cc=Candidacolonium 

cynodontis, and Mc=Magnaporthiopsis cynodontis. NIC=Non-inoculated control. Means percent 

green cover values followed by the same letter with each run are not statistically different 

according to FisherÕs Protected LSD test at P<0.05. 
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Figure 3.3 Influence of take-all root rot pathogen inoculation on dry plant biomass in A: Run 1 

and B Run 2. Gg=Gaeumannomyces graminis, Gx=Gaeumannomyces sp., 

Ggram=Gaeumannomyces graminicola, Cc=Candidacolonium cynodontis, and 

Mc=Magnaporthiopsis cynodontis. NIC=Non-inoculated control. Mean dry plant biomass values 

followed by the same letter with each run are not statistically different according to FisherÕs 

Protected LSD test at P<0.05. 
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Figure 3.4 Influence of take-all root rot pathogen inoculation with isolates pooled by species on 

dry plant biomass. Gg=Gaeumannomyces graminis, Gx=Gaeumannomyces sp., 

Ggram=Gaeumannomyces graminicola, Cc=Candidacolonium cynodontis, and 

Mc=Magnaporthiopsis cynodontis. NIC=Non-inoculated control. Mean dry plant biomass values 

followed by the same letter are not statistically different according to FisherÕs Protected LSD test 

at P<0.05. 
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Figure 3.5 Main effect of temperature on A: dry weight and B: percent green cover following 

inoculation with take-all root rot pathogens. Means followed by the same letter within each panel 

are not statistically different according to FisherÕs Protected least significant difference test at 

P<0.05. 
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Figure 3.6 Influence of incubation temperature on Gaeumannomyces graminis (Gg), 

Gaeumannomyces sp. (Gx), Gaeumannomyces graminicola (Ggram), Candidacolonium 

cynodontis (Cc), and Magnaporthiopsis cynodontis (Mc) growth. Means followed by the same 

letter within each pathogen across temperatures are not statistically different according to FisherÕs 

Protected least significant difference test at P<0.05.  
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Figure 3.7 Take-all root rot pathogen differentiation using melt profile and high-resolution melt 

analysis. A. Melt profiles of Gaeumannomyces graminis, Gaeumannomyces sp., 

Gaeumannomyces graminicola, Candidacolonium cynodontis, and Magnaporthiopsis cynodontis 

using the GgRPB primer pair. B. Melt curve difference plots comparing Gaeumannomyces sp., 

Gaeumannomyces graminicola, Candidacolonium cynodontis, and Magnaporthiopsis cynodontis 

melt curves to Gaeumannomyces graminis melt curve.   
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CHAPTER 4: In vitro fungicide sensitivity and effect of organic matter concentration on 

fungicide bioavailability 

 
-FOR SUBMISSION TO PLANT HEALTH PROGRESS- 

Abstract 

Take-all root rot of ultradwarf bermudagrass is caused by Gaeumannomyces graminis 

(Gg), Gaeumannomyces graminicola (Ggram), Candidacolonium cynodontis (Cc), and 

Magnaporthiopsis cynodontis (Mc). Multiple pathogens have only recently been associated with 

this disease and biological parameters such as fungicide sensitivity has never been explored. While 

fungicides are commonly used to mitigate disease development, high organic matter present in the 

turfgrass system may limit the bioavailability of fungicides. However, the influence of organic 

matter content on fungicide bioavailability has not been investigated. Therefore, the in vitro 

sensitivity of Gg, Ggram, Cc, and Mc to 14 different fungicides across three chemical classes was 

determined. An in vitro bioavailability assay was developed using three fungicides and three 

organic matter concentrations. Generally, DMI and QoI fungicides provided the greatest reduction 

in mycelial growth whereas the SDHIs did not reduce mycelial growth. These data can serve a 

baseline for TARR pathogen sensitivity for future in vitro fungicide sensitivity studies and field 

efficacy trials. Fungicide bioavailability may be influenced by organic matter concentration and 

physicochemical properties of fungicides may provide insight into their binding affinity. 

Fungicides like pyraclostrobin and propiconazole have a high affinity to bind to organic matter 

which was evident as more fungicide was required to inhibit Gg growth as organic matter 

concentration increased. This was not observed when evaluating azoxystrobin, which has a lower 

binding affinity. Understanding how TARR pathogens respond to fungicide in vitro and how 
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organic matter concentration affects in vitro sensitivity will improve fungicide selection for 

management of TARR.     
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Introduction  

Take-all root rot (TARR) is a detrimental disease of warm-season grasses. While purported 

to be caused by Gaeumannomyces graminis (Gg), multiple ectotrophic root-infecting (ERI) fungi 

have recently been associated with disease development including Gaeumannomyces sp. (species 

unknown; Gx), Gaeumannomyces graminicola (Ggram), Candidacolonium cynodontis (Cc), and 

Magnaporthiopsis cynodontis (Mc) (Elliott, 1991; Vines, 2015; Vines et al., 2020; Stephens and 

Kerns, 2020). These TARR pathogens colonize roots, stolons, and rhizomes independently or in a 

complex by the formation of darkly pigmented runner hyphae, hyphopodia, and/or growth 

cessation structures. Severe infection results in a severely compromised root system characterized 

by necrotic, short, and brittle roots that lack secondary roots and root hairs (Elliott, 1991; Vines, 

2015; Vines et al., 2020; Stephens and Kerns, 2020). On hybrid bermudagrass (Cynodon dactylon 

x Cynodon transvaalensis), which is commonly used as a putting green surface throughout the 

Southern United States and transition zone, foliar symptoms of TARR appear as white to off-color 

patches ranging from 10 to 121 cm in diameter (Stephens, 2019). Under periods of high heat and 

increased plant stress, patches may coalesce to form larger non-distinct patches of thinning turf. 

Older turfgrass plant leaves appear chlorotic and necrosis of the plant can occur. TARR symptoms 

may resemble leaf and sheath spot (aka mini ring), root-knot nematode, or Pythium root rot injury 

so proper disease diagnosis is critical before making management decisions.  

Ultradwarf bermudagrass (UDB) putting green cultural practices are important for TARR 

management because they can alleviate plant stress and promote ideal growing conditions for 

UDB. Cultural practices such as aerification and light, frequent topdressing reduce thatch and 

organic matter accumulation and alleviate soil compaction which promote a more robust root 

system. When stressful environmental conditions for warm-season grasses (i.e. cool temperatures, 
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excessive rain, and cloudy weather) persist, raising mowing heights and decreasing mowing 

frequency may help reduce plant stress. Implementing optimal UDB cultural practices are 

important for disease management and improving plant health; however, fungicide applications 

are required for TARR control.  

TARR is highly aggregated under field conditions and finding reliable research sites with 

uniform disease development is challenging. As a result, there is a lack of peer-reviewed 

information regarding fungicide efficacy for TARR on UDB and management challenges may be 

attributed to a lack of understanding of many biological parameters of TARR pathogens. Since 

multiple pathogens have only recently been associated with TARR (Vines, 2015; Stephens and 

Kerns; 2020), biological parameters such as fungicide sensitivity have never been evaluated. In 

vitro fungicide sensitivity assays have been used in multiple pathosystems to establish baseline 

fungicide sensitivity and inform potential fungicide efficacy under field conditions. This method 

also allows for rapid screening of multiple fungi, fungicides, and fungicide concentrations which 

can provide valuable insight on fungicide selection. Gaining a better understanding of the in vitro 

sensitivity of TARR pathogens to fungicides will help devise comprehensive TARR chemical 

management strategies.  

While determining the in vitro fungicide sensitivity of TARR pathogens is important for 

improving chemical management strategies, diseases caused by soilborne pathogens are difficult 

to manage in turfgrass systems. Targeting soilborne pathogens with fungicides is particularly 

challenging due to the extremely dense canopy and high organic matter content in the thatch layer 

(Latin and Ou, 2018; Latin, 2011). Research also suggests fungicide residues in the turfgrass 

system precipitously decline 7 to 10 days after application and little residue is found in soil or plant 

roots (Hockemeyer and Latin, 2015; Dell et al., 1994; Gardner and Branham, 2001; Wu et al., 
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2002; Thom et al., 1997). The physicochemical properties of most fungicides are not conducive 

for movement through soil as they typically have low water solubility (Ks), high soil sorption 

coefficients (Kd), and high soil organic carbon sorption coefficients (Koc). The Koc values of 

pyraclostrobin, propiconazole, and azoxystrobin are 9304, 1086, and 589 mL/g, respectively 

(Table 1). These physicochemical properties suggest active ingredients will bind tightly to organic 

matter, limit ing their bioavailability. While bioassays evaluating the bioavailability of herbicides 

are routinely conducted, fungicide bioavailability has not been assessed. More specifically, 

determining the influence of organic matter content on fungicide bioavailability would provide 

valuable insight into fungicide selection, post-application management practices, and organic 

matter/thatch management practices.  

Gaining a better understanding of in vitro fungicide sensitivity and bioavailability will help 

improve TARR management. Therefore, the objectives of this research were to i) establish the 

baseline sensitivity of TARR pathogens to 14 different fungicides from three chemical classes; 

and ii) develop a bioassay to determine the influence of organic matter on fungicide bioavailability.  

Materials and Methods 

Sample collection. Take-all root rot samples were collected from various golf courses 

throughout North Carolina and the Southeastern United States from April 2018 to April 2020. 

Bermudagrass putting green samples submitted to the Turf Diagnostics Lab at North Carolina State 

University and diagnosed with take-all root rot were selected for pathogen isolation. Take-all root 

rot pathogens were isolated from symptomatic roots and stolons that exhibited characteristic 

ectotrophic root-infecting runner hyphae and hyphopodia. 

Pathogen isolation. Antibiotic water agar (AWA) and potato dextrose agar (PDA) were 

used to isolate take-all root rot pathogens from symptomatic root and stolons. Water agar was 
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prepared by adding 20 g of granular bacteriological agar (Amresco LLC., Solon, OH) to 1 L of 

deionized water. The mixture was heated on a hot plate (VWR, Radnor, PA) set to 100¡C and 

stirred at 650 rotations per minute (RPM) until dissolved. The solution was autoclaved at 121¡C 

for 25 min and cooled to 50¡C in a water bath (Thermo Fisher Scientific, Waltham, MA). To 

prepare AWA, 0.5 g L-1 of the antibiotics Penicillin-G potassium (Millipore Sigma, Burlinton, 

MA) and streptomycin sulfate (Tokyo Chemical Industry, Portland, OR) were stirred into the 

cooled molten water agar. Antibiotic water agar was poured into 100 x 15 mm plastic petri plates, 

allowed to solidify overnight, and stored at 4¡C. Potato dextrose agar was prepared by adding 39 

g of granular agar (HiMedia Laboratories, Mumbai, India) to 1 L of deionized water. The solution 

was heated on a hot plate to 100¡C and stirred at 650 RPMs until completely dissolved. The PDA 

was autoclaved at 121¡C for 25 min and allowed to cool in a water bath to 50¡C. Molten PDA was 

poured into 100 x 15 mm plastic petri plates, allowed to solidify overnight, and stored at 4¡C. 

Symptomatic roots and stolons were sectioned into 3 to 5 mm lengths, surface disinfested 

for 1 min in a 0.5% sodium hypochlorite solution (10% Clorox Bleach solution), rinsed in three 

consecutive sterile water baths for 30 sec, and air dried on sterile filter paper. Once dry, surface 

disinfested leaves were set on AWA and incubated at room temperature for 3 to 5 days. Mycelium 

from the actively growing margin of a fungal colony exhibiting characteristic ectotrophic root-

infecting mycelia were transferred to PDA. 

Fungicide-amended media. Ten-fold serial dilutions of fungicides were prepared in sterile 

deionized water using commercial formulations of azoxystrobin, fluoxastrobin, pyraclostrobin, 

trifloxystrobin, propiconazole, tebuconazole, flutriafol, triadimefon, mefentrifluconazole, 

difenoconazole, fluxapyroxad, penthiopyrad, isofetamid, and a combination product including 

azoxystrobin and propiconazole. Final fungicide concentrations were 0.001, 0.01, 0.1, 1.0, and 
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10.0 µg a.i mL-1 PDA (parts per million; ppm). Potato dextrose agar cooled to 50!C was stirred at 

650 RPM while 1 mL of prepared fungicide dilution was added. Fungicide-amended PDA were 

poured into 100 mm petri plates, allowed to solidify for 24 h, and used in the assay within 30 h of 

preparation. 

A pilot study investigating the role of salicylhydroxamic acid (SHAM) on in vitro fungicide 

sensitivity of Gaeumannomyces graminis to the quinone outside inhibitor (QoI) fungicide 

azoxystrobin was conducted using the aforementioned methods to determine the presence of 

alternative oxidase production. Briefly, 60 ppm of SHAM was added to 0.0, 0.001, 0.01, 0.1, 1.0, 

and 10.0 ppm of azoxystrobin-amended PDA. Azoxystrobin-amended media not containing 

SHAM was also included in the experiment. RMG and EC50 values were determined for 

Gaeumannomyces graminis screened on SHAM+azoxystrobin-amended media and azoxystrobin-

amended media. No statistical differences in RMG and EC50 values were observed in the in vitro 

azoxystrobin sensitivity assay when SHAM was included. Including SHAM in in vitro sensitivity 

assays with QoI fungicides has also been shown to inhibit peroxidase and esterase activity in other 

phytopathogens, negatively influencing pathogen growth (Liang et al., 2019). Therefore, SHAM 

was not included in the in vitro sensitivity assays involving QoI fungicides in this research.  

Sensitivity screening. Isolates of Gaeumannomyces graminis (2), Gaeumannomyces 

graminicola (2), Candidacolonium cynodontis (2), and Magnaporthiopsis cynodontis (2) were 

removed from storage and grown on PDA for 3 to 5 days prior to evaluation. For each isolate, a 7 

mm diameter plug was removed from the margin of the actively growing colony and set mycelium-

side down on fungicide-amended PDA. Non-amended PDA served as the control. Plates were 

sealed with Parafilm and incubated at 25¡C.  After 72 h of incubation for Gg and Ggram, and 144 
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h of incubation for Cc and Mc, two-way colony diameter was measured. This experiment included 

3 replications and two independent runs.   

The fungicide concentration resulting in a 50% reduction of mycelial growth (EC50) was 

determined for each isolate against each fungicide evaluated using the PROBIT procedure in SAS 

9.4 (Miller et al., 2002). Fungicide concentration data were log10 transformed prior to running the 

PROBIT procedure. Values resulting in a 0.5 probability in the probit analysis on log10 

(concentration) were determined to be the EC50 for each isolate. Relative mycelial growth (RMG) 

was calculated by dividing the average colony diameter on amended media by the average colony 

diameter on non-amended media multiplied by 100 (Jo et al., 2006). Mean RMG and EC50 values 

were analyzed using Proc MIXED in SAS and separated at P < 0.05 according to FisherÕs 

Protected least significant difference test. 

Organic matter- and fungicide-amended media. In a 2500 mL beaker, 100 g of ground 

sphagnum peat moss (Premier Tech, Ontario, Canada) was added to 900 mL deionized water to 

create a 10% stock peat moss solution. The 10% peat moss solution was placed on an orbital shaker 

table and agitated at 245 rotations per minute for 14 days. After 14 days, the hydrated peat moss 

stock solution was autoclaved at 121¡C for 30 min and allowed to cool to 50¡C prior to use. 

Potato dextrose agar was prepared using the aforementioned protocol. Ten-fold serial 

dilutions of pyraclostrobin, azoxystrobin, and propiconazole were prepared in sterile deionized 

water. Autoclaved PDA was cooled to 50¡C and amended with pyraclostrobin, azoxystrobin, and 

propiconazole dilutions to a final fungicide concentration of 0.0, 0.1, 1.0, and 10 µg a.i. mL-1 PDA. 

Respective jars amended with fungicide were then amended with organic matter using the hydrated 

stock peat moss solution to a final organic matter concentration of 0.0, 0.5, 1.0, and 1.5% organic 

matter in PDA (v:v). The experiment was designed as a 3 (fungicide) x 4 (fungicide concentration) 
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x 4 (organic matter concentration) factorial. Media was then poured into 100 x 15 mm petri plates 

and allowed to solidify for 1 h prior to use. Once solidified, a 7 mm diameter plug was removed 

from the margin of an actively growing colony of Gaeumannomyces graminis and set mycelium-

side down on the amended PDA. Non-fungicide amended and non-organic matter amended media 

served as controls in this experiment. Plates were incubated at 30¡C and two-way colony diameter 

was measured 72 h after initiation. The experiment included three replications and two runs. 

The EC50 within each organic matter concentration was determined and the RMG within 

each fungicide concentration was determined following the aforementioned protocol. Mean RMG 

and EC50 values were analyzed using Proc MIXED in SAS and separated at P < 0.05 according to 

FisherÕs Protected least significant difference test. 

Results 

Gaeumannomyces graminis (Gg), Gaeumannomyces graminicola (Ggram), 

Candidacolonium cynodontis (Cc), and Magnaporthiopsis cynodontis (Mc) were screened in vitro 

on fungicide-amended PDA using ten-fold serial dilutions of azoxystrobin, fluoxastrobin, 

pyraclostrobin, trifloxystrobin, propiconazole, tebuconazole, flutriafol, triadimefon, 

mefentrifluconazole, difenoconazole, fluxapyroxad, penthiopyrad, isofetamid, and an 

azoxystrobin + propiconazole combination (0.0 Ð 10.0 ppm). Regression analysis (r2) of LogEC50 

values and RMG for each pathogen were 0.97, 0.79, 0.72, and 0.79 for Gg, Ggram, Cc, and Mc, 

respectively, with P < 0.0001 (Figure 1). 

Gg grown on azoxystrobin-, pyraclostrobin-, propiconazole-, tebuconazole-, 

mefentrifluconazole-, difenoconazole-, and azoxystrobin- + propiconazole-amended media 

resulted in greater than 53% reduction of mycelial growth compared to Gg grown on non-amended 

media (Figure 2A). The EC50 of Gg grown on the aforementioned fungicide-amended media 
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ranged from 0.017 Ð 0.064 ppm (Table 2). Gg grown on fluoxastrobin-, trifloxystrobin-, flutriafol-

, and triadimefon-amended media resulted in a 38, 32, 38, and 29% reduction in mycelial growth, 

respectively, compared to Gg grown on non-amended media (Figure 2A). EC50 values were 2.015, 

1.071, 0.515, and 0.409 for Gg grown on trifloxystrobin-, triadimefon-, fluoxastrobin-, and 

flutriafol-amended media, respectively (Table 2). Gg grown on SDHI-amended media resulted in 

the highest RMG and EC50 values. The RMG (EC50) for Gg grown on fluxapyroxad-, 

penthiopyrad-, and isofetamid-amended media was 86 (>10 ppm), 86 (9.158 ppm), and 85% (7.265 

ppm), respectively.  

Ggram grown on pyraclostrobin-, propiconazole-, tebuconazole-, mefentrifluconazole-, 

difenoconazole-, and azoxystrobin + propiconazole-amended exhibited the lowest RMG values 

(<55%) (Figure 2B). However, Ggram grown on trifloxystrobin-, flutriafol-, triadimefon-, 

difenoconazole-, mefentrifluconazole-, pyraclostrobin-, propiconazole-, azoxystrobin-, 

tebuconazole-, and azoxystrobin + propiconazole-amended media resulted in the lowest EC50 

values ranging from 0.019-0.533 ppm (Table 2). Ggram grown on fluoxastrobin-amended media 

exhibited a moderate EC50 value of 2.945 ppm and an RMG of 68%. SDHI-amended media with 

only reduced Ggram mycelial growth by 3-9% and exhibited EC50 values of >10.000 ppm.  

Media amended with azoxystrobin, pyraclostrobin, trifloxystrobin, mefentrifluconazole, 

and azoxystrobin + propiconazole and screened against Cc resulted in RMG values of 49-58% and 

EC50 values of 0.084-0.245 ppm. Cc grown on tebuconazole-, difenoconazole-, and propiconazole- 

amended media exhibited moderate EC50 values of 0.390, 0.492, and 0.505 ppm, respectively 

(Table 2). These fungicides also resulted in moderate RMG values ranging from 61-63% (Figure 

2C). Isofetamid- and penthiopyrad-amended media resulted in EC50 values > 10 ppm whereas 

fluxapyroxad-amended media resulted in an EC50 of 4.382 ppm. Cc grown on isofetamid-, 
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penthiopyrad-, and fluxapyroxad-amended media resulted in RMG values of 86-96%. The RMG 

of Cc grown on triadimefon-amended media (79%) was not different from Cc grown on 

fluxapyroxad- and penthiopyrad-amended media.  

Mc grown on azoxystrobin-, pyraclostrobin-, trifloxystrobin-, propiconazole-, 

mefentrifluconazole-, difenoconazole-, and azoxystrobin + propiconazole-amended media 

resulted in RMG values of 36, 34, 43, 45, 45, 49, 47%, respectively (Figure 2D). These fungicides 

and tebuconazole-amended media resulted in EC50 values ranging from 0.050-0.138 ppm (Table 

2). Fluoxastrobin- and flutriafol-amended media screened against Mc exhibited moderate RMG 

values of 62 and 61% and EC50 values of 0.444 and 0.359 ppm, respectively. Cc grown on SDHI-

amended media had EC50 values >10 ppm and RMG values >90%. Similar to Cc, the RMG of Mc 

grown on triadimefon-amended media (80%) was not different from Mc grown on fluxapyroxad- 

and penthiopyrad-amended media. On average for all pathogens, the combination of azoxystrobin 

+ propiconazole resulted in an RMG of 47%. QoI-amended media and DMI-amended media 

resulted in an RMG of 53 and 57%, respectively and SDHI-amended media resulted in an RMG 

of 91%. 

Growth of Gaeumannomyces graminis was evaluated on PDA amended with 0.0, 0.1, 1.0, 

and 10 ppm of pyraclostrobin, propiconazole, azoxystrobin and 0, 0.5, 1.0, and 1.5% organic 

matter (v:v). On 0.1 ppm pyraclostrobin, 0.0, 0.5, 1.0, and 1.5% organic matter resulted in an RMG 

of 31, 38, 38, and 42%, respectively (Figure 3A). Organic matter concentration in media reduced 

fungicide sensitivity when Gg was exposed to 1 ppm of pyraclostrobin. When exposed to 1 ppm 

pyraclostrobin, 0.5 and 1.0% organic matter resulted in an RMG of 10 and 12%, respectively, 

whereas 1.5% organic matter resulted in an RMG of 30% (Figure 3A). Gg did not grow on 10 ppm 
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pyraclostrobin regardless of organic matter concentration. All concentrations of organic matter 

increased EC50 values for pyraclostrobin with 1.5% increasing EC50 values the most (Figure 3B).  

 Organic matter concentration in media reduced fungicide sensitivity when Gg was 

exposed to 0.1 and 1.0 ppm of propiconazole. All organic matter concentrations resulted in an 

increase in RMG compared to the non-organic matter-amended treatments (0.0% OM). On 0.1 

ppm propiconazole, the RMG of Gg was 36, 42, 77, 83% for 0.0, 0.5, 1.0, and 10% organic matter, 

respectively (Figure 4A). On 1 ppm propiconazole, the RMG of Gg was 5, 14, 21, and 40% for 

0.0, 0.5, 1.0, and 1.5% organic matter, respectively (Figure 4A). Gg did not grow on 10 ppm of 

propiconazole regardless of organic matter concentration. The 1.0 and 1.5% organic matter 

concentrations increased EC50 values for propiconazole with 1.5% increasing EC50 values the most 

(Figure 4B. The EC50 of Gg grown on propiconazole-amended media containing 1.0 and 1.5% 

organic matter was 0.29 and 0.52 ppm, respectively (Figure 4B).  

Organic matter concentration in media inconsistently affected fungicide sensitivity when 

Gg was exposed to azoxystrobin. On 0.1 ppm azoxystrobin, the RMG of Gg was 55, 41, 44, and 

45% for 0.0, 0.5, 1.0, and 1.5% organic matter, respectively (Figure 5B). On 1 ppm azoxystrobin, 

the RMG of Gg was 45, 32, 36, and 33% for 0.0, 0.5, 1.0, and 1.5% organic matter, respectively 

(Figure 5A). On average across all organic matter concentrations, Gg exhibited an RMG of 28% 

when grown on 10 ppm azoxystrobin. Organic matter concentration did not significantly influence 

EC50 of Gg grown on azoxystrobin. The EC50 values were 0.02, 0.02, 0.05, and 0.05 for 

azoxystrobin-amended media with 0.0, 0.5, 1.0, and 1.5% organic matter, respectively (Figure 5B). 

Discussion 

This is the first report of the in vitro fungicide sensitivity of TARR pathogens. This research 

can serve as a robust baseline evaluation of TARR pathogen sensitivity to multiple fungicides from 
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different chemical classes. RMG proved to be the preferred metric for fungicide sensitivity as this 

value is normalized and allows for equal comparison across different fungicides. However, EC50 

values were also informative for determining fungicide sensitivity and providing a baseline metric 

for future research involving sensitivity assays. 

Generally, DMI and QoI fungicides provided the greatest reduction in mycelial growth 

whereas the SDHIs did not reduce mycelial growth (Figure 2). Zidek (2015) reported EC50 values 

for Gaeumannomyces graminis isolated from St. Augustinegrass to azoxystrobin and tebuconazole 

were 0.014 to 0.399 ppm and 0.021 to 0.296, respectively. Similar to Zidek (2015), EC50 values 

from the current study for all TARR pathogens grown on azoxystrobin-amended media were 

0.026, 0.052, 0.084, and 0.051 ppm, respectively. Gg exhibited an EC50 values of 0.027 ppm which 

is within the tebuconazole EC50 range described by Zidek (2015). While similar to results from 

Zidek (2015) that only screened Gg, Ggram, Cc, and Mc exhibited EC50 values outside the 

tebuconazole EC50 value range previously described (0.020, 0.390, and 0.138 ppm, respectively). 

QoI and DMI fungicides typically resulted in the greatest mycelial inhibition; however, they did 

not perform equally. For example, Gg grown on trifloxystrobin-amended media had an EC50 of 

2.015 ppm and an RMG of 68% which is substantially greater than Gg grown on pyraclostrobin-

amended media (EC50=0.017 ppm; RMG=40%). Of the QoI and DMI fungicides evaluated in this 

study, this trend tended to occur with only one or two active ingredients within each chemical class 

for each TARR pathogen. These data suggest TARR pathogens may respond differently to 

fungicides which highlights the importance of fungicide selection and may warrant tailored 

chemical management strategies based on the population dynamics present in the system.  

These data also correspond with limited field efficacy data available. However, further 

research should evaluate numerous isolates of each TARR pathogens from different geographic 
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regions as different isolates of the same species may respond differently to fungicides. Reduced 

field efficacy of fungicides for TARR management has not been observed, but should continue to 

be monitored. Therefore, creating a more rapid screening of TARR pathogens using discriminatory 

concentrations may be helpful in screening a large number of isolates efficiently.   

Data presented in this research can serve a baseline for TARR pathogen sensitivity for 

future in vitro fungicide sensitivity studies and field efficacy trials. Since the SDHIÕs do not reduce 

pathogen growth they should not be used in TARR fungicide programs. Historically, fungicides 

within this chemical class are widely used to treat other diseases such as Spring dead spot (SDS) 

which is caused by the closely related ERI fungi Ophiosphaerella spp. Timing of fungicide 

applications for TARR prevention are thought to coincide with SDS applications (mid-Fall) which 

may have led to the increase in TARR as we now know SDHI fungicides are not effective. 

Fortunately, QoI and DMI fungicides can greatly reduce TARR pathogen growth especially 

azoxystrobin, pyraclostrobin, tebuconazole, mefentrifluconazole, difenoconazole, and a 

combination of azoxystrobin + propiconazole. These fungicides should be used for TARR control 

and application timing should occur in late Summer, rather than mid-Fall, as these pathogens are 

more aggressive at warmer temperatures (~30¡C) (Stephens, 2021; Vines, 2015). 

The influence of organic matter concentration on fungicide bioavailability was effectively 

evaluated using a novel in vitro bioassay. Data suggest fungicide physicochemical properties may 

be informative in predicting fungicide bioavailability and that organic matter content influences 

bioavailability. Fungicides like pyraclostrobin and propiconazole have very high Koc values which 

suggest they have a high affinity to bind to organic matter, limit ing their potential bioavailability 

to fungi and plants. This was directly reflected in the bioassay results for these fungicides as an 

increase in organic matter resulted in a higher RMG and EC50 values suggesting more fungicide is 
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needed to inhibit Gg growth as organic matter content increases. On the other hand, a fungicide 

like azoxystrobin which has a moderate Koc value suggests this compound may have greater 

bioavailability due to a lower affinity to bind to organic carbon compared to pyraclostrobin and 

propiconazole. These data suggest there was a limited influence of organic matter content on 

azoxystrobin bioavailability as an increase in organic matter inconsistently altered Gg RMG and 

did not significantly influence EC50 values. This may also be attributed in part to the inherent 

sensitivity of Gg to azoxystrobin. Organic matter concentrations evaluated in this study were 

relatively low compared to organic matter concentration present in the field which may also 

influence azoxystrobin bioavailability. Managing organic matter in turfgrass systems is important 

agronomically and this study suggests it is also important for fungicide bioavailability and 

potential efficacy. Therefore, implementing management practices that reduce organic matter 

accumulation are warranted. A combination of core cultivation, grooming, and verticutting has 

been shown to limit  thatch accumulation without causing detrimental effects to turfgrass quality 

(McCarty et al. 2007). Similarly, applying various biostimulants such as blackstrap molasses or 

other products such as EarthMAX (HarrellÕs LLC, Lakeland, FL) also reduced thatch thickness 

and thatch weight (Weaver and McCarty, 2020). Mechanical and biological thatch management 

practices are vital in assisting fungicide movement and bioavailability.  

The bioavailability assay developed in this study demonstrates organic matter content 

influences fungicide bioavailability and physicochemical properties of fungicides may be 

important to consider when selecting fungicides and application rate. This research demonstrates 

the baseline sensitivity for pathogens associated with TARR to 14 different fungicides commonly 

applied to highly maintained turfgrass systems. Future studies should evaluate the influence of 

higher organic matter content and different fungicides in the in vitro bioassay. While the majority 
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of fungicides have physicochemical properties that are not conducive for movement and suggest a 

high affinity to bind to organic matter, small differences in these parameters may affect 

bioavailability and in turn, fungicide efficacy and selection. These data help inform fungicide 

selection and provide valuable insight into the biology and management of TARR pathogens. 
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Table 4.1 Physicochemical properties and mobility classification of pyraclostrobin, propiconazole, 

and azoxystrobin. 

Fungicide Koc (mL g-1)a Ks (mg L-1)b Mobility class (immobile, low, moderate, high)c 

Pyraclostrobin 9304 1.9 immobile-low 
Propiconazole 1086 150 low 
Azoxystrobin 589 6.7 moderate 

a Koc is the organic carbon water partition coefficient. The sorption coefficient is the tendency 

of a chemical to bind to organic colloids corrected for soil organic carbon content. 

b Ks is the water solubility. 

c Mobility class as determined by the University of Hertfordshire Pesticide Properties 

Database. Koc was determined in soil and Ks was determined in water. 
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Table 4.2 Effective concentration of fungicide active ingredient resulting in a 50% reduction of 

Gaeumannomyces graminis (Gg), Gaeumannomyces graminicola (Ggram), Candidacolonium 

cynodontis (Cc), and Magnaporthiopsis cynodontis (Mc) mycelial growth.  

  Ggz Ggram Cc Mc 
Chemical classy  Active ingredient ----------------------------Mean EC50

x
----------------------------------- 

QoI Azoxystrobin 0.026 fw 0.052 c 0.084 f 0.051 d 
 Fluoxastrobin 0.515 ef 2.945 b 1.184 de 0.444 c 
 Pyraclostrobin 0.017 f 0.084 c 0.088 f  0.050 d 
 Trifloxystrobin 2.015 d 0.533 c 0.245 f 0.077 d 
DMI  Propiconazole 0.032 f 0.079 c 0.505 ef 0.093 d 
 Tebuconazole 0.027 f 0.020 c 0.390 ef 0.138 d 
 Flutriafol 0.409 ef 0.443 c 1.405 d 0.359 c 
 Triadimefon 1.071 e 0.350 c 3.249 c 3.873 b 
 Mefentrifluconazole 0.039 f 0.133 c 0.233 f 0.076 d 
 Difenoconazole 0.064 f 0.148 c 0.494 ef 0.113 d 
SDHI Fluxapyroxad >10.000 a >10.000 a 4.382 b >10.000 a 
 Penthiopyrad 9.158 b >10.000 a >10.000 a >10.000 a 
 Isofetamid 7.265 c >10.000 a >10.000 a >10.000 a 
Combination Azoxy+Prop 0.038 f 0.019 c 0.145 f 0.098 d 
z   Two isolates of each pathogen were evaluated in the assay including 3 replications and two runs.  

y QoI: quinone outside inhibitor, DMI: demethylation inhibitor, SDHI: succinate dehydrogenase 

inhibitor, Combination: azoxystrobin (QoI; quinone outside inhibitor) + propiconazole (DMI; 

demethylation inhibitor). 

x   Effective concentration resulting in a 50% reduction in mycelial growth (µg a.i. mL-1; ppm) 

w   Mean EC50 values followed by the same letter within each take-all root rot pathogen column 

are not statistically different according to FisherÕs Protected least significant difference test at 

P<0.05.  
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Figure 4.1 Relationship between LogEC50 values and relative mycelial growth of A) 

Gaeumannomyces graminis, B) Gaeumannomyces graminicola C) Candidacolonium cynodontis, 

and D) Magnaporthiopsis cynodontis on fungicide-amended media.  
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Figure 4.2 Relative mycelial growth of A: Gaeumannomyces graminis (Gg), B: Gaeumannomyces 

graminicola (Ggram), C: Candidacolonium cynodontis (Cc), and D: Magnaporthiopsis cynodontis 

(Mc) on fungicide-amended media. Two isolates of each pathogen were evaluated in the assay 

including 3 replications and two runs. Mean relative mycelial growth values within each panel 

followed by the same letter are not statistically different according to FisherÕs Protected LSD test 

at P<0.05. 
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Figure 4.3 Influence of A) pyraclostrobin concentration on Gaeumannomyces graminis relative 

mycelial growth and B) organic matter concentration on the effective pyraclostrobin concentration 

resulting in a 50% reduction of Gaeumannomyces graminis growth (EC50).  A) Relative mycelial 

growth means within each pyraclostrobin concentration followed by the same letter are not 

statistically different according to FisherÕs Protected LSD test at P<0.05.  B) Mean EC50 values 

followed by the same letter are not statistically different according to FisherÕs Protected LSD test 

at P<0.05. Parts per million (ppm) = ! g a.i. mL-1.
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Figure 4.4 Influence of A) propiconazole concentration on Gaeumannomyces graminis relative 

mycelial growth and B) organic matter concentration on the effective propiconazole concentration 

resulting in a 50% reduction of Gaeumannomyces graminis growth (EC50).  A) Relative mycelial 

growth means within each propiconazole concentration followed by the same letter are not 

statistically different according to FisherÕs Protected LSD test at P<0.05.  B) Mean EC50 values 

followed by the same letter are not statistically different according to FisherÕs Protected LSD test 

at P<0.05. Parts per million (ppm) = ! g a.i. mL-1.



   

 78 

 

Figure 4.5 Influence of A) azoxystrobin concentration on Gaeumannomyces graminis relative 

mycelial growth and B) organic matter concentration on the effective azoxystrobin concentration 

resulting in a 50% reduction of Gaeumannomyces graminis growth (EC50).  A) Relative mycelial 

growth means within each azoxystrobin concentration followed by the same letter are not 

statistically different according to FisherÕs Protected LSD test at P<0.05.  B) Mean EC50 values 

followed by the same letter are not statistically different according to FisherÕs Protected LSD test 

at P<0.05. Parts per million (ppm) = ! g a.i. mL-1. 
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CHAPTER 5: Influence of fungicide selection, application timing, and manganese 

application on take-all root rot management under field and greenhouse conditions 

 
-FOR SUBMISSION TO CROP PROTECTION- 

 
Abstract 

Take-all root rot is a detrimental disease of ultradwarf bermudagrass putting greens 

frequently diagnosed where warm-season grasses are grown. Since this disease is largely 

aggregated and variable under field conditions, field research is difficult and often yields 

inconsistent results. Multiple pathogens have also only recently been associated with this disease, 

so practical management solutions such as fungicide efficacy, fungicide application timing, and 

fertility have not been thoroughly investigated. Therefore, the objectives of this research were to 

determine the influence of fungicide selection, fungicide application timing, and manganese 

sulfate application on take-all root rot management under field and greenhouse conditions. In 

general, fungicides from the QoI and/or DMI chemical class provided the greatest reduction in 

take-all root rot severity under field and greenhouse conditions. Contact fungicides in combination 

with a phosphite did not reduce take-all root rot severity. Fungicides applications that were started 

late-July to early-August when soil temperatures were between 25-30¡C provided the greatest 

disease suppression. The in vivo greenhouse method developed in this research proved to be an 

efficient and consistent method to evaluate management practices such as fungicide efficacy and 

the influence of manganese sulfate on take-all root rot management.  Reduced disease severity was 

only observed when the high rate, 97.7 kg MnSO4/ha, was applied to Gaeumannomyces graminis 

and G. graminicola inoculated plants. This research improves our understanding of fungicide 

efficacy, fungicide application timing, and supplemental manganese sulfate applications on take-

all root rot management.
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Introduction  

Take-all root rot (TARR) is a prevalent and destructive disease of ultradwarf bermudagrass 

(Cynodon dactylon x Cynodon transvaalensis; UDB) putting greens caused by multiple 

ectotrophic root-infecting fungi (Gaeumannomyces graminis (Gg), Gaeumannomyces graminicola 

(Ggram), Gaeumannomyces sp. (species unknown; Gx), Candidacolonium cynodontis (Cc), and 

Magnaporthiopsis cynodontis (Mc)) (Elliott, 1991; Vines, 2015; Vines et al., 2020; Stephens and 

Kerns, 2020). On UDB, foliar symptoms of TARR appear as white to off-color patches ranging 

from 10 to 121 cm in diameter. Under periods of high heat and increased plant stress, patches may 

coalesce to form larger non-distinct patches of thinning turf. Older turfgrass plant leaves appear 

chlorotic and crown necrosis can be observed. This disease appreciably affects aesthetics and 

playability of UDB wherever it is used for golf course putting green turf (Elliott, 1991; Vines, 

2015; Landschoot, 1993). While TARR is most commonly diagnosed in the fall and summer 

months, it is diagnosed throughout the year as well. TARR has been the most frequently diagnosed 

disease of UDB samples submitted to the Turf Diagnostics Lab at NC State since 2016 and remains 

challenging for turfgrass managers (Butler, 2020).   

Since multiple pathogens have recently been associated with TARR, there are many 

biological, etiological, and epidemiological knowledge gaps that limit our understanding of this 

disease and present management questions such as fungicide selection and optimal fungicide 

application timing. For now, fungicides are required to manage TARR effectively in UDB putting 

greens. However, other cultural practices that aid in promoting plant health most likely play a 

substantial role in limiting TARR development. The native habitat of these fungi are root surfaces 

and they can infect, colonize, and destroy root and stolon tissue. Therefore, any practice that 

enhances or promotes root development presumably would lessen TARR severity. These practices 
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include aerification, sand topdressing, fertilization, mowing height manipulation, and proper plant 

growth regulator usage. Examining all of these cultural practices will require considerable time 

and resources since field research is the only way to scrutinize their influence on TARR severity. 

This is challenging as field inoculations have not been successful. However, inoculations under 

controlled conditions are effective and reproducible and lend themselves well to studying the 

influence of nutrition or edaphic factors on TARR severity.  

Soil pH and fertility may influence TARR severity. Gaeumannomyces avenae and G. tritici  

(take-all patch and take-all of wheat, respectively) grow optimally when soil pH is around 7.0. 

Management practices that reduce soil pH suppressed disease severity in these systems 

(Marschner, 1995; Smith, 1956; Mayland and Wilkinson, 1996; Heckman et al, 2003). Manganese 

is critical for lignin biosynthesis which produces an important building block of plant cell wall 

constituents that increase the plants defense against soilborne pathogens (Brown et al., 1984; 

Carrow et al., 2001). However, Mn availability is limited when soil pH is >7.0 and this nutrient is 

rapidly converted to unavailable forms by soil microorganisms (Heckman et al., 2003).  The 

influence of soil pH and Mn fertilization and availability is not documented on UDB infected with 

TARR pathogens. Supplemental Mn applications reduced severity of take-all patch of creeping 

bentgrass and take-all of wheat severity (Graham and Rovira, 1984; Huber and Wilhelm, 1988; 

Hill et al., 1999; Heckman et al., 2003). For example, 2.25 kg Mn ha-1 was typically as effective 

as higher rates evaluated by Heckman et al (2003) but 6.75 kg Mn ha-1 was required for maximize 

take-all patch suppression when disease pressure was high. Similarly, in a containerized system 

inoculated wheat plants treated with the high rate of Mn (10 mg Mn/pot) resulting in less disease 

severity compared to inoculated plants treated with 1 mg Mn/pot (Graham and Rovira, 1984). This 
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information may be important for disease management and improving plant health; however, 

supplemental fungicide applications are typically required for adequate TARR control.  

Data on fungicide efficacy and application timing on TARR management under field 

conditions is limited. The dense, perennial nature of established turfgrass systems and presence of 

organic matter at the soil surface (thatch) create a unique challenge for managing TARR. TARR 

is elusive under field conditions and finding reliable research sites with uniform disease 

development is difficult . Since TARR symptoms have yet to be reproduced at a research farm, 

multiple off-site trial locations are required and disease intensity at each site varies.  Research by 

Martin (2017) suggest QoI and DMI fungicides suppress TARR symptoms whereas SDHI 

fungicides provide limited disease suppression. Field research conducted on St. Augustinegrass 

(Stenotaphrum secundatum) managed for home lawn turf revealed applications of azoxystrobin 

and triadimefon reduced TARR severity by 30 and 35%, respectively (Martinez-Espinoza et al., 

2005). Similarly, research on UDB showed two fall applications of tebuconazole, triadimefon + 

trifloxystrobin, or fluxapyroxad + pyraclostrobin can reduce TARR severity to below 10% when 

TARR severity was >50% in the nontreated control plots (Martin; 2017). The SDHI fluxapyroxad 

did not reduce TARR severity compared to the nontreated control (Martin, 2017). Martin (2017) 

also investigated fungicide application timing for TARR management. While only conducted at a 

single research site for one growing season, fungicide applications in mid-August as opposed to 

mid-July to early-August prevented TARR symptom development in December and January. The 

mid-August applications resulted in a 60% reduction in TARR severity compared to the nontreated 

control suggesting applying efficacious fungicides in late summer into early fall may optimize 

fungicide efficacy. 
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While field trials are paramount for understanding practical TARR management, in vivo 

greenhouse assays using inoculated UDB may be a useful tool for investigating fungicide efficacy 

and other management strategies such as Mn applications. Therefore, the objectives of this 

research were to improve our understanding of fungicide selection, fungicide application timing, 

and the influence of Mn on TARR using field and in vivo studies. These data will provide important 

information to turfgrass managers on how to better manage this detrimental disease. 

Materials and Methods 

Field fungicide efficacy. Field trials were initiated in 2019 and 2020 at Walnut Creek 

Country Club and Mill Creek Golf Course to evaluate the efficacy of various fungicides on TARR 

management. Treatments included azoxystrobin + acibenzolar (Heritage Action, Syngenta Crop 

Protection, Greensboro, NC), azoxystrobin + difenoconazole (Briskway, Syngenta Crop 

Protection, Greensboro, NC), azoxystrobin + propiconazole (Headway, Syngenta Crop Protection, 

Greensboro, NC), propiconazole (Banner Maxx, Syngenta Crop Protection, Greensboro, NC), 

fluoxastrobin (Fame 480, FMC Corporation, Philadelphia, PA), chlorothalonil + acibenzolar 

(Daconil Action, Syngenta Crop Protection, Greensboro, NC) + potassium phosphite (Appear II,  

Syngenta Crop Protection, Greensboro, NC), fluazinam + acibenzolar (Secure Action, Syngenta 

Crop Protection, Greensboro, NC) + potassium phosphite (Appear II, Syngenta Crop Protection, 

Greensboro, NC), and a nontreated control (Table 1). All treatments were applied to unique plots 

in mid-July in 2019 and 2020 and plots received four fungicide applications on a 21-day interval. 

Fungicides were applied using a CO2-powered pressurized sprayer at 345 kPa coupled to an air-

induction flat fan nozzle (AI9508EVS, TeeJet Spraying Systems Company, Glendale Heights, IL) 

calibrated to deliver 815 L ha-1. Immediately after fungicide application, the trial area was irrigated 
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with 0.64 cm of water using the overhead irrigation system. The experiments were arranged as a 

randomized complete block with four replications. 

Fungicide application timing. Field trials were conducted in 2019 and 2020 at Walnut 

Creek Country Club, Mill Creek Golf Course, and Governors Club to evaluate the influence of 

fungicide application timing on TARR management. Treatments included mefentrifluconazole 

(Maxtima, BASF Corporation, Research Triangle Park, NC), mefentrifluconazole + pyraclostrobin 

(Navicon, BASF Corporation, Research Triangle Park, NC), and trifloxystrobin + triadimefon 

(Tartan, Bayer Crop Science, Cary, NC) with variable start dates ranging from mid-July to mid-

September. Plots treated with trifloxystrobin + triadimefon received four applications on a 21-day 

interval and plots treated with either mefentrifluconazole or mefentrifluconazole + pyraclostrobin 

received two applications on a 21-day interval. Fungicides were applied using a CO2 powered 

pressurized sprayer at 345 kPa coupled to an air-induction flat fan nozzle (AI9508EVS, TeeJet 

Spraying Systems Company, Glendale Heights, IL) calibrated to deliver 815 L ha-1. Immediately 

after fungicide application, plots received 0.64 cm of post-application irrigation using the overhead 

irrigation system. The experiments were arranged as a randomized complete block with four 

replications. 

For the field efficacy and field fungicide timing trials, disease severity was assessed 

visually by estimating the percent of turf within each plot exhibiting symptoms characteristic of 

TARR. Where TARR was observed on at least three rating dates, area under disease progress curve 

(AUDPC) values were calculated (Madden, Hughes, and Van den Bosch; 2007). Within each 

rating date, disease severity(%) and when present, AUDPC values were analyzed using Proc 

MIXED in SAS and separated at P<0.05 according to FisherÕs Protected least significant 

difference test. 
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In vivo fungicide efficacy. Colonized rye grain was used to inoculate ÔChampionÕ 

bermudagrass to evaluate the efficacy of fungicides on take-all root rot under greenhouse 

conditions. Isolates (n) of Gaeumannomyces graminis (1) and Gaeumannomyces graminicola (1) 

were removed from storage and grown on PDA for 5 to 8 days. In a 1000 mL Erlenmeyer flask, 

250 cc of rye grain, 10 cc calcium carbonate powder, and 220 mL of deionized water were 

combined and autoclaved twice on a liquid cycle for 45 minutes at 121¡C. Once cooled, the 

completely colonized plate of PDA for each isolate was added to the sterile rye grain. Infested rye 

grain was incubated at 28¡C for four weeks and flasks were shaken every three days.  

Bermudagrass plugs (2.5 cm diameter) were harvested from a healthy, newly sprigged 

ÔChampionÕ bermudagrass putting green located at the Turfgrass Field Laboratory in Raleigh, 

North Carolina. The root system was then removed using a knife and the remaining stolons, 

rhizomes, and above ground plant material were vigorously washed with water. A total of 200 cc 

of sterile play sand was added to 3.5 cm conetainer (Ray Leach Conetainer System, Stuewe and 

Sons Inc., Tangent, Oregon). After four weeks of incubation, 5 cc of infested rye grain was added 

to respective conetainers. Finally, a washed bermudagrass plug was placed directly on top of the 

inoculum and topdressed with 5 cc sand. Conetainers were maintained on a greenhouse bench until 

fungicides were applied.  

Inoculated plants were maintained in the greenhouse for seven days then treated with 

various fungicides. Fungicide treatments included pydiflumetofen + azoxystrobin + propiconazole 

(Posterity Forte, Syngenta Crop Protection, Greensboro, NC), azoxystrobin + difenoconazole 

(Briskway, Syngenta Crop Protection, Greensboro, NC), benzovindiflupyr + difenoconazole 

(Ascernity, Syngenta Crop Protection, Greensboro, NC), azoxystrobin + propiconazole (Headway, 

Syngenta Crop Protection, Greensboro, NC), azoxystrobin (Heritage, Syngenta Crop Protection, 
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Greensboro, NC), solatenol (Aprovia, Syngenta Crop Protection, Greensboro, NC), 

mefentrifluconazole + pyraclostrobin (Navicon, BASF Corporation, Research Triangle Park, NC) 

and an inoculated nontreated control. Two fungicide applications were made 21-days apart starting 

seven days after inoculation. Disease severity in the containerized system was assessed using a 

Horsfall -Barrett scale (Horsfall and Barrett; 1945). These experiments were arranged as a 

randomized complete block design with five replications and repeated twice. The geometric means 

corresponding to each value in the Horsfall-Barrett scale were analyzed using Proc MIXED in 

SAS and separated at P<0.05 according to FisherÕs Protected least significant difference test. 

In vivo manganese applications. Colonized rye grain was used to inoculate ÔChampionÕ 

bermudagrass to evaluate the influence of manganese application rates on TARR development. 

Isolates (n) of Gaeumannomyces graminis (1), Gaeumannomyces graminicola (1), and 

Candidacolonium cynodontis (1) were used for this experiment and experimental design, plant 

material preparation and inoculation followed the aforementioned in vivo protocol.   

One week after inoculation with respective TARR pathogens, a single application of 

manganese sulfate (MnSO4, Greenway Biotech Inc, Santa Fe Springs, CA) was applied at various 

rates using a CO2-powered pressurized sprayer at 345 kPa coupled to an air-induction flat fan 

nozzle (AI9508EVS, TeeJet Spraying Systems Company, Glendale Heights, IL) calibrated to 

deliver 815 L ha-1.  Manganese sulfate was applied at either 0.0, 24.4, 48.8, or 97.7 kg MnSO4 ha-

1. Irrigation was withheld for 24 hours after manganese application. All plants then received 0.64 

cm supplemental mist irrigation two-times a day for the first week, once a day for the second week, 

and once every two days for the final two weeks of the experiment. Plants were arranged on the 

greenhouse bench in a randomized complete block with four replications and the experiment was 

repeated twice. The pH of the play sand used for this study was 6.2.  
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Manganese sulfate treated plants were rated two and four weeks after inoculation for 

percent basal necrosis and percent green cover. Percent basal necrosis was visually estimated and 

percent green cover was determined two weeks after inoculation using ImageJ (National Institute 

of Health, Stapleton, NY) image analysis software. Individual plants were photographed in a 

lightbox with shutter speed 1/100th of a second, aperture 7.1, and focal length 50 mm. Images were 

uploaded and color threshold was adjusted to hue 50, saturation 0, and brightness 80. Percent green 

cover of adjusted images was calculated within a designated area using the elliptical tool using the 

modified protocol previously described by Zhang et al. (2017). Four weeks after inoculation, dry 

plant biomass (g) was collected using the aforementioned protocol. Mean percent basal necrosis, 

percent green cover, and dry plant biomass values were analyzed using Proc MIXED in SAS 9.4 

(SAS Institute, Cary, NC). 

Results 

Field fungicide efficacy. Due to the irregularity of TARR development in the field, multiple 

off-site trial locations (n=4) were used over a two-year period to evaluate fungicide efficacy on 

TARR severity. Area under the disease progress curve (AUDPC) and TARR severity (%) were 

assessed in the fungicide efficacy field trials. In 2020 at Mill Creek Golf Course, TARR was first 

observed on 27 August and disease severity remained consistent in the nontreated control 

throughout the duration of the trial. Disease severity peaked on 19 November at 7.3% in the 

nontreated control (Table 1). Fungicide treatment significantly influenced TARR severity on 27 

August, 29 October, and 19 November (Table 1). On 27 August, plots treated with two applications 

of azoxystrobin + acibenzolar significantly reduced TARR severity to 3%. However, all remaining 

treatments on 27 Aug did not suppress TARR when compared to the nontreated control (Table 1). 

On 29 October, plots treated with four applications of fluoxastrobin, azoxystrobin + acibenzolar, 
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fluazinam + acibenzolar + potassium phosphite, azoxystrobin + difenoconazole, propiconazole, 

and azoxystrobin + propiconazole reduced TARR severity compared to the nontreated control. 

Chlorothalonil + acibenzolar + potassium phosphite did not statistically affect TARR severity. A 

similar trend was observed on 19 November as plots treated with azoxystrobin + propiconazole 

resulted in the lowest TARR severity (1.3%) and chlorothalonil + acibenzolar + potassium 

phosphite did not reduce TARR severity compared to the nontreated control (Table 1). All 

treatments successfully reduced TARR progress (AUDPC) over the duration of this trial, except 

for fluazinam + acibenzolar + potassium phosphite and chlorothalonil + acibenzolar + potassium 

phosphite. 

Mefentrifluconazole and mefentrifluconazole + pyraclostrobin timing trials. TARR 

symptoms progressed differently in 2019 compared to 2020. In the 2019 timing trial at GovernorÕs 

Club, TARR was first observed on 23 October and steadily increased throughout the winter 

months. Disease severity peaked in the nontreated control plots 28 May 2020 (Figure 1A). 

Mefentrifluconazole and mefentrifluconazole + pyraclostrobin application timing influenced 

TARR severity on 23 October 2019, 6 November, and 24 January in the 2019 timing trial at 

GovernorÕs Club (Figure 1B). On 23 October 2019, the earlier fungicide applications of 

mefentrifluconazole and mefentrifluconazole + pyraclostrobin (Mefen Early and Mefen+Pyrac 

Early, respectively) completely suppressed TARR (Figure 1B). When mefentrifluconazole and 

mefentrifluconazole + pyraclostrobin were applied later in the season (Mefen Late and 

Mefen+Pyrac Late, respectively) TARR severities were not different from the nontreated control. 

Similarly, on 6 November 2019, the Mefen Early and Mefen+Pyrac Early treatments decreased 

TARR severity the most. Disease severity observed for Mefen Late and Mefen+Pyrac Late 

treatments were not different than the nontreated control. However, by 24 January 2020 all 
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treatments suppressed TARR (Figure 1B). Although individual rating dates illustrated differences 

among treatments, differences among treatments were not observed when AUDPC values were 

calculated.  

In the 2020 timing trials, TARR was first observed on 27 August 2020, remained consistent 

until 17 September, then rapidly increased and peaked at 15.2% in the nontreated control plots on 

19 November (Figure 2A). TARR severity was significantly influenced by fungicide timings on 8 

October 2020, 29 October 2020, and 19 November 2020. On 8 October 2020, only the Mefen and 

Mefen+Pyrac Early timings reduced TARR severity (Figure 2B). On 29 October 2020, the Mefen 

Early and Mefen+Pyrac Early timings decreased TARR severity to 3.5 and 4%, respectively. 

TARR severity was slightly higher with the Mefen+Pyrac Late timing, but was not statistically 

different from the early timings. The Mefen Late application did not reduce disease severity 

(10.3%) compared to the nontreated control (15%) (Figure 2B). A similar trend was observed on 

19 November 2020; however, all treatments reduced disease severity compared to the nontreated 

control (15.2%) (Figure 2B). Over the duration of this study, mefentrifluconazole applied at the 

late timing did not reduce disease severity over time compared to the nontreated control (Figure 

2A). The early timings of mefentrifluconazole and mefentrifluconazole + pyraclostrobin provided 

the most consistent suppression of TARR (Figure 2A). 

Trifloxystrobin + triadimefon timing trials. TARR in the trifloxystrobin + triadimefon 

application timing trials progressed differently in 2019 and 2020 and disease severity differed at 

various trial locations. In 2019 at Walnut Creek Country Club, TARR activity was only observed 

on 6 January 2020. TARR was most severe in the nontreated control at 9.7% (Table 2). 

Trifloxystrobin + triadimefon applications beginning on 7 August 2019 (Timing 2) was the only 

treatment that reduced TARR severity (1.7%) (Table 2). In 2020 at Walnut Creek Country Club, 
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TARR was only observed on 9 October and 30 October but disease was limited (< 3.5%) 

throughout the trial area and there were no significant treatment differences on either of these dates 

in 2020 at this location (data not shown). 

TARR in the trifloxystrobin + triadimefon application timing trial at Mill Creek Golf 

Course in 2020 was first observed on 27 August 2020. On 27 August 2020 disease severity 

increased throughout the duration of the trial peaking at 17.3% in the nontreated control on 19 

November 2020 (Table 2). Application timings did not influence TARR severity until 29 October 

2020. From 29 October 2020 throughout the remainder of this trial, trifloxystrobin + triadimefon 

Timing 1, 2, and 3 significantly reduced TARR severity when compared to the nontreated control. 

AUDPC values were lowest with these same Timing treatments, although Timing 2 was 

significantly better than Timing 1 (Table 2). 

In vivo fungicide efficacy. On 15 September, all treatments reduced TARR severity with 

azoxystrobin and mefentrifluconazole + pyraclostrobin standing out as the best treatments. On 28 

September, the best treatments were pydiflumetofen + azoxystrobin + propiconazole, azoxystrobin 

+ difenoconazole, azoxystrobin + propiconazole, azoxystrobin, and mefentrifluconazole + 

pyraclostrobin (Table 3). Although benzovindiflupyr + difenoconazole and solatenol did not 

suppress TARR severity as much as the treatments listed above, they did suppress disease when 

compared to the nontreated control. Similar trends were observed on 12 October, but azoxystrobin 

and mefentrifluconazole + pyraclostrobin provided excellent suppression of TARR (Table 3). 

In vivo manganese applications. Manganese sulfate application rate did not influence 

percent green cover and plant biomass when bermudagrass plants were inoculated with Gg, 

Ggram, or Cc. However, basal necrosis of plants inoculated with Gg and Ggram was lessened 
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when manganese was applied at the highest rate only (Figure 3). Basal necrosis was extremely 

limited in plants inoculated with Cc thus effects of MnSO4 rate were not detected.  

Discussion 

There are limited studies evaluating the efficacy of fungicides, fungicide application 

timing, and influence of supplemental manganese applications on TARR management. The 

complex nature of this disease including multiple causal agents, ambiguous pathogen biology, 

inconsistent field symptoms, and soilborne disease management barriers present many challenges 

to practitioners and researchers. These challenges were apparent in this research as epidemics 

developed differently in different years and at different locations. However, these challenges are 

great opportunities to better our understanding of this disease and improve TARR management. 

Proper fungicide selection and application timing is important for adequate disease 

management. However, TARR management recommendations on UDB have largely been based 

on limited information with most of the data available coming from research conducted on high 

cut warm-season grasses. Therefore, we wanted to evaluate the efficacy of numerous fungicides 

and implement our knowledge of TARR pathogen biology to inform fungicide application timing 

studies. Fungicides significantly influenced TARR severity on multiple rating dates in the 

fungicide efficacy trials. On three of these rating dates, a fungicide containing a QoI and/or DMI 

provided the greatest TARR suppression. Similar to results found by Martinez-Espinoza et al. 

(2005), azoxystrobin treated plots rated on 27 August 2020 had the lowest TARR severity. On 29 

October 2020 and 19 November 2020, plots treated with azoxystrobin and a DMI had the lowest 

TARR severity. Individual DMI fungicides like propiconazole and QoI fungicides like 

fluoxastrobin only provided moderate disease suppression. These data suggest QoI and DMI 

fungicides are efficacious on TARR but selection within these chemical classes is important as 
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efficacy varies.  Application of a contact fungicide such a fluazinam + acibenzolar and 

chlorothalonil + acibenzolar in combination with potassium phosphite provided limited 

suppression of TARR. On 29 October 2020, plots treated with fluazinam + acibenzolar + 

potassium phosphite did reduce TARR severity compared to the nontreated control, but this was 

not consistently observed on all rating dates. Incorporating potassium phosphite applications in 

conjunction with efficacious fungicides in a program approach may provide excellent results by 

improving plant health and disease management (Abbasi and Lazarovits, 2006; Burpee, 2005; 

Cook et al., 2009; Dempsey et al., 2012). Further exploration into combining phosphites with 

efficacious QoI and DMI fungicides is warranted. 

TARR progressed differently under field conditions in 2019 and 2020 and at different 

research sites. The variability and inconsistency of TARR symptoms in the field is a challenge for 

conducting field research. Therefore, we developed an in vivo system to effectively evaluate the 

efficacy of fungicides on inoculated UDB. All fungicides evaluated in the in vivo fungicide 

efficacy experiments decreased disease severity compared to the inoculated nontreated control 

plants on all rating dates. Consistent with results from field experiments in this research, products 

containing azoxystrobin performed well and typically resulted in the lowest disease severity. 

Combination products including azoxystrobin + DMI also decreased disease severity. Plants 

treated with azoxystrobin + difenoconazole, azoxystrobin, and mefentrifluconazole + 

pyraclostrobin resulted in the lowest disease severity on all rating dates. Benzovindiflupyr + 

difenoconazole and solatenol exhibited the highest disease severity amongst fungicide treated 

plants on all rating dates. Evaluating fungicide efficacy using an in vivo approach proved to be an 

effective method that produced similar results when compared to field trial data presented in this 

research. This method provides a consistent, efficient, and space-saving alternative to field trials 
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and may serve as a preliminary screening to inform fungicide selection for future field trial 

evaluation. 

Fungicides are typically applied to golf course putting greens every 14 days throughout the 

growing season. However, tailoring fungicide programs to target specific diseases at different 

times of the growing season is important for adequate disease management, environmental 

stewardship, and budgetary concerns. Fungicide applications for TARR are traditionally applied 

on a curative basis in the fall months in the Southeastern United States. These applications typically 

coincide with spring dead spot (Ophiosphaerella spp.) preventive applications that usually include 

a SDHI fungicide as they have excellent efficacy against spring dead spot. However, recent 

research shows SDHI fungicides do not halt the growth of TARR pathogens (Stephens, 2021). 

These pathogens are also most actively growing when temperatures are between 25 and 30¡C 

which coincides with soil temperatures in July and August in Raleigh, NC (North Carolina State 

Climate Office). While symptoms may be observed in the fall, infection and damage to the root 

system has already occurred and UDB will not recover until the following Spring. Improving 

fungicide efficacy hinges on delivering an efficacious fungicide to the target pathogen when that 

pathogen is actively growing (Latin, 2011). Vines (2015), Stephens and Kerns (2020), and 

Stephens (2021) determined the optimal growth temperature of Gg, Gx, Ggram, Cc, and Mc was 

between 25-30¡C. This suggests TARR pathogens are causing damage to UDB in the summer 

months in the Carolinas and these fungi will actively absorb more fungicide during this period. 

Therefore, we investigated staggered application initiation dates of efficacious fungicides for 

TARR management.  

In general, the early application timings of trifloxystrobin + triadimefon, 

mefentrifluconazole, or mefentrifluconazole + pyraclostrobin provided the greatest reduction of 
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TARR severity. Applications starting in September, October, and November did not reduce TARR 

severity compared to the nontreated control. These applications were most likely too late, 

indicating that TARR pathogens were not actively growing and/or infection already occurred. 

However, applications that were too early resulted in inadequate disease suppression as well. These 

results suggest targeting application initiation in late-July to early-August is the optimal fungicide 

timing for TARR management in the Carolinas. Soil temperature data at a 2.5 cm depth in Raleigh, 

NC at this time corresponds to the optimal growth temperature range for TARR pathogens. These 

temperature thresholds can be implemented in other regions where UDB is grown, only if soil 

temperature data are available and adequately monitored.  

Applications of manganese reduce disease severity of take-all patch of creeping bentgrass 

and take-all of wheat. In this study, supplemental manganese applied to UDB inoculated with Gg, 

Ggram, and Cc only reduced disease severity when applied at 97.7 kg/ha. These data suggest plants 

inoculated with members of the Gaeumannomyces genus, such as Gg and Ggram, may respond 

similarly to supplemental manganese applications as plants inoculated with the closely related 

pathogens G. avenae and G. tritici . To keep this study simple, only single applications were 

evaluated and the highest rate proved promising in terms of basal necrosis reduction. Therefore, 

more research examining various re-application intervals and MnSO4 amounts are warranted. This 

study was conducted in a sand-based system with a pH of 6.2. Since manganese availability is 

influenced by soil pH, soil with different pH should be explored in future experiments as well.  

TARR continues to be a prevalent and destructive disease on UDB for turfgrass managers 

in the Southeast and transition zone. Results from this research can help turfgrass managers 

improve TARR management strategies with proper fungicide selection, optimal fungicide 

application timing, and supplemental manganese applications. QoI fungicides, especially 
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azoxystrobin mixed with a DMI fungicide provide excellent suppression of TARR. Applications 

for TARR prevention should start when soil temperatures are between 25 and 30¡C. MnSO4 

applications may prove useful in TARR management as well. The in vivo fungicide screening 

method developed in this research can continue to be used to evaluate numerous fungicides against 

this elusive disease and improve our knowledge of fungicide efficacy against TARR.  These data 

improve our understanding of TARR management and may also aid in future field and in vivo 

management studies. 
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Table 5.1 Influence of fungicide applications on take-all root rot severity on an ultradwarf bermudagrass putting green in 2020 at Mill 

Creek Golf Course. 

 Rate Applicationz Take-all root rot severity (%)  
Treatment (kg a.i ha-1) Code 8/27/20 9/17/20 10/8/20 10/29/20 11/19/20 AUDPCy 

Azoxystrobin + 0.6 ADGJ 3.0 bx 4.4 a 5.3 a 0.9 bc 5.3 ab 353.6 b 
Acibenzolar          
Azoxystrobin + 1.2 ADGJ 5.3 ab 2.4 a 3.4 a 0.6 bc 2.5 ab 292.1 b 
Difenoconazole         
Azoxystrobin + 0.8 ADGJ 4.8 ab 2.9 a 7.3 a 0.0 c 1.3 b 300.3 b 
Propiconazole         
Propiconazole 0.5 ADGJ 4.0 ab 2.9 a 4.0 a 0.4 bc 2.5 ab 277.0 b 
Fluoxastrobin 0.5 ADGJ 6.8 a 1.9 a 3.3 a 1.1 bc 3.5 ab 322.9 b 
Potassium phosphite + 9.4 ADGJ 4.3 ab 4.9 a 7.3 a 2.1 ab 6.5 a 471.1 ab 
Chlorothalonil + 8.4        
Acibenzolar         
Potassium phosphite + 9.4 ADGJ 6.0 a 2.7 a 6.3 a 0.9 bc 6.0 ab 407.3 ab 
Fluazinam + 0.8        
Acibenzolar         
Nontreated control - - 6.3 a 6.2 a 6.0 a 5.6 a 7.3 a 593.5 a 

z Fungicide treatments were applied on the following dates: A=17 Jul, D=7 Aug, G=27 Aug, J=17 Sept. 

y Area under the disease progress curve (AUDPC). 

x Means followed by the same letter are not statistically different according to FisherÕs Protected least significant difference test at 

P<0.05. 
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Table 5.2 Influence of trifloxystrobin + triadimefon (Tartan) application initiation timing on take-all root rot severity on an ultradwarf 

bermudagrass putting green in 2019 and 2020 at Walnut Creek Country Club and Mill Creek Golf Course.  

 Rate Applicationz  Take-all root rot severity (%)  
Treatment (kg a.i ha-1) code 1/6/20y 8/7/20x 8/27/20 9/17/20 10/8/20 10/29/20 11/19/20 AUDPCw 

Timing 1 1.8 ADGJ 7.5 abv 0.0 a 7.5 a 5.0 a 10.8 a 9.5 b 6.0 b 749.6 bc 
Timing 2 1.8 DGJM 1.7 b 0.0 a 6.0 a 3.5 a 4.6 a 1.5 c 3.5 b 361.9 d 
Timing 3 1.8 GJMP 4.7 ab 0.0 a 7.3 a 8.8 a 8.1 a 3.0 c 3.5 b 602.8 cd 
Timing 4 1.8 JMPS 6.5 ab 0.0 a 10.8 a 5.5 a 11.1 a 10.5 ab 12.8 a 923.9 ab 
Control - - 9.7 a 0.0 a 7.8 a 6.5 a 12.3 a 15.0 a 17.3 a 1051.4 a 

z Trifloxystrobin + triadimefon was applied on the following dates: A=20 Jul, D=10 Aug, G=31 Aug, J=21 Sept, M=9 Oct, P=29 

Oct, S= 19 Nov. 

y Trifloxystrobin + triadimefon was applied on the aforementioned dates in 2019 at Walnut Creek Country Club and take-all root rot 

developed in January 2020. Plots were rated on 6 January 2020 at this location. 

x Trifloxystrobin + triadimefon was applied on the aforementioned dates in 2020 at Mill Creek Golf Course and subsequently rated 

throughout August, September, October, and November 2020 at this location. 

w Area under the disease progress curve for data collected at Mill Creek Golf Course in 2020.  

v Mean take-all root rot severity followed by the same letter within each rating date are not statistically different according to FisherÕs 

Protected least significant difference test at P<0.05. 
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Table 5.3 Influence of preventive fungicide applications on take-all root rot disease severity 

following in vivo inoculation with Gaeumannomyces graminis. 

 Rate Disease severity (%)z 

Treatmenty (kg a.i ha-1) 9/15/20 9/28/20 10/12/20 
Pydiflumetofen + 0.8 31 cdx 37 c 41 cd 
Azoxystrobin +     
Propiconazole     
Azoxystrobin + 1.2 29 de 34 c 38 de 
Difenoconazole     
Benzovindiflupyr + 0.3 40 b 45 b 44 bc 
Difenoconazole +     
Solatenol 0.08 41 b 45 b 48 b 
Azoxystrobin + 0.8 35 c 37 c 45 bc 
Propiconazole     
Azoxystrobin 0.6 26 e 32 c 35 e 
Mefentrifluconazole + 1.08 27 e 35 c 35 e 
Pyraclostrobin     
Nontreated control - 50 a 67 a 63 a 

z Take-all root rot disease severity was determined using a Horsfall-Barrett scale. 

y Fungicide treatments were initiated 7-days after inoculation prior to symptom development. 

Inoculated plants received two applications of each treatment on a 21-day interval. 

y Means followed by the same letter are not statistically different according to FisherÕs 

Protected least significant difference test at P<0.05. 
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Figure 5.1 Influence of mefentrifluconazole (Mefen; 1.0 kg a.i ha-1) and mefentrifluconazole + 

pyraclostrobin (Mefen+Pyrac; 0.6 kg a.i ha-1) application timing on take-all root rot severity at 

GovernorÕs Club in 2019. Mefen Early and Mefen+Pyrac Early were applied on 27 August 2019 

and 17 September 2019. Mefen Late and Mefen+Pyrac Late were applied on 28 October 2019 and 

19 November 2019. Panel A represents disease progression overtime and panel B represents dates 

on which there was a significant treatment effect. Mean take-all root rot severity (%) within each 

rating date followed by the same letter are not statistically different according to FisherÕs Protected 

least significant difference test at P<0.05.  
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Figure 5.2 Influence of mefentrifluconazole (Mefen; 1.0 kg a.i ha-1) and mefentrifluconazole + 

pyraclostrobin (Mefen+Pyrac; 0.6 kg a.i ha-1) application timing on take-all root rot severity at 

Mill Creek Golf Course in 2020. Mefen Early and Mefen+Pyrac Early were applied on 27 August 

2020 and 17 September 2020. Mefen Late and Mefen+Pyrac Late were applied on 28 October 

2020 and 19 November 2020. Panel A represents disease progression overtime with numbers after 

each treatment representing the area under disease progress curve (AUDPC) values. Panel B 

represents dates on which there was a significant treatment effect. Mean AUDPC values in panel 

A and mean take-all root rot severity (%) within each rating date in panel B followed by the same 

letter are not statistically different according to FisherÕs Protected least significant difference test 

at P<0.05. 
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Figure 5.3 Influence of manganese sulfate on basal necrosis following in vivo inoculation with 

Gaeumannomyces graminis (Gg), Gaeumannomyces graminicola (Ggram), or Candidacolonium 

cynodontis (Cc). All pots received a single application of manganese sulfate one week after 

inoculation at either 0.0, 24.4, 48.8, or 97.7 kg MnSO4/ha. Means followed by the same letter 

within each take-all root rot (TARR) pathogen are not statistically different according to FisherÕs 

Protected least significant difference test at P<0.05. 
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ABSTRACT 

Application of plant growth regulators to hybrid bermudagrass (Cynodon dactylon (L.) 

Pers. x Cynodon transvaalensis Burtt Davy) putting greens is a common management practice 

used to reduce clipping yield and improve aesthetic and functional turfgrass quality. Growing 

degree day (GDD) models have explored the effects of plant growth regulator application timing 

on ultradwarf hybrid bermudagrass clipping yield. However, there is a need for research evaluating 

effects of GDD-timed plant growth regulator applications on turfgrass quality and ball roll. A field 

study was conducted in summer 2018 at three locations (Knoxville, TN; Raleigh, NC; and 

Starkville, MS) to determine the effects of trinexapac-ethyl (TE) applied according to a GDD 

model on ultradwarf hybrid bermudagrass putting green quality and ball roll compared to calendar-

based treatment (i.e., weekly or twice-weekly). For GDD applications, TE was applied at either 20 

or 33 g ha-1. GDD based applications were made once 220 GDD (base 10¡C) accumulated after 

each treatment. TE was applied at either 20 or 33 g ha-1 for weekly treatments and rate reduced to 

either 14 or 16 g ha-1 for the twice-weekly treatment. In all locations, TE applied on a 220 GDD10C 

schedule resulted in turfgrass quality greater than or equal to that of the weekly and twice-weekly 

applied treatments. Ball roll distance was slightly lower in plots treated with TE every 220 GDD10C 

compared to the weekly and twice-weekly treatments, although differences may be negligible to 

golfers (13 to 23 cm). Ball roll distance was negatively correlated with clipping yield (-0.37 to -

0.69). Turfgrass managers choosing to regulate ultradwarf hybrid bermudagrass greens with TE 

should consider applying on a GDD rather than calendar-based interval to achieve improved 

turfgrass quality without sacrificing ball roll distance. 
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Introduction  

Ultradwarf hybrid bermudagrass cultivars (Cynodon dactylon (L.) Pers. x Cynodon 

transvaalensis Burtt Davy; UDHB) exhibit fine leaf texture, high shoot density, slow vertical 

growth, and have the ability to withstand low mowing heights (Reasor et al., 2016). To that end, 

UDHB cultivars such as ÔP18Õ (MiniVerde¨) and ÔChampion DwarfÕ are commonly used on 

putting greens in tropical and subtropical regions of the world (Reasor et al., 2016). A 2007 survey 

by the Golf Course Superintendents Association of America found that 79% of putting greens in 

the southeastern United States are bermudagrasses (Cynodon spp.) (Lyman et al., 2007). 

Ultradwarf hybrid bermudagrass putting greens are commonly treated with plant growth 

regulators (PGRs) during the growing season to reduce clipping yield, which in turn increases ball 

roll distance (BRD, i.e., green speed) (McCullough et al., 2007). For example, trinexapac-ethyl 

(TE) applied weekly at 17 g ha-1, every two weeks at 33 g ha-1, or every three weeks at 50 g ha-1 

to TifEagle increased ball roll distance 20 to 28 cm (McCullough et al., 2007). Trinexapac-ethyl 

inhibits gibberellin biosynthesis, resulting in less cell division and leaf elongation (Fagerness et 

al., 2000). In addition to increased BRD, regulated growth via PGR treatment can improve UDHB 

quality and overall plant health. For example, McCarty et al. (2011) reported that eight applications 

of TE applied at 17.5 g ha-1 every two weeks increased root length, turfgrass quality, and ball roll 

distance on TifEagle. Several studies have demonstrated improved UDHB turfgrass quality with 

TE treatments when compared to other PGRs (McCullough et al., 2004; McCullough et al, 2005; 

and McCullough et al., 2006a).  

Growth suppression following a single application of TE can vary due to application rate, 

turfgrass species, and growing environment (Kreuser and Soldat, 2011).  Fagerness et al. (2002) 

observed greater bermudagrass growth suppression when TE was applied at low day/night 
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temperatures (20/10¡C or 22/17¡C) compared to high day/night temperatures (35/25 or 36/31¡C). 

Beasley and Branham (2007) also reported that TE metabolism is affected by air temperature. In 

creeping bentgrass (Agrostis stolonifera L.) and Kentucky bluegrass (Poa pratensis L.), the half-

lives of TE were 6.4 and 5.3 d at 18¡C, respectively, compared to 3.1 and 3.4 days at 30¡C. Air 

temperature effects on efficacy have facilitated the development of growing degree day (GDD) 

models to schedule TE re-applications on putting greens (Kreuser and Soldat, 201l; Kreuser et al., 

2017; and Reasor et al., 2018). Kreuser and Soldat (2011) determined that 200 GDD0C was the 

most effective interval for applying TE (50 g ha-1) on creeping bentgrass putting greens. This 

approach was used by Reasor et al. (2018) who determined that 220 GDD10C was the optimal re-

application interval for TE application (34 g ha-1) on UDHB putting greens. 

While GDD-based application programs have been proven to reduce clipping yield, 

season-long effects on turfgrass quality and ball roll distance on UDHB putting greens have not 

been determined.  We hypothesized that TE applied on a GDD schedule would result in increased 

turfgrass quality compared to calendar-based applications without negatively affecting BRD. 

Therefore, the objective of this study was to assess the effects of TE application intervals on UDHB 

turfgrass quality and BRD. 

 

Materials and Methods 

Three field studies were conducted in summer 2018 at three locations in the southeastern 

United States to explore effects TE application regime on hybrid bermudagrass turfgrass quality 

and BRD. Trials sites included the East Tennessee AgResearch & Education Center (Knoxville, 

TN), the Lake Wheeler Turfgrass Research Lab (Raleigh, NC), and the R.R. Foil Plant Science 

Research Center (Starkville, MS). In all locations, the rootzone was constructed as a Òpush-upÓ 



   

 118 

putting green consisting of United States Golf Association specified sand atop native soils. In 

Tennessee, plots (1.5 x 7.6 m) were established on a TifEagle putting green with a pH of 6.9. Plots 

(1.5 x 4.5 m) were established on P18 in Mississippi and Champion Dwarf (0.9 x 2.4 m plot size) 

in North Carolina.  

At all locations, plots were mowed a minimum of five days per week using a walk-behind 

reel mower (Greensmaster 3300. The Toro Company, Bloomington, MN) set to a bench height of 

3.2 mm with clippings collected. Additionally, plots were rolled three times per week using a speed 

roller (Model RS48-11C. Tru-Turf.  Queensland. Australia). Irrigation was applied using an 

automated irrigation system to prevent wilt. Nutrients were supplied biweekly at 4.8 kg N ha-1 

using a complete fertilizer in North Carolina and Tennessee. In Mississippi, nutrients were applied 

as liquid urea (46-0-0) that was irrigated into the soil after application. Sand topdressing was 

applied on an as-needed basis to optimize turfgrass quality. Neither fungicides nor herbicides were 

applied to study sites for the duration of the study. 

Plots were arranged as a randomized complete block design with four replications at each 

location. Treatments included trinexapac-ethyl (TE; Primo Maxx. Syngenta Professional Products. 

Greensboro, NC) applied weekly, twice-weekly during a 7 day period, or every 220 growing 

degree days (GDD10C). Growing degree days were accumulated using a 10¡C base temperature 

from the date of TE application; previous research reported that 220 GDD10C was the optimum re-

application interval for TE on ultradwarf hybrid bermudagrass putting greens (Reasor et al., 2018). 

A non-treated control was also included for comparison. In Tennessee, TE was applied at 20 g ha-

1 for the weekly and GDD10C treatments and at 14 g ai ha-1 for the twice-weekly treatment.1. In 

North Carolina and Mississippi, TE was applied at 33 g ha-1 for the weekly and GDD10C treatment 

and at 16 g ha-1 for the twice-weekly treatment. Treatments were applied using CO2 pressurized 
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backpack sprayers equipped with flat-fan nozzles (XR 8002VS. TeeJet Technologies. Springfield, 

IL) at a carrier volume of 375 L ha-1 in Mississippi and Tennessee. In North Carolina, treatments 

were applied using air induction nozzles (9508EVS. TeeJet Technologies. Springfield, IL) at a 

carrier volume of 815 L ha-1. Treatments were initiated on 4 June 2018 in Mississippi, 11 June 

2018 in Tennessee, and 16 July 2018 in North Carolina. At all three locations, a total of three 

GDD10C, six weekly, and 12 twice-weekly applications were made throughout the study time used 

for analysis.  

Turfgrass quality was visually assessed weekly on a 1 (i.e., brown, low quality) to 9 (i.e., 

dark green, high quality) scale, with scores !  6 considered acceptable (Morris and Shearman, 

2020). Ball roll distance (BRD) was measured twice per week at all locations. On each date that 

BRD data were collected, measurements were made a minimum of two times during the duration 

of the day using a stimpmeter (United States Golf Association, Far Hills, NJ). In North Carolina, 

BRD data were collected using a one half stimpmeter and converted to full-length stimpmeter 

values for comparison (Gaussion et al., 1995). All BRD measurements were adjusted using the 

Brede equation to account for plot slope (Brede, 1991). 

Clippings were harvested twice per week throughout the study at all locations using the 

aforementioned walk-behind reel mower. The harvesting process included mowing a single pass 

through the longitudinal center axis of each plot, transferring clipped tissue from the mower bucket 

into sample collection bags, and placing these bags in a forced air oven at 35¡C until dry. Debris 

was removed from harvested material and weights were normalized to g m-2 to account for 

differences in plot sizes among locations.  

Data from all locations were subjected to a combined analysis of variance in R (version 

3.5.1; R Core Team 2018) using expected means squares of McIntosh (1983). FisherÕs protected 
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least significant difference test was used conducted using the Ôfisher.testÕ function in R to separate 

turfgrass quality means at "  = 0.05. All BRD data from each location were fit to linear regression 

models in Prism (Prism 8 for Mac OS X. GraphPad Software. La Jolla, CA) with treatments 

compared using a global sums of squares F-test at "  = 0.05. Correlations between clipping yield 

and BRD were tested using the Ôcor.testÕ function in R. 

 

Results  

Turfgrass Quality. Significant ("  = 0.05) treatment-by-date-by-location interactions resulted in 

turfgrass quality data from each location being analyzed separately. In Mississippi, turfgrass 

quality varied due to treatment (Table 1) as well as rating date (data not presented). Across all 

rating dates, weekly and GDD-based TE applications yielded turfgrass quality values of 6.9 and 

7.0, respectively. Comparatively, plots treated with TE twice-weekly were not different from 

non-treated controls with turfgrass quality scores of 6.6 and 6.7, respectively. In Tennessee, 

treatment (Table 1) and rating date (data not presented) significantly affected turfgrass quality. 

Interestingly, when averaged over all rating dates, non-treated control plots yielded the highest 

turfgrass quality (6.2) compared to 6.0 for GDD-based applications, and 5.7 to 5.6 for weekly 

and twice-weekly TE treatment. Analysis of turfgrass quality data from North Carolina revealed 

a significant treatment-by-rating date interaction (Table 2). Similar to Tennessee, non-treated 

control plots yielded the highest turfgrass quality in North Carolina (6.0 to 7.8). On four of six 

rating dates, treatments of TE applied every 220 GDD10C resulted in acceptable turfgrass quality 

(6.5 to 6.8). Comparatively, weekly and twice-weekly treatment with TE resulted in turfgrass 

quality scores # 5.5 on all rating dates.  
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Ball Roll Distance. Ball roll data from each location were analyzed separately due to the 

presence of a significant treatment-by-rating date-by-location interaction (Figure 1). A 

significant negative correlation between clipping yield and BRD was detected at all locations. 

Correlation coefficients were -0.37 in Mississippi (P = 0.0085), -0.67 in Tennessee (P = 0.0001) 

and -0.69 in North Carolina (P = 0.0008).  

In Mississippi, a global sums-of-squares F-test determined that BRD values among 

treatments were significantly different from one another (P < 0.0001). Linear models adequately 

fit BRD data for each treatment in Mississippi (R2 values of 0.12 to 0.66). The lowest R2 value 

(0.12) was for the non-treated control treatment, which was not unexpected considering that BRD 

values on non-treated plots were not expected to increase over the course of the study. No 

significant differences were detected among y-intercept or slope values for linear regression 

equations used to fit BRD data collected in Mississippi (Table 3). However, there was a trend for 

slope values to be greater for weekly and twice-weekly applications than GDD-based treatment, 

indicating a more pronounced increase in BRD over time for the calendar-based application 

intervals. On the final assessment date, BRD for GDD-based applications measured 306 cm 

compared to 326 and 327 cm for TE applied weekly and twice-weekly, respectively. 

In Tennessee, a global sums-of-squares F-test determined that BRD values among 

treatments were significantly different from one another (P < 0.0001). Linear models fit BRD data 

for each treatment in Tennessee (R2 values of 0.66 to 0.78). Similar to Mississippi, the lowest R2 

value (0.66) was for the non-treated control treatment. No significant differences were detected 

among y-intercept or slope values for linear regression equations used to fit BRD data collected in 

Tennessee (Table 3); however, there was a trend in slope values to be greatest with weekly 
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applications of TE. On the final assessment date, BRD for GDD-based applications measured 319 

cm compared to 331 and 334 cm for TE applied weekly and twice-weekly, respectively.  

In North Carolina, a global sums-of-squares F-test determined that BRD values among 

treatments were significantly different from one another (P < 0.0001). Linear models adequately 

fit BRD data for each treatment in North Carolina (R2 values of 0.08 to 0.75). Similar to Mississippi 

and Tennessee, the lowest R2 value (0.08) was for the non-treated control treatment. Similar to the 

other locations, no significant differences were detected among y-intercept or slope values for 

linear regression equations used to fit BRD data collected in North Carolina; however, there was 

a trend for slope values to be greatest with weekly and twice-weekly applications of TE (Table 3). 

On the final assessment date BRD, for GDD-based applications measured 271 cm compared to 

291 and 294 cm for TE applied weekly and twice-weekly, respectively.  

 

Discussion 

The primary objective of this study was to assess the impact of a GDD-based TE 

application regime compared to calendar-based (i.e., weekly or twice-weekly) applications on 

UDHB quality and BRD. Overall, GDD-based applications of TE at three locations in the 

southeastern United States during 2018 resulted in increased turfgrass quality and comparable 

BRDs to calendar-based treatments.   

Turfgrass quality with GDD-based applications was greater than or equal to calendar-based 

applications at all locations. In North Carolina, turfgrass quality was not considered acceptable on 

any rating date when TE was applied weekly or twice-weekly. In Tennessee, weekly and twice-

weekly TE treatment resulted in the lowest turfgrass quality (however, scores were > 6). In 

Mississippi, twice-weekly TE treatment reduced turfgrass quality compared to the non-treated 
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control. Comparably, Kreuser and Soldat (2011) found that TE applied at 100 g ha-1 to creeping 

bentgrass every 200 GDD0C resulted in higher turfgrass quality than applications made every four 

weeks.  

When comparing TE-treated plots with non-treated controls, our findings differ from 

previous reports that application of TE improve turfgrass quality on UDHB (McCarty et al., 2011; 

McCullough et al., 2005). In this study, applications of TE only increased turfgrass quality 

compared to a non-treated control in Mississippi on P18. In Tennessee and North Carolina, weekly 

and twice-weekly applications of TE reduced quality of TifEagle and Champion Dwarf compared 

to non-treated controls; GDD-based application regimes ranked intermediate at both locations. 

This response may be related to plots being maintained with minimal nitrogen. McCullough et al. 

(2006b) reported that applications of 50 g TE ha-1 3 wk-1 and low rates of nitrogen (6 kg N ha-1 wk 

-1) on TifEagle resulted in turfgrass discoloration compared to the non-treated control. In this study, 

UBD at all locations was fertilized at 4.8 kg N ha-1 14 d-1, which may have contributed to the 

reduced UDHB quality reported with weekly and twice-weekly TE treatment.  Considering the 

reduced quality reported in this study with calendar-based applications of TE to UDHB greens 

receiving sub-optimal nutrition (4.8 kg N ha-1 14 d-1), applications of TE made every 220 GDD10C 

may mitigate reductions in turfgrass quality compared to calendar-based treatment.   

Similar to McCullough et al. (2007), all TE applications increased BRD compared to non-

treated controls in this study. There were few differences in the magnitude of increase among 

calendar-based and GDD-based application regimes. At the end of the study, the difference in 

BRD among GDD- and calendar-based application regimes of TE ranged from 13 to 23 cm. 

Interestingly, the difference in BRD between weekly and twice-weekly TE regimes was < 3 cm at 

all locations. While GDD-based applications offered slightly lower BRD values than calendar-
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based treatment (13 to 23 cm), these changes may be negligible to some golfers. Karcher et al. 

(2001) surveyed over 30 golfers and found that they could not distinguish a difference in BRD < 

15.2 cm regardless of putting green height-of-cut. However, the study by Karcher et al. (2001) 

assessed a limited number of golfers and ball roll distances, indicating that some golfers may be 

able to detect ball roll distances differing from 15.2 to 23 cm.  

Turfgrass mangers regulating UDHB putting greens with TE applications should consider 

applying based on a GDD interval rather than a calendar-based schedule. In this study, GDD-based 

applications were made only three times compared to six weekly and 12 bi-weekly applications. 

Applying TE on a GDD-based schedule reduces the number of applications, thus reducing time 

and money associated with labor and product, while achieving increased turfgrass quality and 

negligible differences in BRD. GDD-based applications account for changes in air temperature 

known to affect TE efficacy. However, calculating GDD on a standard daily average of minimum 

and maximum temperatures could fail to capture short periods of warming and cooling. Integrating 

GDD on an hourly basis for future research may prove to be a more accurate measure. Findings of 

this study are limited as research plots were not trafficked and treatments were evaluated in only 

one season. Although this study was performed in three locations on three UDHB cultivars, future 

work assessing the long-term effects of GDD-based TE application across seasons would be 

beneficial.   Further research should be conducted on a study site receiving optimal fertility, use of 

herbicides and fungicides, and foot traffic from golfers. 
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Table 1. Ultradwarf hybrid bermudagrass (Cynodon dactylon (L.) Pers. x Cynodon 

transvaalensis Burtt Davy) quality in summer 2018 on P18 in Starkville, Mississippi and TifEagle 

in Knoxville, Tennessee following treatment of the plant growth regulator trinexapac-ethyl applied 

weekly (33 or 20 g ha-1) , twice-weekly (16 or 14 g ha-1), or on a 220 growing degree day base 

10¡C interval (33 or 20 ha-1). 

 Turfgrass qualityz 

Treatmenty  MS TN 
Non-treated control ..............................  6.7 bx 6.2 a 
Weekly ................................................  6.9 a 5.7 c 
Twice-weekly ......................................  6.6 b 5.6 c 
220 GDD10C .........................................  7.0 a 6.0 b 

z Turfgrass quality was rated weekly from 16 July 2018 to 27 August 2018 on a 1 to 9 scale 

in which 1 = turfgrass brown or dead, !  6 minimally acceptable quality, and 9 = optimal greenness 

and uniformity.  

y Trinexapac-ethyl was applied beginning on 11 June 2018 in Tennessee at 20 g ha-1 for 

weekly and 220 GDD10C treatments and at 14 g ha-1 for twice-weekly treatments. In Mississippi, 

treatments were applied beginning on 4 June 2018 at 33 g trinexapac-ethyl ha-1 for weekly and 220 

GDD10C treatments and at 16 g trinexapac-ethyl ha-1 for twice-weekly treatments. 

x Means in a column followed by the same letter are not significantly different at "  = 0.05 

according to the FisherÕs Protected Least Significant Difference test.  
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Table 2. Champion Dwarf hybrid bermudagrass (Cynodon dactylon (L.) Pers. x Cynodon 

transvaalensis Burtt Davy) quality in Raleigh, North Carolina in summer 2018 following 

treatment of the plant growth regulator trinexapac-ethyl applied weekly (33 g ha-1) , twice-weekly 

(16 g ha-1), or on a 220 growing degree day base 10¡C interval (33 g ha-1). 

 Turfgrass qualityz 
Treatmenty 23 Jul 31 Jul 7 Aug 13 Aug 20 Aug 27 Aug 
Non-treated control ...  6.0 ax 7.5 a 7.5 a 6.8 a 7.8 a 7.8 a 
Weekly .....................  5.0 b 5.5 c 5.3 b 4.8 b 5.5 c 5.0 c 
Twice-weekly ...........  5.5 ab 5.8 bc 5.5 b 4.5 b 4.0 d 4.3 c 
220 GDD10C ..............  5.3 b 6.8 ab 6.3 b 5.5 ab 6.5 b 6.5 b 

z Turfgrass quality was rated weekly from 16 July 2018 to 27 August 2018 on a 1 to 9 scale 

in which 1 = turfgrass brown or dead, !  6 minimally acceptable quality, and 9 = optimal greenness 

and uniformity.  

y Treatments of trinexapac-ethyl were applied beginning 16 July 2018 at a rate of 33 g ha-

1 for weekly or 220 GDD10C interval treatments or twice-weekly at a rate of 16 g ha-1.  

x Means in a column followed by the same letter are not significantly different at "  = 0.05 

according to the FisherÕs Protected Least Significant Difference test. 
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Table 3. Slopes and y-intercept values for linear models fit  to ball roll distance data 

collected on ultradwarf hybrid bermudagrass (Cynodon dactylon (L.) Pers. x Cynodon 

transvaalensis Burtt Davy) putting greens subjected to various trinexapac-ethyl treatments in 

summer 2018. Data were collected on the following cultivars: TifEagle in Knoxville, Tennessee; 

P18 in Starkville, Mississippi; and Champion Dwarf in Raleigh, North Carolina.  

z Linear models were significant at the P !  0.0001 level across all locations. Best-fit  values 

were determined using treatment means in Prism 8 for Mac OS X GraphPad Software. 

y Trinexapac-ethyl treatments were applied beginning on 11 June 2018 in Tennessee at 20 

g ha-1 for weekly and 220 GDD10C treatments and at 14 g ha-1 for twice-weekly treatments. In 

Mississippi and North Carolina, treatments were applied beginning on 4 June 2018 and 16 July 

2018, respectively, at 33 g trinexapac-ethyl ha-1 for weekly and 220 GDD10C treatments and at 16 

g trinexapac-ethyl ha-1 for twice-weekly treatments.

 Parameters of slope 
 Best-fit  valuesz 95% Confidence interval 
Treatmenty Y-intercept 

(cm) 
Slope 

(cm/day) 
Y-intercept 

(cm) 
Slope 

(cm/day) 
Tennessee     

Non-treated control ...  182.4 4.940 136.5 to 228.4 2.273 to 7.608 
Weekly .....................  217.6 4.970 183.7 to 251.4 3.008 to 6.932 
Twice-weekly ...........  231.8 4.345 192.5 to 271.2 2.060 to 6.629 
220 GDD10C ..............  211.4 4.527 170.7 to 252.1 2.165 to 6.890 

     
Mississippi     

Non-treated control ...  227.6 1.622 164.9 to 290.4 -1.637 to 4.880 
Weekly .....................  215.4 3.874 158.2 to 272.7 0.900 to 6.848 
Twice-weekly ...........  206.5 4.491 160.1 to 252.9 2.080 to 6.902 
220 GDD10C ..............  249.4 1.669 196.8 to 302.0 -1.637 to 4.880 

     
North Carolina     

Non-treated control ...  231.4 1.008 214.5 to 248.3 -1.487 to 3.504 
Weekly .....................  230.9 5.542 214.8 to 247.0 3.169 to 7.914 
Twice-weekly ...........  230.3 6.020 211.8 to 248.8 3.293 to 8.747 
220 GDD10C ..............  236.2 3.470 220.1 to 252.3 1.097 to 5.844 
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Figure 1. Linear regression models of ultradwarf hybrid bermudagrass (Cynodon dactylon (L.) 

Pers. x Cynodon transvaalensis Burtt Davy) ball roll distances measured in summer 2018 on P18 

in Starkville, Mississippi; TifEagle in Knoxville, Tennessee; and Champion Dwarf in Raleigh, 

North Carolina following applications of trinexapac-ethyl. In Tennessee, trinexapac-ethyl was 

applied beginning on 11 June 2018 at 20 g ha-1 for weekly and 220 GDD10C treatments and at 14 

g ha-1 for twice-weekly treatments. Treatments were applied beginning on 4 June 2018 in 

Mississippi and 16 July 2018 in North Carolina at 33 g trinexapac-ethyl ha-1 for weekly and 220 

GDD10C treatments and at 16 g trinexapac-ethyl ha-1 for twice-weekly treatments. 


