
Abstract 

TAYLOR, TROY A. Population Structure of Sclerotinia homoeocarpa from Turfgrass. 
(Under the direction of Dr. Ignazio Carbone and Dr. Lane Tredway). 
 

The purpose of this research was to determine population structure of Sclerotinia 

homoeocarpa, the causal organism of dollar spot, from turfgrass worldwide.  Sclerotinia 

homoeocarpa is prevalent throughout the entire world and more money is spent controlling 

dollar spot than any other turf disease.  The lack of disease cycle knowledge coupled with 

increased levels of fungicide resistance make understanding the genetic diversity of this 

fungus vital to ensure acceptable levels of control in the future.  One hundred and nine 

isolates of S. homoeocarpa were obtained from the United States, Dominican Republic, 

Chile, Italy, United Kingdom and Japan. Isolates were analyzed using nuclear DNA from the 

ITS, !-tubulin, Calmodulin and TEF1-" loci.  The nuclear DNA data suggests strong 

subdivision of S. homoeocarpa isolates based on host species, with isolates from warm 

season hosts and isolates from cool season hosts being genetically distinct.  Vegetative 

compatibility tests for the 109 isolates were also utilized to determine the ability of 

individuals within the population to form heterokaryons with other individuals.  Isolates in 

the study were compared to previously determine vegetative compatibility groups (VCGs) as 

well as tested with one another.  The VCG work resulted in 9 previously unidentified VCGs.  

Isolates from warm season host species and isolates from cool season host species belonged 

to separate VCGs, supporting the subdivision seen in the nuclear DNA data.  This work has 

shed new light on the population structure of Sclerotinia homoeocarpa and could potentially 

lead to alterations in control recommendations of dollar spot. 
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Literature Review 

Section I. Sclerotinia homoeocarpa 

Host Importance.  Turfgrass has been utilized by the world for more than 10 centuries (35).  

In 2004, there were 2,007,100 acres of turf in North Carolina with annual management 

expenditures totaling over $833 million dollars (5).  In return it provides aesthetic value, a 

consistent surface for various recreational activities, and reductions in soil erosion.  The 

environmental and economic benefits obtained through the use of turfgrass make the 

maintenance and care of this crop extremely important worldwide.     

Distribution, importance, and host range.   Sclerotinia homoeocarpa  F.T. Bennett, the 

fungus responsible for dollar spot, infects all grass species used for turf.  Dollar spot is a 

common disease seen throughout the world (29), but is documented most extensively in 

North America, Europe, and Australasia (34).  It is observed in all areas where turf is grown, 

including golf courses, home lawns and athletic fields (23).  Dollar spot is the most 

economically important turfgrass disease in North America (18); turf managers spend more 

money controlling dollar spot than any other turf disease (14).   The disease affects both the 

aesthetic quality and playability of the turfgrass in golf course settings (19).  In the Northern 

United States, S. homoeocarpa’s primary impact is on creeping bentgrass (Agrostis 

stolonifera L.) and annual bluegrass (Poa annua L.) grown on golf courses (20).   The 

pathogen causes disease on red fescue (Festuca rubra L.) in the United Kingdom (2) and in 

Japan Sclerotinia homoeocarpa is a pathogen of numerous hosts including zoysiagrass 

(Zoysia matrella L.) (16).  In the United States, S. homoeocarpa has been documented to 

infect bermudagrass (Cynodon dactylon L.), Zoysia species, Kentucky bluegrass (Poa 
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pratensis L.), and perennial ryegrass (Lolium perenne L.) (30).  Couch (9), lists bahiagrass, 

bentgrasses, bermudagrass, annual bluegrass, Kentucky bluegrass, centipedegrass, sheep 

fescue, red fescue, tall fescue and zoysiagrass as a complete list of Sclerotinia homoeocarpa 

hosts worldwide. 

Epidemiology, control, and fungicide resistance.  Sclerotinia homoeocarpa is favored by 

long periods of high humidity, as well as warm humid days and cool nights which provide 

sufficient dew formation in the morning (30).  The dew formation results in an extended 

duration of leaf wetness that contributes to S. homoeocarpa infection.  It has been 

documented that turfgrass grown under drought stress and low soil fertility are more 

susceptible to the disease (14).  Observations have led to the hypothesis that S. homoeocarpa 

most likely spreads via mycelium or infected leaf tissue by water, wind, or contaminated 

equipment (7). 

There are many cultural management practices useful in controlling dollar spot.  The 

most important practice is the proper use of nitrogen.  Adequate levels of nitrogen can 

suppress disease development while low or high levels can result in increased disease 

pressure (30).   Proper water management is also essential, watering deeply and as 

infrequently as possible is important while also avoiding irrigating the turf in the afternoon or 

late evenings may prevent the disease from spreading (9, 30, 31).  Promoting good air 

circulation around the turf by removing trees and shrubs may also aid in reducing disease 

severity (30).   

Along with cultural practices, the use of biological control can be deployed to 

reduce dollar spot severity.  One form of biological control currently being explored is the 
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use of hypovirulence.  Transmissible hypovirulence has been reported in S. homoeocarpa and 

is the result of a dsRNA virus (10).  Isolates infected with the virus were shown to produce 

51-90% less disease in growth room conditions and up to 80% less disease in the field.  

Although not yet utilized for control on dollar spot in the turfgrass industry, these findings 

offer intriguing information that could be explored further and possibly deployed to control 

S. homoeocarpa populations.  Another form of biological control for dollar spot is the use of 

biofungicides.   Ecoguard (Bacillus licheniformis), TurfShield (Trichoderma harzianum), and 

Actinovate (Streptomyces lydicus) have been shown to be effective both alone and when 

rotated with a conventional fungicide to control Sclerotinia homoeocarpa in bermudagrass 

(33).  There are many fungicides available for the control of dollar spot and even though 

cultural practices and biofungicides can reduce disease severity, dollar spot management is 

still very much dependent on fungicide applications (7).  The dependency on fungicides 

arises due to the very low tolerance of dollar spot disease on intensely managed areas such as 

golf course putting greens.  While cultural practices can reduce disease development they do 

not provide an acceptable level of disease control in there areas. 

Fungicide resistance in S. homoeocarpa has been an issue for more than 40 years (8, 

13, 20, 22, 36).  Numerous fungicides labeled for dollar spot control have been released over 

the past century, and although many of these were effective at controlling the disease when 

they were first released a significant reduction in efficacy has occurred since (18).  Along 

with heavy metal compounds such as mercuric-mercurous chloride and cycloheximide (8, 

22), S. homoeocarpa has been documented to display reduced sensitivity to the 

benzimidazoles (36), the demethylation inhibitors (DMIs) (13), and the dicarboximides (11).  
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With the increasing cases of fungicide resistance associated with S. homoeocarpa it is 

important to pursue new means of controlling the disease, whether they be through biological 

control, the development of new chemistries, or through the implementation of resistant 

varieties.  Resistant varieties of creeping bentgrass are currently being developed with new 

varieties such as Decleration and Kingpin sustaining far less disease than older cultivars such 

as Penneagle and Penn A-2 (4).  Understanding the genetic diversity and population structure 

of S. homoeocarpa is vital to ensure we continue to see adequate levels of disease control in 

the future.  By understanding the genetic diversity of the fungus, researchers can work to new 

cultivars or varieties of turfgrass with resistance to S. homoeocarpa and also develop 

strategies to prevent or delay the development of fungicide resistance. 

History and taxonomy.  Sclerotinia homoeocarpa was first described in 1937 by F.T. 

Bennett (3) in the United Kingdom, however, the disease was first observed around 1915 by 

Monteith in the United States.  Monteith misidentified the fungus as a Rhizoctonia species 

and referred to it as Rhizoctonia sp. due to the disease’s symptoms being similar to those 

caused by Rhizoctonia solani.  S. homoeocarpa was also mistaken for a Rhizoctonia species 

because of its cinnamon-colored aerial mycelium and lack of spore production in culture 

(24).    F.T. Bennett first discovered the fungus in Great Britain in 1933 and through 

comparing it to the isolates Monteith described, Bennett proposed the name Rhizoctonia 

monteithianum.  Through further isolations and studying Bennett came to the conclusion that 

the fungus had been misidentified and actually belonged to the genus Sclerotinia (3).   

While characterizing the pathogen, Bennett (3) described the existence of three 

distinct strains, which he dubbed the perfect strain, the ascigerous strain, and the non-sporing 
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strain, based on their behavior in pure culture.  The first strain Bennett described was the 

perfect strain.  This strain produced sporiferous structures freely which eventually became 

conidiophores or ascophores.  Microconidia were not produced by this strain.  The second 

strain Bennett characterized was the ascigerous strain, this strain produced ascophores but 

never produced conidiphores.  The ascigerous strain did produce microconidia, which were 

spherical, hyaline and 1.5 to 2.0 µm in length.  The third and final strain described by 

Bennett was the non-sporing or sterile strain, which produced no ascophores or 

conidiophores.  Isolates of the sterile strain from Great Britain and Australia did produce 

microconidia, but sterile strain isolates from the U.S. did not.  This is an interesting 

observation, “sterile” isolates Bennett described from the United States did not produce 

spores of any kind, while isolates from Great Britain and Australia which were identical in all 

ways other ways to the sterile strain isolates in the United States, did still produce 

microcondia.  Bennett still described the Great Britain and Australia of this strain as sterile 

despite the production of microcondia.  All isolates of this strain produce rudimentary 

ascophores, which don’t develop fully, resulting in sterile ascospores or in some cases 

complete absences of ascospores. 

All three strains described by Bennett produced scletortial-like structures, but since 

Bennett first described the fungus in 1937, sclerotial structures have not been observed.  

Bennett’s description of sclerotial structruces vaguely resembles the early stages of stroma 

production seen by S. homoeocarpa in culture.  When S. homoeocarpa begins to produce 

stroma in culture it often begins as flakes of stroma, which expand within 24hrs to 
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completely stromatize the entire culture.  It is possible that Bennett mistook these flakes as 

sclerotial structures, or that he did not examine them completely.   

Fertile apothecia produced by S. homoeocarpa have been documented twice, once in 

a lab at the Sports Turf Research Institute in 1973 (17), and once in the field at the STRI in 

1992 (2).  Jackson (17) was able to produce fertile apothecia in the lab using isolates taken 

from four grass species; perennial ryegrass, red fescue, Kentucky bluegrass, and colonial 

bentgrass using the procedure described by Bennett.  The resulting apothecia closely 

resembled those produced by Bennett’s ascigerous strain.  Jackson’s isolates did not produce 

conidia in any of the fruiting cultures (17).   The only report of fertile apothecia produced by 

S. homoeocarpa in the field came in 1990 by Baldwin and Newell (2).  Baldwin and Newell 

observed fertile apothecia being formed on red fescue, hard fescue, and sheep fescue at the 

Sports Turf Research Institue in Bingley, United Kingdom. In all cases the apothecia arose 

from stroma embedded in the host tissue and no conidia or conidiophores were produced.  

The dimensions of the fruiting bodies noted in the field differ from those noted by Jackson 

and Bennett in the lab; the apothecia stem was much shorter, the paraphyses were shorter and 

the asci were longer.   

S. homoeocarpa currently belongs to the family Sclerotiniaceae, a group of 

inoperculate Discomycetes.  The group was established by Whetzel in 1945 and was 

restricted to species in which the apothecia arose from a tuberiod sclerotium (37).  Since the 

apothecia of S. homoeocarpa arise from stromata and not a sclerotium, Whetzel excluded S. 

homoeocarpa from the genus (37). Later, Whetzel deemed the fungus a member of the genus 

Rutstroemia, (38), a genus established in 1941 (39). 
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Currently the pathogen appears to be a member of the family Rutstroemiaceae, and 

most likely belongs to the genus Poculum or Rutstroemia (6, 15, 26).  However, the 

possibility of the fungus belonging to the genus Lanzia or Moellerodiscus can not be ruled 

out as apothecia characteristics are differentiate these genera (6).  Reclassification S. 

homoeocarpa without readily-available fertile apothecia will be difficult because these 

genera are delimited primarily based on apothecial microanatomy, presence and type of 

asexual reproductive stage, type of stroma, nature of substrate and host organ infected (15).  

A study by Carbone and Kohn (6) compared the sequence divergence of the internal 

transcribed spacer 1 region among sclerotial and substratal stromatal genera in the family 

Sclerotiniaceae They found a high level of divergence between these two lineages with S. 

homoeocarpa grouping with the substratal stromatal lineage in a cluster with Rutstroemia 

species, most notably Rutstroemia henningsiana.  A subsequent study in 1997 supported the 

findings by Carbone and Kohn, also showing Sclerotinia homoeocarpa belonging to the 

substratal stromatal lineage based on nuclear rDNA (15).  This data was again supported by 

Powell when he used ITS 1 sequence data to rename S. homoeocarpa to Rutstroemia 

floccosum (26).  This reclassification was not widely accepted and although the molecular 

data indicates that S. homoeocarpa is more closely related to fungi within  Rutstroemia, it is 

impossible to reclassify the fungus based solely on sequence analysis of a single locus (6).   

 

Section II. Vegetative Compatibility Groups 

Vegetative Compatibility Groups.  Vegetative compatibility groups (VCGs) are 

distinguished based on the formation of a heterokaryon between two fungal individuals, 
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which is an important behavior or trait of many fungi as it serves as a means for genetic 

variation (21).  Heterokaryon formation may last for an extensive period of time or may only 

last long enough for the nuclei to fuse before they undergo meiosis (21). The mechanisms 

that govern heterokaryon formation are not completely understood but are believed to be 

highly variable from species to species. It is believed that different numbers of genes and 

different genes altogether potentially determine the formation of a heterokaryon (21).  The 

simplest of theories is that strains or individuals that are identical at a set of loci are able to 

form a stable herterokaryon, this reaction is referred to as allelic compatibility (21).  

Nonallelic interactions are also possible in which the alleles at one locus interact with the 

alleles at another locus and prevent stable heterokaryon formation (21).  According to Leslie 

(21), there are three techniques used to identify VCGs, direct assessment of the inability to 

form a heterokaryon, direct assessment of heterokaryon formation, and through growth 

characteristics of strains that are partial diploids and heterozygous at one or more loci.  The 

direct assessment of the inability to form a heterokaryon and the direct assessment of 

heterokaryon formation are the only two techniques that have been used to determine VCGs 

in Sclerotinia homoeocarpa. 

Barrage zone analysis technique.  The simplest and most frequently used method is the 

direct assessment of the inability to form a heterokaryon, which is usually determined by the 

formation of a barrage zone where two isolates interact in vitro (21).  A barrage zone occurs 

when hyphae of incompatible strains grow together and interact in an antagonistic manner 

(21).  Compatible strands grow into each other without altering their morphology, while, 
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incompatible isolates form either a dark pigment growth or thick aerial mycelium 

accompanied by cell death (21).    

The first study done with Sclerotinia homoeocarpa using this method was conducted 

by Sonoda (32).  Samples of infected bahiagrass (Paspalum notatum L.) were collected from 

three counties in central Florida; St. Lucie, Osceola, and Orange County.  Fifty-five different 

VCGs were identified among 112 isolates.  No VCGs were common among the three 

locations except one isolate from Orange County and one isolate from Osceola County that 

belonged to the same VCG.   

Powell and Vargas (25) conducted the second study of vegetative compatibility 

groups in S. homoeocarpa using the barrage zone technique.  Six-hundred and seventy-one  

isolates were obtained over a 3 year period (1995-1997) and all isolates were obtained from 

host species creeping bentgrass or annual bluegrass. Isolates were incubated at 26C for 1 

week and scored for incompatibility based on barrage zone formation, microscopic analysis 

was used to confirm compatibility groups.  They identified 6 vegetative compatibility groups 

(A, B, C, D, E, F).  Vegetative compatibility group A was predominant in all locations, 

followed by group B.  The other 4 VCGs were recovered at varying frequencies throughout 

the 3-year sampling period.   

Viji et al. (34) conducted the third VCG study using the barrage zone technique in 

2004.  They obtained isolates from creeping bentgrass, annual bluegrass, perennial ryegrass 

and bermudagrass from 9 golf courses in PA, NY, NJ, IL, FL, NC, DE, VA, and Canada. 

Five new VCGs were identified (G, H, I, J, K) in addition to the six previously established by 

Powell. VCG B was predominant (51%) among the sampled populations and one isolate was 
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compatible with both VCGs C and D.  Isolates taken from bermudagrass all belonged to 

VCG J, and no other isolates were compatible with this group 

Deng et al. (10) conducted the fourth study with the barrage zone technique in using 

116 isolates from creeping bentgrass or annual bluegrass from 9 locations in Ontario and 1 in 

Nova Scotia.  Using methods similar to those described above they noted 4 distinct reaction 

types, a compatible reaction, a barrage zone reaction where a dark or brown line appears at 

the interaction zone, and two that had not been documented previously; the gap reaction, 

where a wide area of no fungal growth was observed, and the line gap reaction, where a 

narrow area of no fungal growth was observed. The gap reaction, line gap reaction and the 

barrage zone reaction were all scored as incompatible. Of the 116 isolates tested, 79 isolates 

belonged to VCG A, VCG B or VCG E.  Thirty-seven inter-compatible isolates did not 

belong to a VCG identified by Powell and were placed in VCG G to follow Powell’s 

alphabetical nomenclature.  This vegetative compatibility group G does not correlate with the 

Group G established by Viji et al. (34).  Similar to Viji et al. (34), VCG B was predominant 

in the sample population, accounting for 56% of the isolates, whereas the new VCG 

identified (VCG G) accounted for 31.9% of their sample population.   

Mitkowski and Colucci (23) also used the barrage zone technique to characterize 25 

isolates collected from 1990 to 2003 using methods similar to those described by Powell and 

Vargas (25).  Their isolates were obtained from a wide geographic area (CT, OR, OH, IL, 

MA, RI, and Great Britian), however, 40% of the isolates were from Rhode Island (23). 

Vegetative compatibility groups were established without the use of known tester isolates 

and thus were defined numerically as opposed to alphabetically as in previous studies.  Eight 
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VCGs were identified among the 25 isolates.  VCG 1 contained the most isolates and had the 

broadest geographic range, VCG 2 and VCG 3 contained isolates from Great Britain and the 

Mid-western US, and all other VCGs had a small number of isolates predominantly from the 

northeast.  

The most recent study conducted using the barrage zone method was done by 

DeVries et al. (12).  The study analyzed 60 Sclerotinia homoeocarpa isolates taken from 

creeping bentgrass in Mississippi, Tennessee, and Michigan.  Six isolates from Michigan 

were of a known VCG (A, B, C, D, E, F) as determined by Powell and Vargas (25).  They 

then placed their isolates on PDA dishes incubating them at 26 C for 1 week, with the 

presence of a dark barrage zone being scored as incompatible.  All isolates in the study were 

self compatible and also compatible with most other isolates taken from the same area.  

Sixteen Tennessee and Mississippi isolates were compatible with the tester strains, while all 

other isolates did not belong to the six predetermined VCGs.  Furthermore, there were 

numerous occasions where isolates were compatible with multiple VCGs (especially A, B, 

and D) and isolates were compatible with some isolates in a VCG and not others.  The 

authors speculated that isolates were compatible more than one VCG because some tester 

strains are not as specific as once thought or that mutations occurred in the isolates during 

storage.        

Nitrate nonutilizing mutant technique.  The second technique used to determine VCGs is 

the assessment of direct heterokaryon formation, which involves the formation of a stable 

prototrophic heterokaryon under conditions in which neither auxotrophic component could 

survive on its own (21).  A prototrophic heterokaryon results when a heterokaryon is formed 
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between two auxotrophic individuals in the same VCG. If the individuals are not in the same 

VCG, then a heterokaryon is not formed and no growth occurs.  One of the most common 

ways to assess the direct formation of heterokaryons in this manner involves the use of nit 

mutants, a technique that has been utilized in determining VCGs in S. homoeocarpa (18, 19).   

Jo et al. (19) used 21 S. homoeocarapa isolates recovered from diseased turf in 

Michigan, Arkansas, Florida and Minnesota that had already been characterized into 11 

VCGs using the barrage zone technique.  Spontaneous chlorate-resistant nit mutants were 

selected from each isolate.  Three types of nit mutants were generated from the 21 S. 

homoeocarpa isolates (nit1, nit3, and NitM).   Thirty-seven mutants were recovered, 16 nit1, 

6 nit3, 8 NitM, and 7 of an undetermined type.  The mutant isolates were paired and tested 

for heterokaryon formation on CDA (Czapek dox agar).  Through comparing results from 

their study and previous studies in which the barrage zone technique was used, this study 

reduced the number of VCGs in S. homoeocarpa, taking 21 isolates that had originally been 

place in 11 VCGs (34), and establishing five VCGs (19). This suggests that there are more 

factors influencing mycelial interactions in addition to those that control heterokaryon 

formation.   

Another study in 2008, consisting of 15 isolates from Wisconsin also used nit mutants 

to assess VCGs of S. homoeocarpa (18).  Mutants were recovered as described in the 

previous study earlier that year (19).  Three types of nit mutants were formed and 2 VCGs 

were established with 5 isolates in one and 10 isolates in the other (18).  They then tested 

these 2 VCGs (! and ") to determine if a relationship between fungicide resistance and VCG 
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existed.  A clear relationship between VCG and thiophanate-methyl sensitivity was observed, 

with group ! being resistant to thiophanate-methyl and group " being sensitive.  

The use of nit mutants is the most effective technique to determine VCGs and has 

provided significant contributions to the understanding of fungal population biology (19), 

however the labor required eliminates extensive screening and makes simpler methods such 

as the direct assessment of the mycelial compatibility more useful in determining VCGs for 

large sample populations (21).    

 

Section III.  DNA Analysis of Sclerotinia homoeocarpa. 

AFLP and RAPD Analysis.  Analysis of genetic variation using amplified fragment length 

polymorphism (AFLP) and random amplified polymorphic DNA (RAPD) has been 

conducted in various fungi (1, 28, 34).  These methods provide an informative approach to 

understanding the population structure of fungi because they are not limited to a single locus 

but can detect polymorphisms across the entire genome (27).  These methods have been 

applied to assess the genetic relatedness of S. homoeocarpa isolates.   

Raina et al. (27) was the first group to use RAPD analysis to detect genetic variation 

in S. homoeocarpa.  They analyzed 26 isolates from the U.S. (isolated from creeping 

bentgrass, perennial ryegrass, fine fescue, and Kentucky bluegrass) and Belize (isolated from 

bermudagrass).  Using hierarchical cluster analysis, the U.S. isolates were differentiated into 

three main groups based on RAPD variation.  The first group consisted of isolates from RI, 

OR, and CT, the second group had isolates from OH, and the third group had isolates from 

IL, which the authors contributed to the theory that geography plays some role in S. 



 14 

homoeocarpa genetic diversity.  Although the U.S. isolates were differentiated into these 

three groups, they were closely related with more than 80% genetic similarity.  In contrast, 

the single isolate from bermudagrass in Central America was highly dissimilar from all other 

S. homoeocarpa isolates based on all primer pairs used in the RAPD analysis.  Based on this 

result, the authors suggested that the genetic diversity between the U.S. and Belize isolates 

was due to geographic isolation.  However, it is important to also note that all U.S. isolates 

were from cool-season (C3) grass species while the Belize isolate came from a warm-season 

(C4) host.   

Hsiang and Mahuku (16) used RAPD and IGS-RFLP analysis of 181 S. homoeocarpa 

isolates from 8 locations within Ontario to access genetic diversity of the fungus.  These 

isolates were considered 1 population to allow for within-population genetic diversity 

analysis.  To estimate between-population genetic diversity, 10 isolates from Japan were 

included, from bermudagrass, manila grass, perennial ryegrass, and creeping bentgrass.  They 

detected very low levels of within-population genetic diversity amongst the isolates from 

southern Ontario.  All Ontario isolates clustered according to location of origin with the 

exception of 15 isolates from various locations that clustered together.  The relatively small 

number of geneotypes distinguished by 152 genetic markers suggests that clonal propagation 

is prominent in the Ontario population.  There was greater genotypic diversity among the 

isolates from Japan, which the authors attributed to the greater number of host species in this 

population.   Isolates from Japan separated into two distinct clusters based loosely on host 

type, however more genetic markers and more isolates would be needed to determine 

population structure in Japan and to test for host specialization.  Cluster analysis of the Japan 
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and Ontario populations separated the isolates into two distinct groups, based on 

geographical origin.  Due to the contrasting genetic variation in the Ontario and Japan 

populations, the authors hypothesized that both clonal propagation and recombination plays a 

role in the population structure of S. homoeocarpa.  Future studies with larger population 

sizes are needed to support or disprove these claims. 

Viji et al. (34) used AFLP analysis to assess the genetic diversity of 78 isolates of S. 

homoecarpa.  Of these 78 isolates, 60 were obtained from DE, IL, NY, NJ, NC, PA, and VA, 

whereas 7 were obtained from the University of Florida and the University of Guelph.  The 

remaining 11 were tester isolates belonging to six known VCGs (25).  Four host species were 

represented in the sample population; creeping bentgrass, annual bluegrass, bermudagrass, 

and perennial ryegrass.  AFLP analyses of the 78 isolates generated 39 bands ranging from 

80 to 385 base pairs in length.  A similarity dendrogram indicated that multiple genotypes 

existed in the population, however in several instances all isolates collected from certain 

locations showed identical fingerprints.  Furthermore, certain isolates from Canada showed 

fingerprints identical to certain isolates obtained in the U.S.  All isolates collected from 

Canada, DL, IL, NJ, NY, PA, NC, and VA belonged to the same major group in the 

dendrogram with a similarity coefficient of 0.80.  The two bermudagrass isolates collected in 

Florida clustered together in a separate group, suggesting that either host specialization or 

geographical differentiation could be a factor.  The results support the conclusion of Raina 

(27) and Hsiang et al. (16) that clonal propagation is important in populations of S. 

homoeocarpa.  
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The most recent RAPD analysis of S. homoeocarpa was conducted in 2006 by 

Chakraborty et al. (7).  They assessed 23 isolates of S. homoeocarpa representing 11 VCGs 

from northern Illinois, Michigan, Arkansas, Florida and Minnesota.  A total of 64 bands were 

scored from the 23 isolates ranging in size from 300 to 2000 base pairs.  A genetic similarity 

score of 48% was detected for all isolates in the study based on 64 RAPD markers.  Most 

isolates, about 85%, were more closely related within a VCG than between VCGs.  However, 

a distinct RAPD banding pattern for each VCG was not detected in this study.  Although 

isolates of S. homoeocarpa belonging to the same VCG are more closely related than those 

belonging to different VCGs, the results demonstrat that there is not a perfect relationship 

between VCGs and genetic relatedness and that genetic variation is generated through other 

means. 

In 2008, Jo et al. (18) conducted a genetic diversity analysis of 121 S. homoeocarpa 

isolates sampled from 69 fairways and  52 putting greens in Wisconsin.  The analysis was 

done using inter-simple sequence repeat (ISSR) markers, T(CT)7CRT, HBH(AG)7, 

VDV(CT)7, and DVD(TC)7.  Nineteen polymorphic bands were generated and used for 

phylognetic analysis, separating the isolates into 2 distinct groups, denoted ! and ".  Both 

groups were present on the green and in the fairway but existed at different frequencies, !:" 

= 14.5:85.5% on the green and 56.5:43.5% on the fairway.  Isolates in subgroup ! were 

completely resistant to thiophanate-methyl and highly resistant to propiconazole, while in 

subgroup " isolates were sensitive to both fungicides.  These two groups were vegetatively 

incompatible based on the nit mutant technique for determining compatibility, suggesting the 

presence of two clonal lineages developing from different progenies. The results also indicate 
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that turf management practices such as mowing, fertilization, irrigation and fungicide 

applications can influence population structure based on the differing frequencies of the two 

populations found on the golf course.  

 

Nuclear DNA sequence Analysis.  There has only been one study conducted to assess the 

genetic diversity of S. homoeocarpa using nuclear DNA sequence (12). In addition to AFLP 

analysis, Devries et al. (12) analyzed sequences of the EF1-! (1,100 bp), the CAD region 

(1,000 bp & 1,200 bp), "-tubulin (500 bp), and ITS (550 bp) loci from 60 creeping bentgrass 

isolates from Tennessee, Mississippi, and Michigan.  AFLP markers placed isolates into 

clades that corresponded to vegetative compatibility groups.  However, all isolates were 

identical at the 4 nuclear loci sequences in this study.  The authors concluded that the lack of 

variation at these loci indicates that there is little to no diversity among isolates from 

different locations and that S. homoeocarpa populations originated from one founding 

population and was disseminated by vegetative mycelium.  

The majority of S. homoeocarpa studies have had a limited geographic focus coupled 

with isolates from a small number of host species, with many focusing on only one host and 

one geographic area.  These sampling techniques have led to very little to no genetic 

variation being detected among S. homoeocarpa isolates, and as a result, contributed little to 

our understanding of the population structure of this pathogen.  The present study will 

include isolates from a wide geographic range and several different host species representing 

both cool- and warm-season turfgrasses, allowing for a more in depth look at S. 

homoeocarpa population structure. Vegetative compatibility groups will be determined for 
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the selected isolates in order to determine the distribution of these groups across geographical 

zones and host species.  Four nuclear loci (ITS, calmodulin, "-tubulin, and EF-1!) will also 

be sequenced to further examine the genetic variation in the pathogen and its relatedness to 

other species in the Family Rutstroemiaceae.  This will be the most extensive phylogenetic 

study of S. homoeocapa to date and will result in a better understanding of S. homoeocarpa 

biology and genetic variation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 19 

REFERENCES 

1. Augustin C, Ulrich K, Ward E, & Werner A (1999) RAPD-based inter- and 
intravarietal classification of fungi of the Gaeumannomyces-Phialophora complex. 
(Journal of Phytopathology-Phytopathologische Zeitschrift 147(2):109-117. 

 
2. Baldwin NA & Newell AJ (1992) Field production of fertile apothecia by Sclerotinia 

homoeocarpa in Festuca turf. Sports Turf Research Inst. 68:73-76. 
 
3. Bennett FT (1937) Dollarspot disease of turf and its causal organsim, Sclerotinia 

homoeocarpa n. sp. Annuals of Applied Biology 24:236-257. 
 
4. Bonos SA, Clarke BB, & Meyer WA (2006) Breeding for Disease Resistance in the 

Major Cool-Season Turfgrasses. Annu. Rev. Phytopathol.:213-234. 
 
5. Brandenburg RL, et al. (2004) Crop Profile for Turfgrass in North Carolina. 
 
6. Carbone I & Kohn LM (1993) Ribosomal DNA-Sequence Divergence within Internal 

Transcribed Spacer-1 of the Sclerotiniaceae. Mycologia 85(3):415-427. 
 
7. Chakraborty N, Chang T, Casler MD, & Jung G (2006) Response of bentgrass 

cultivars to Sclerotinia homoeocarpa isolates representing 10 vegetative compatibility 
groups. Crop Sci 46(3):1237-1244. 

 
8. Cole H, Taylor B, & Duich J (1968) Evidence of differing tolerances to fungicides 

among isolates of Sclerotinia homoeocarpa. Phytopathology 58:683-686. 
 
9. Couch HB (2000) The turfgrass disease handbook (Krieger Publishing Company). 
 
10. Deng F, Melzer MS, & Boland GJ (2002) Vegetative compatibility and transmission 

of hypovirulence-associated dsRNA in Sclerotinia homoeocarpa. Can J Plant Pathol 
24(4):481-488. 

 
11. Detweiler AR, Vargas JM, & Danneberger TK (1983) Resistance of Sclerotinia-

Homoeocarpa to Iprodione and Benomyl. Plant Dis 67(6):627-630. 
 
12. DeVries RE, et al. (2008) Genetic analysis of fungicide-resistant Sclerotinia 

homoeocarpa isolates from Tennessee and northern Mississippi. Plant Dis 92(1):83-
90. 

 
13. Golembiewski RC, Vargas JM, Jones AL, & Detweiler AR (1995) Detection of 

Demethylation Inhibitor (Dmi) Resistance in Sclerotinia-Homoeocarpa Populations.  
Plant Dis 79(5):491-493. 



 20 

14. Goodman DM & Burpee LL (1991) Biological-Control of Dollar Spot Disease of 
Creeping Bentgrass. Phytopathology 81(11):1438-1446. 

 
15. HolstJensen A, Kohn LM, & Schumacher T (1997) Nuclear rDNA phylogeny of the 

Sclerotiniaceae. Mycologia 89(6):885-899. 
 
16. Hsiang T & Mahuku GS (1999) Genetic variation within and between southern 

Ontario populations of Sclerotinia homoeocarpa. Plant Pathol 48(1):83-94. 
 
17. Jackson N (1973) Apothecial production of Sclerotinia homoeocarpa F.T. Bennett. 

Sports Turf Research Inst. 49:58-63. 
 
18. Jo YK, Chang SW, Boehm M, & Jung G (2008) Rapid Development of Fungicide 

Resistance by Sclerotinia homoeocarpa on Turfgrass. Phytopathology 98(12):1297-
1304. 

 
19. Jo YK, Chang SW, Rees J, & Jung G (2008) Reassessment of vegetative 

compatibility of Sclerotinia homoeocarpa using nitrate-nonutilizing mutants.  
Phytopathology 98(1):108-114. 

 
20. Koch PL, Grau CR, Jo YK, & Jung G (2009) Thiophanate-Methyl and Propiconazole 

Sensitivity in Sclerotinia homoeocarpa Populations from Golf Courses in Wisconsin 
and Massachusetts. Plant Dis 93(1):100-105. 

 
21. Leslie JF (1993) Fungal Vegetative Compatibility. Annu Rev Phytopathol 31:127-

150. 
 
22. Massie LB, Cole H, & Duich J (1968) Pathogen variation in relation to disease 

severity and control of sclerotinia dollarspot of turfgrass by fungicides. 
Phytopathology 58:1616-1619. 

 
23. Mitkowski NA & Colucci S (2006) The identification of a limited number of 

vegetative compatibility groups within isolates of Sclerotinia homoeocarpa infecting 
Poa spp. and Agrostis palustris from temperate climates. J Phytopathol 154(7-8):500-
503. 

 
24. Monteith J & Dahl AS (1932) Turf diseases and their control. Bulletin of the United 

States Golf Association Green Section 12:86-186. 
 
25. Powell JF & Vargas JM (2001) Vegetative compatibility and seasonal variation 

among isolates of Sclerotinia homoeocarpa. Plant Dis 85(4):377-381. 
 
 



 21 

26. Powell JF & Vargas JM (2007) Taxonomic clarification of the dollar spot pathogen: 
Sclerotinia homoeocarpa. Phytopathology 97(7):S134-S135. 

 
27. Raina K, Jackson N, & Chandlee JM (1997) Detection of genetic variation in 

Sclerotinia homoeocarpa isolates using RAPD analysis. Mycological Research 
101(5):585-590. 

 
28. Schmidt H, Niessen L, & Vogel RF (2004) AFLP analysis of Fusarium species in the 

section Sporotrichiella - evidence for Fusarium langsethiae as a new species. Int J 
Food Microbiol 95(3):297-304. 

 
29. Smiley RW, Dernoeden PH, & Clark BB (1983) Dollar Spot. Compendium of 

Turfgrass Diseases,  (The American Phytopathological Society, St. Paul, Minnesota), 
Third Ed, pp 22-24. 

 
30. Smiley RW, Dernoeden PH, & Clark BB (2005) Dollar Spot. Compendium of 

Turfgrass Diseases,  (The American Phytopathological Society, St. Paul, Minnesota), 
Third Ed, pp 22-24. 

 
31. Smith JD, Jackson N, & Woolhouse AR (1989) Fungal Diseases of Amenity Turf 

Grasses (E. &  F. N. Spon, New York, NY) Third Ed. 
 
32. Sonoda RM (1989) Vegetative Compatibility Groups Among Sclerotinia homeocarpa 

from leaves of Paspalum notatum. Soil and Crop Science Society of Florida 48:35-36. 
 
33. Tomaso-Peterson M & Perry DH (2007) The role of biofungicides and organic 

fertilizer in the management of dollar spot in bermudagrass. Applied Turfgrass 
Science (September). 

 
34. Viji G, Uddin W, O'Neill NR, Mischke S, & Saunders JA (2004) Genetic diversity of 

Sclerotinia homoeocarpa isolates from turfgrasses from various regions in North 
America. Plant Dis 88(11):1269-1276. 

 
35. Walsh B, Ikeda SS, & Boland GJ (1999) Biology and management of dollar spot 

(Sclerotinia homoeocarpa); and important disease of turfgrass. HortScience 34(1):13-
21. 

 
36. Warren CG, Sanders P, & Cole H (1974) Sclerotinia-Homoeocarpa Tolerance to 

Benzimidazole Configuration Fungicides. Phytopathology 64(8):1139-1142. 
 
37. Whetzel HH (1945) A Synopsis of the Genera and Species of the Sclerotiniaceae, a 

Family of Stromatic Inoperculate Discomycetes. Mycologia 37(6):648-714. 
 



 22 

38. Whetzel HH (1946) The cypericolous and junicolous species of Sclerotinia. Farlowia 
2:385. 

 
39. White WL (1941) A monograph of the genus Rutstroemia (Discomycetes). Lloydia 

4:153. 
 
 



 23 

Mycelial compatibility groups provide evidence for subdivision of Sclerotinia 

homoeocarpa populations associated with cool- and warm-season turfgrasses 

Abstract 

Dollar spot, caused by the fungus Sclerotinia homoeocarpa, is an important turfgrass 

pathogen worldwide.  However, little is known about the genetic variation, population 

structure, and life cycle of this pathogen.  Heterokaryon formation between fungal 

individuals is an important component of many fungal life cycles and further elucidation of 

this phenomenon in S. homoeocarpa could provide insight into its life cycle and population 

structure. Vegetative compatibility groups were determined for 109 S. homoeocarpa isolates 

collected from the United States, Dominican Republic, Chile, Italy, the United Kingdom and 

Japan.  Of the 109 isolates, 40 were collected from warm-season grasses and 69 were 

collected from cool-season grasses.  Compatible isolates were placed in groups and then 

paired with isolates representing 11 previously described vegetative compatibility groups 

(VCGs).  Nine new VCGs were identified.  Forty-seven isolates belonged to previously 

established VCGs and 38 isolates were placed in new VCGs.  The remaining 24 isolates were 

self-compatible but were not compatible with any other isolates in this study.  All isolates 

within a VCG were inter-compatible with each other and the tester isolate.  Only 5 isolates 

from warm-season grasses (LEF3F10, LEF3F12, LEF3F14, TEK8, and TEK14) were 

compatible with isolates from cool-season grasses.  Pairings of isolates from warm-season 

and cool-season grasses produced different barrage zone reactions than pairings of isolates 

from the same host type.  This large group of diverse isolates provides insight into the 
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population structure and life cycle of S. homoeocarpa, suggesting that isolates from warm 

and cool-season grasses are genetic distinct and rarely interact with each other in nature. 

Introduction 

Dollar spot, caused by Sclerotinia homoeocarpa F. T. Bennett, is the one of the most 

common turfgrass diseases worldwide (12).  It is generally considered to be the most 

economically important turf disease (7), with more money spent controlling dollar spot than 

any other turf disease in Canada (6) and North America (15).  Leaves infected by the 

pathogen develop lesions that are initially chlorotic, then become water-soaked before finally 

turning white or tan in color (13).   Individual leaf blades may have a single lesion, many 

small lesions, or be entirely blighted (13).  Symptoms in the turf stand appear as silver dollar-

sized patches 3 to 5 cm in diameter in low-cut turfgrass and 15 to 30 cm in higher-cut 

turfgrass (9).   Optimum temperatures for disease development is 21 to 27C (1), although the 

fungus will grow from 10 to 32C (4).  During optimum conditions dollar spot patches may 

coalesce to form larger irregularly-shaped patches (12).    Sclerotinia homoecarpa has a very 

wide host range infecting both warm and cool-season turfgrass species (4).  Despite it’s 

significance to the turf industry little is known about the biology and genetics of S. 

homoeocarpa (7). 

There are many cultural practices used to manage dollar spot including maintaining 

adequate nitrogen fertility, removal of dew, and proper irrigation techniques (12).  However, 

management of S. homoeocarpa is commonly attained through the use of fungicides (2), 

especially on putting greens were the tolerance for damage is extremely low.  Numerous 

cases of fungicide resistance in S. homoeocarpa have been reported including classes such as 
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the benzimidazoles, the demethylation inhibitors (DMIs), and the dicarboximides, classes of 

chemistry (3, 5, 8, 17), particularly on intensively maintained areas such as putting greens 

established with cool-season grasses.  The extensive development of fungicide resistance as 

well as the increased concern about the environment and human health emphasize the 

importance of developing a more effective and environmentally safe management strategies 

for dollar spot (2).   

Vegetative compatibility is a term used to describe heterokaryon formation between 

different fungal individuals.  Heterokaryon formation is an important phenomenon in many 

fungal life cycles and can be an important source of genetic variation (10).  Notable fungal 

genera where vegetative compatibility has been used to study population structure include 

Aspergillus, Fusarium, Neurospora, and Verticillium.  There are two prevalent methods used 

to study vegetative compatibility in fungi, direct heterokaryon formation through 

development of auxotrophic strains, and the barrage zone technique.  Both of these methods 

have been employed to study vegetative compatibility in S. homoeocarpa with the barrage 

zone technique being employed most frequently (11, 12, 14, 16).  

The objective of this study was to determine the vegetative compatibility group 

(VCG) of 109 S. homoeocarpa isolates obtained from the United States, Dominican 

Republic, Chile, Italy, the United Kingdom and Japan, using the barrage zone technique.  

The 109 isolates were also subjected to additional screening with previously identified VCGs 

(12, 16).  The distribution of VCGs in populations can provide insights into the population 

structure and potential for recombination in this important pathogen.   
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Materials and Methods 

Samples of turfgrass exhibiting dollar spot symptoms were collected from North 

Carolina, Hawaii, Italy, the Dominican Republic and the United Kingdom between 2003 and 

2009 (Table 1). Symptomatic leaf tissue was collected from the edge of individual infection 

centers with a pair of forceps.  Multiple leaf blades from each infection center were placed in 

coin envelopes (1 envelope per infection center) and allowed to dry at room temperature for 

at least 24 hours.  Samples were then stored at 4C until isolations were performed.  Infected 

leaf blades were surface disinfected by rinsing in 0.006% sodium hypochlorite solution 

(Clorox Company Oakland, CA) for 1 minute.  The leaf blades were dried by blotting on a 

paper towel and then placed on potato dextrose agar (PDA; Difco. Sparks, MD) amended 

with 50mg/L each of tetracycline, chloramphenicol, and streptomycin (PDA+++).  After two 

days, colonies resembling S. homoeocarpa were transferred to a fresh PDA+++ plate and 

then 1-2 days later were hyphal-tipped using a sterile scalpel under a dissecting microscope.  

Hyphal tipped isolates were transferred to a fresh dish of PDA+++ containing five 1-inch 

diameter circles of sterilized filter paper (Whatman. England).  Once the filter paper was 

infested, it was removed from the agar surface, placed in sterile coin envelopes, dried for at 

least 24 hours, and then stored at -80C. 

Dollar spot isolates were also obtained from colleagues in Connecticut, Ohio, 

Mississippi, North Carolina, New Jersey, Kansas, and Japan (Table 2).  These isolates were 

grown on PDA amended with 50mg/L each of tetracycline, chloramphenicol, and 

streptomycin and stored as previously described.  
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Vegetative compatibility tests were performed using a modified procedure described 

by Powell and Vargas (12).  Isolates were removed from -80C storage and grown on 

PDA+++ for at least 3 days before pairing.  Pairings were conducted on PDA amended with 

500 µl/L of red food coloring.  Five isolates were transferred to each pairing plate, with 1 

isolate in the middle of the plate and the remaining 4 on the sides 2 to 3 cm apart (Figure 1).  

Pairing plates were placed in the dark at 23C and allowed to grow for 7 days before scoring.  

The isolate in the middle was the isolate to be tested while the 4 surrounding isolates were 

used for comparison. Scoring was conducted by observing the bottom and top of each plate 

for distinct barrage zones or continual fungal growth.  Three distinct reactions were seen 

between paired isolates, two incompatible and one compatible.  A distinct barrage zone with 

either a florescent-pink or dark brown coloration characterized incompatible reactions. 

Compatible reactions were denoted by continual growth at the border of neighboring 

colonies.  

Once VCGs were established for all 109 isolates, tester isolates of know VCGs (A-F) 

(1) and (G-L) (16) were used to place our isolates into previously established groups.   

Results 

The 109 isolates examined belonged to 20 different VCGs.  This study resulted in the 

discovery of 9 previously unidentified VCGs (M-U).  Of the 9 newly identified VCGs, 5 

were from warm-season grasses and 4 were from cool-season grasses.  Six of the 11 

previously identified VCGs were present in the 109 isolates tested (A-F), whereas 5 were not 

(G-L).  Only VCG J of the 11 previously identified VCGs represented isolates from warm-

season grasses.  Forty-seven isolates belonged to previously identified VCGs (43%) (Table 
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3), whereas 38 isolates (35%) belonged to one of 9 newly established VCGs, denoted M-U 

(Table 4).  Twenty-four isolates (22%) were self-compatible but not compatible with any of 

the other isolates in the study and potentially represent additional new VCGs (Table 5).  Of 

these twenty-four self-compatible isolates, 18 were from warm-season grasses and 6 isolates 

were from cool-season grasses.   

Most isolates were compatible only with those isolates taken from the same location.  

Only once were 2 VCGs obtained from the same area, where the three isolates from Chile 

belonged to two separate VCGs, A and T.  Eleven VCGs contained isolates from only 1 

geographic location, however four VCGs contained isolates from multiple locations, with 

VCG A collected from Hawaii, Italy, United Kingdom, Chile, and North Carolina.  Except 

for isolates from the TEK and LEF3F populations, isolates from warm-season hosts were not 

compatible with isolates from cool-season hosts.  Furthermore incompatible interactions at 

barrage zones between isolates different host types were distinctly different than isolates 

from the same host type.  Interactions among isolates from warm and cool-season grasses 

produced a thick black barrage zone (Figure 2) while isolates from the same host type 

produced a fluorescent barrage zone that would eventually turn black (Figure 3).  

Discussion 

The number of VCGs found in populations of S. homoeocarpa appears to be 

extremely variable, possibly being influenced by the size and scope of the sampling strategy 

employed.  For example, one study examined a geographically limited collection of S. 

homoeocarpa from only one species of turf (Paspalum notatum) and identified more than 50 

VCGs (14).  In another study, only 6 VCGs were identified in populations from cool-season 
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grasses in Michigan and Wisconsin (12).  In a study using small number of isolates from 

geographically diverse locations, only a few VCGs were found (11).  In the present study 20 

VCGs were identified among the 109 isolates from cool and warm-season turfgrasses with 9 

of these VCGs not previously described.  Twenty-four isolates in the present study were not 

compatible with any other isolates in the study but where self-compatible, potentially 

representing 24 additional VCGs.  This is the first study to actively pair isolates from warm 

and cool-season host isolates as well as from diverse geographic locations.  

Of the 47 isolates that belonged to the previously identified VCGs all but 2 LEF3F 

isolates and 1 TEK isolate were from cool-season host isolates.  The most frequently 

observed VCGs among our isolates were VCG A (29 isolates) and E (11 isolates).  VCG A 

was the most commonly observed group in a previous study as well (12).  Although several 

previous studies found VCG E, it was typically not present at high frequencies like it was in 

this study.  Furthermore, VCG B was the predominant VCG in multiple studies (2, 16), but in 

the present study only isolate MB01 belonged to VCG B.  The lack of isolates belonging to 

VCG E in other studies and lack of isolates in VCG B in this study are likely due to sampling 

differences.  Previous studies collected isolates primarily from the north Midwest United 

States and Canada, whereas the current study is lacking in isolates from this region.  VCGs 

G-L have been reported in only 2 studies and are typically present at low frequencies.  The 

low frequencies of these VCGs is supported by the present study that had no isolates in 

vegetative compatibility groups G-L.  

In this study, all isolates belonging to a VCG were compatible not only with the tester 

isolate representing that VCG but also with all other isolates in that VCG.  This was not the 
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case in a recent study by DeVries et al. (4) who found several isolates that were compatible 

with multiple tester isolates and classified into more than one VCG.  DeVries et al (2008) 

could have used different tester isolates than the present study or perhaps mutations had 

occurred in the tester isolates during storage.  Twenty-four isolates in the present study were 

incompatible with all other isolates in the study including all tester isolates.  There are 

instances in Fusarium populations where isolates undergo mutations which prevent them 

from fusing to form heterokaryons even with themselves (10).  This was not the case in our 

sample population, as all of these isolates were confirmed to be self-compatible.  It is 

possible that these isolates represent additional VCGs that are present in low frequencies.  

For the purpose of this study these isolates were considered incompatible isolates and not 

denoted as separate VCGs as done by Viji et al. (16). 

Our results and those of previous studies suggest that most VCGs have a limited 

geographical distribution.  The 11 previously identified VCGs consist of isolates from the 

same geographic region in the Northern United States and Canada (2, 4, 12).  Of the 9 newly 

identified VCGs in this study, 8 contained isolates from only one geographic location. 

Certain VCGs, however, appear to be widely distributed.  In the present study VCG A was 

the most common and widely distributed representing 27% of the isolates from 6 locations.  

Also, the newly identified VCG O contained isolates from both North Carolina and 

Connecticut.  

Sclerotinia homoeocarpa isolates from warm-season grasses were placed in different 

VCGs than isolates from cool-season grasses, with exception of isolates from the LEF3F 

population and the TEK population.  Similar results were reported by Viji et al. (16), who 
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tested two isolates from warm-season grasses that grouped together with each other in VCG 

J.  In addition to the general incompatibility among isolates from cool- and warm-season 

grasses, we also observed a distinct incompatibility reaction among isolates from different 

host types.  The paring of an isolate from a warm-season host with an isolate from a cool-

season host resulted in a larger, dark-black barrage zone, whereas isolates from the same host 

type produced the typical fluorescent barrage zone.  This fluorescent barrage zone would 

gradually turn black by day 7 when compatibility ratings took place.  These different 

reactions suggest that there is significant genetic divergence among S. homoeocarpa 

populations associated cool- and warm-season turfgrasses. 

The 109 isolates exampled in this study were placed in 20 different VCGs, and an 

additional 24 isolates were incompatible with all other isolates.  This is a relatively large 

number compared to past studies which found 6 (12), 4 (2), 11 (16), and 8 (11).  These 

studies used a similar and in some cases larger, number of isolates than the present study.  

However, these studies did not include the range of geographic locations in the present study 

and also focused primarily on populations from cool-season turfgrasses.  The fact that few 

VCGs are widely distributed, while most are site specific, indicates that many areas have 

only 1 VCG within their S. homoeocarpa population.  

It has been previously observed that populations of S. homoeocarpa associated with 

warm-season turfgrasses contain many VCGs, with a study including 119 warm-season host 

isolates (Paspalum notatum) producing 55 different VCGs (14).  Of these 55 VCGs in 

Sonoda’s study, 31 were represented by a single isolate, suggesting far more genetic 

variation in isolates from warm-season hosts.  Of the 24 isolates in the present study that 
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were incompatible with all other isolates, 18 were from warm-season hosts.  More extensive 

sampling of broad geographical regions is needed to truly characterize the distribution of the 

VCGs, since most appear to be site specific. 

The present study has expanded the geographic locations of isolates analyzed for 

VCGs and also included warm-season host isolates.  This has resulted in a larger number of 

VCGs than described in past studies.  Isolates taken from warm-season host species and 

isolates taken from cool-season host species appear to be genetically distinct, as evidence by 

the different reactions between the two host types as well as the lack of VCGs that contain 

isolates from both host types. VCG geographic locations in this study of S. homoeocarpa 

support those of previous studies (2, 4), demonstrating that isolates taken from the same 

location typically belong to the same VCG.  This provides valuable insight into the 

population structure of S. homoeocarpa showing that populations from a certain area have 

the capability to interact and potentially exchange genetic material.  Furthermore, isolates 

from different locations will be unlikely to interact, making the implementation of 

hypovirulent S. homoeocarpa isolates to control dollar spot much more difficult.  This is also 

an important concept that can begin to explain how certain populations of S. homoeocarpa 

have begun to develop fungicide resistance.  Once one isolate of S. homoeocarpa in a 

population mutates to develop the decreased level of sensitivity to select fungicides, this trait 

could potentially be transferred to other isolates through genetic exchange within VCGs.  

However, VCGs can be collected from different locations, including VCG A that in the 

present study contains groups of isolates from Hawaii, Italy, United Kingdom, Chile, and 

North Carolina.  Although VCG studies involving S. homoeocarpa differ in key ways, it is a 
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valuable tool that can be utilized to understand the population structure as well as the genetic 

variation between isolates within a population and between populations of this pathogen. 
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Table 1.  Sclerotinia homoeocarpa isolates with host species, geographic location and site 
sampled, used in vegetative compatibility group trials. 

 

Isolate ID Host (Photosynthetic Pathway) 
Geographic 
Location Site 

BC1 bermudagrass (C4) Raleigh, NC 
Brier Creek Country 
Club 

BC2 bermudagrass (C4) Raleigh, NC 
Brier Creek Country 
Club 

BC14 bermudagrass (C4) Raleigh, NC 
Brier Creek Country 
Club 

CC1 Seashore Paspalum (C4) Honolulu, HI Coral Creek Golf Course 
CC13 Seashore Paspalum (C4) Honolulu, HI Coral Creek Golf Course 
GF7F4 creeping bentgrass (C3) Banner Elk, NC Grandfather G&CC 
GF7F16 creeping bentgrass (C3) Banner Elk, NC Grandfather G&CC 
GF7F21 creeping bentgrass (C3) Banner Elk, NC Grandfather G&CC 
GF7F24 creeping bentgrass (C3) Banner Elk, NC Grandfather G&CC 
GF7F29 creeping bentgrass (C3) Banner Elk, NC Grandfather G&CC 

HE10G4 annual bluegrass (C3) Banner Elk, NC 
Hound Ears Country 
Club 

HE10G6 annual bluegrass (C3) Banner Elk, NC 
Hound Ears Country 
Club 

HE10G14 annual bluegrass (C3) Banner Elk, NC 
Hound Ears Country 
Club 

HE1G8 annual bluegrass (C3) Banner Elk, NC 
Hound Ears Country 
Club 

KAP6 Seashore Paspalum (C4) Honolulu, HI Kapolei Golf Course 
KAP17 Seashore Paspalum (C4) Honolulu, HI Kapolei Golf Course 
TEKP2 Seashore Paspalum (C4) Lanai, HI The Experience at Koele 
TEKP11 Seashore Paspalum (C4) Lanai, HI The Experience at Koele 
TEKC4 creeping bentgrass (C3) Lanai, HI The Experience at Koele 
TEKC12 creeping bentgrass (C3) Lanai, HI The Experience at Koele 
LEF17T17 creeping bentgrass (C3) Avigliana, Italy Le Fronde Golf Club 
LEF17T21 creeping bentgrass (C3) Avigliana, Italy Le Fronde Golf Club 
LEF17T23 creeping bentgrass (C3) Avigliana, Italy Le Fronde Golf Club 
LEF17TF4 red fescue (C3) Avigliana, Italy Le Fronde Golf Club 
LEF17TF9 red fescue (C3) Avigliana, Italy Le Fronde Golf Club 
LEF17TF29 red fescue (C3) Avigliana, Italy Le Fronde Golf Club 
LEF3F10 bermudagrass (C4) Avigliana, Italy Le Fronde Golf Club 
LEF3F12 bermudagrass (C4) Avigliana, Italy Le Fronde Golf Club 
LEF3F14 bermudagrass (C4) Avigliana, Italy Le Fronde Golf Club 
LEF9F5 perennial ryegrass (C3) Avigliana, Italy Le Fronde Golf Club 
LEF9F9 perennial ryegrass (C3) Avigliana, Italy Le Fronde Golf Club 
LEF9F17 perennial ryegrass (C3) Avigliana, Italy Le Fronde Golf Club 
LFDF14 bermudagrass (C4) Wilmington, NC Landfall Dye Course 
LFDF23 bermudagrass (C4) Wilmington, NC Landfall Dye Course 
LFDF30 bermudagrass (C4) Wilmington, NC Landfall Dye Course 
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Table 1 continued. 
 

Isolate ID Host (Photosynthetic Pathway) 
Geographic 
Location Site 

LFDF30 bermudagrass (C4) Wilmington, NC Landfall Dye Course 
LFDF44 bermudagrass (C4) Wilmington, NC Landfall Dye Course 
LWC10 creeping bentgrass (C3) Raleigh, NC Lake Wheeler Turf Plots 
LWC24 creeping bentgrass (C3) Raleigh, NC Lake Wheeler Turf Plots 
LWC34 creeping bentgrass (C3) Raleigh, NC Lake Wheeler Turf Plots 
LWC37 creeping bentgrass (C3) Raleigh, NC Lake Wheeler Turf Plots 
LWC40 creeping bentgrass (C3) Raleigh, NC Lake Wheeler Turf Plots 
LWZ4 Zoysia grass (C4) Raleigh, NC Lake Wheeler Turf Plots 
LWZ15 Zoysia grass (C4) Raleigh, NC Lake Wheeler Turf Plots 
LWZ18 Zoysia grass (C4) Raleigh, NC Lake Wheeler Turf Plots 
RCC18G13 creeping bentgrass (C3) Raleigh, NC Raleigh Country Club 
RCCPG1 creeping bentgrass (C3) Raleigh, NC Raleigh Country Club 
RCCPG9 creeping bentgrass (C3) Raleigh, NC Raleigh Country Club 
RCCPG16 creeping bentgrass (C3) Raleigh, NC Raleigh Country Club 
RE18G13 creeping bentgrass (C3) Shallote, NC Rivers Edge Golf Course 
RE18G14 creeping bentgrass (C3) Shallote, NC Rivers Edge Golf Course 
RE18G28 creeping bentgrass (C3) Shallote, NC Rivers Edge Golf Course 
RE18G38 creeping bentgrass (C3) Shallote, NC Rivers Edge Golf Course 
RE18G41 creeping bentgrass (C3) Shallote, NC Rivers Edge Golf Course 
SE16F1 red fescue (C3) Wadebridge, UK St. Enodoc Golf Club 
SE16F4 red fescue (C3) Wadebridge, UK St. Enodoc Golf Club 
SE16F9 red fescue (C3) Wadebridge, UK St. Enodoc Golf Club 

SE3A6 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

SE3A8 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

SE3A12 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

SEHG6 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

SEHG8 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

SEHG12 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

T17G12 
annual bluegrass/creeping bentgrass 
(C3) Cambourne, UK Tehidy Park Golf Club 

T17G16 
annual bluegrass/creeping bentgrass 
(C3) Cambourne, UK Tehidy Park Golf Club 

T17G18 
annual bluegrass/creeping bentgrass 
(C3) Cambourne, UK Tehidy Park Golf Club 

T18F5 red fescue (C3) Cambourne, UK Tehidy Park Golf Club 
T18F8 red fescue (C3) Cambourne, UK Tehidy Park Golf Club 
T18F9 red fescue (C3) Cambourne, UK Tehidy Park Golf Club 
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Table 1 continued. 
 

Isolate ID Host (Photosynthetic Pathway) 
Geographic 
Location Site 

T9GR1 annual bluegrass (C3) Cambourne, UK Tehidy Park Golf Club 
T9GR6 annual bluegrass (C3) Cambourne, UK Tehidy Park Golf Club 
T9GR8 annual bluegrass (C3) Cambourne, UK Tehidy Park Golf Club 
TEK8 Hilograss (C4) Lanai, HI The Experience at Koele 
TEK14 Hilograss (C4) Lanai, HI The Experience at Koele 
TEK15T2 Seashore Paspalum (C4) Lanai, HI The Experience at Koele 
TEK15T20 Seashore Paspalum (C4) Lanai, HI The Experience at Koele 
DRF7 seashore paspalum (C4) Dominican Republic  
DRF25 seashore paspalum (C4) Dominican Republic  
DRGR18 seashore paspalum (C4) Dominican Republic  
DRGR3 seashore paspalum (C4) Dominican Republic  
DRR9 seashore paspalum (C4) Dominican Republic  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 39 

 
 
Table 2.  Sclerotinia homoeocarpa isolates obtained from collaborators, with host species 
and geographic location, used in vegetative compatibility group trials. 
 
Isolate ID Host (Photosynthetic Pathway) Geographic Location Collector 
Chile2 creeping bentgrass (C3) Chile B. B. Clarke 
Chile3 annual bluegrass (C3) Chile B. B. Clarke 
Chile6 annual bluegrass (C3) Chile B. B. Clarke 
DS58 bermudagrass (C4) St. George, KS Tisserat, Whetzel 
DS86 bermudagrass (C4) Stillwater, OK Tisserat, Whetzel 
DS90 bermudagrass (C4) Stillwater, OK Tisserat, Whetzel 
NJ15152 annual bluegrass/ Kentucky bluegrass (C3) New Brunswick, NJ B. B. Clarke 

NJ15301 
Kentucky bluegrass/ perennial ryegrass 
(C3) Clifton, NJ B. B. Clarke 

RB9 bermudagrass (C4) MS 
M. Tomaso-
Peterson 

RB14 bermudagrass (C4) MS 
M. Tomaso-
Peterson 

RB19 bermudagrass (C4) MS 
M. Tomaso-
Peterson 

UK4 creeping bentgrass (C3) STRI, United Kingdom Ruth Mann 
UK8 annual bluegrass (C3) STRI, United Kingdom Ruth Mann 
WMA2 St. Augustine (C4) Wilmington, NC Matt Martin 
WMA4 St. Augustine (C4) Wilmington, NC Matt Martin 
WMC3 centipedegrass (C4) Wilmington, NC Matt Martin 
421SHCT96 perennial ryegrass (C3) South Windsor, CT A. I. Putman 
429SHCT54 creeping bentgrass (C3) Fairfield, CT A. I. Putman 
478SHCT103 annual bluegrass (C3) Thompson, CT A. I. Putman 
479SHCT104 creeping bentgrass (C3) Putnam, CT A. I. Putman 
491SHCT115 annual bluegrass (C3) Simsbury, CT A. I. Putman 
524SHCT144 colonial bentgrass (C3) Storrs, CT A. I. Putman 
539SHCT159 colonial bentgrass (C3) Storrs, CT A. I. Putman 
236936JC zoysiagrass (C4) Kagawa, Japan Jo Anne Crouch 
236938JC bermudagrass (C4) Kagawa, Japan Jo Anne Crouch 
236942JC perennial ryegrass (C3) Kagawa, Japan Jo Anne Crouch 
237026JC creeping bentgrass (C3) Ibaraki, Japan Jo Anne Crouch 
MB01 creeping bentgrass (C3) Ohio Mike Boehm 
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Figure 1.  Picture showing how isolates were arranged on PDA plate amended with 500  
µl/L of red food coloring.   
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Table 3.  Sclerotinia homoeocarpa isolates which belonged to previously identified 
vegetative compatibility groups and which VCG they belonged to. 

 
 

Group A Group B Group C Group D Group E Group F 
T18F8 MB01 TEK8 478SHCT103 LEF3F10 429SHCT54 
T18F9    LEF3F14 524SHCT144 
T18F5    LEF9F5 479SHCT104 
SE16F4    LEF9F9 NJ15152 
SE16F1    LEF9F17  
SE16F9    LEF17TF4  
SEHG1    LEF17TF9  
SEHG4    LEF17TF29  
SEHG10    LEF17T17  
GF7F16    LEF17T21  
GF7F21    LEF17T23  
GF7F24      
GF7F29      
T17G16      
T17G18      
T17G12      
UK4      
UK8      
CHILE2      
SE3A12      
SE3A8      
SE3A6      
LWC24      
LWC34      
T9GR6      
T9GR8      
T9GR1      
TEKC4      
TEKC12      

Group G Group H Group I Group J Group K Group L 
NONE NONE NOT TESTED NONE NONE NONE 
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Table 4.   Isolates that belonged to newly identified vegetative compatibility groups 
and the group they belong to respectively. 
 
 

Group M Group N Group O Group P Group Q Group R 
RB14 DRR9 RCCPG1 HE10G6 LFDF8 RE18G13 
RB9 DRF7 RCCPG16 HE10G4 LFDF14 RE18G14 
RB19 DRF25 RCCPG9 HE10G14 LFDF23 RE18G28 
 DRGR3 RCC18G13 HE1G8 LFDF30 RE18G38 
 DRGR18 539SHCT159  LFDF44 RE18G41 
  LWC10    
  LWC37    
  LWC40    

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Group S Group T Group U 
TEK15T20 CHILE3 LWZ15 
KAP6 CHILE6 LWZ18 
TEKP2   
CC13   
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Table 5.  Isolates which were incompatible with all other isolates in the study including 
tester isolates.   
 
 

 
  Incompatible Isolates   
GF7F4 TEK14 LEF3F12 NJ15301 421SHCT96 491SHCT115 
237026JC TEKP11 TEK15T2 236938JC KAP17 CC1 
LWZ4 DS58 DS86 DS90 WMA2 WMA4 
WMC3 BC1 BC2 BC14 236936JC 236942JC 
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Figure 2.  Example of differing incompatible reactions between isolates of different host 
types.  DRGR18 is a warm-season host isolate while other 4 isolates are cool-season host 
isolates. 
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   A      B 
 
 

 
 
Figure 3.  64-41 (E), Chile6, Chile3 are cool-season host isolates, WMC3 and DS58 are 
warm-season host isolates.  (A) Shows reactions after 4 days.  (B) shows reactions after 7 
days.  Fluorescent barrage zones exist after 4 days between isolates of like host types which 
fades to black after 3 days.  Black barrage zones are observed between isolates of different 
host types after 4 days. 
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Multilocus sequence analysis of Sclerotinia homoeocarpa populations from warm and 

cool season turfgrasses  

Abstract 

Sclerotinia homoeocarpa is the causal agent of dollar spot in turfgrasses.  The disease 

occurs worldwide, and more money is spent on control of dollar spot than any other turf 

disease.  The absence of knowledge of the disease cycle and an increased prevalence of 

fungicide resistance have made disease management difficult and unpredictable.  A better 

understanding of the genetic diversity of this fungus is needed to know how populations of 

the pathogen respond to fungicide applications, resistant cultivars, and biological control 

strategies.  Isolates of S. homoeocarpa were obtained from symptomatic turfgrass in the 

United States, Dominican Republic, Chile, Italy, United Kingdom and Japan.  Four loci 

(Internal Transcribed Spacer, "-tubulin, Translation Elongation Factor 1-!, and Calmodulin) 

were sequenced and examined for phylogenetic inference.   Isolates from the Sclerotiniaceae, 

including two isolates of S. sclerotiorum and one isolate of S. minor were included for 

comparison.  Many isolates from the Rutstroemiaceae family were also included; Verpatinia 

spiraeicola, Poculum sydowianum, P. henningsianum, Lanzia luteovirescens, Rutstroemia 

bolaris, R. firma, Lambertella langei, and L. subrenispora.  In addition three isolates of S. 

homoeocarpa described by Bennett in 1937 were obtained from the ATCC and included in 

the phylogenetic analysis.  The phylogenetic results indicate population subdivision between 

isolates from warm-season grasses and those from cool-season grasses.  Isolates from warm 

and cool-season turfgrasses separated into distinct clades according to two of the loci (ITS 

and TEF1-!).  The isolates had a low level of recombination at the other two loci ("-tubulin 
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and Calmodulin), as certain isolates from cool- and warm-season grasses shared haplotypes.  

Based on these results, it is apparent that genetic diversity among isolates is dependent on 

host species rather than geographic location.   

Introduction 

Dollar spot, caused by Sclerotinia homoeocarpa, is an important disease of 

turfgrasses worldwide.  Symptoms of dollar spot begin as straw-colored, hourglass-shaped 

lesions on infected grass blades.  As the fungus continues to colonize the leaf tissue it 

eventually turns the entire leaf blade tan, resulting in a bleached appearance (7).  Symptoms 

in the turf stand are seen as straw-colored, sunken spots from 3 to 5 cm in diameter.  

Diseased spots can sometimes coalesce to form large irregular patches in the turf stand (7) 

(5).  

F.T. Bennett first described S. homoeocarpa in 1937 (3).  Bennett described the 

fungus as producing both fertile apothecia and sclerotial-like structures.  It is likely that 

Bennett misidentified the stroma produced by S. homoeocarpa as sclerotial-like structures.   

Fertile apothecia have only been documented two additional times, once in 1973 (14) and 

again in 1990 (2).  All reports of S. homoeocarpa producing fertile apothecia were from the 

United Kingdom, thus this phenomenon has not been observed to date in the United States.  

Morphological characteristics and DNA sequence data indicate that S. homoeocarpa 

is an incorrect taxonomic classification for this pathogen (4, 12).  Sequences of the rDNA 

ITS regions, support placement of S. homoeocarpa in the genera Rutstroemia, Lanzia, 

Lambertella, or Moellerodiscus (4).  Powell and Vargas (18) used rDNA sequence 

divergence data to demonstrate that S. homoeocarpa is more closely related to the genus 
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Rutstroemia than Sclerotinia.  Production of substratal stroma by S. homoeocarpa rather than 

sclerotia, further supports placing the pathogen in the family Rutstroemiaceae.  A multilocus 

sequence analysis could prove valuable in determining the correct taxonomic placement of S. 

homoeocarpa within the family Rutstroemiaceae.  

There are numerous reports of S. homoeocarpa developing resistance to fungicides 

with site-specific modes of action, including the dicarboxamides, (6) demethylation 

inhibitors, (11) and benzimidazoles (24).  With the increasing incidence of fungicide 

resistance in S. homoeocarpa and the lack of new fungicide chemistries, understanding the 

genetic diversity of the fungus is needed in order to develop strategies to prevent or delay 

resistance development. 

Many tools have been employed to investigate the genetic diversity and population 

structure of fungal pathogens.  Currently, one of the most widely accepted and utilized 

methods is multilocus sequence analysis.   The analysis of multiple house keeping genes has 

become a widely used tool in studying taxonomic relationships (15).  This tool is also very 

suitable to examine genetic diversity among populations.  Also in fact, it has been theorized 

that a small number of carefully selected gene sequences could equal or surpass the precision 

produced by analyses of whole-genome relatedness (26).  Not only is multilocus sequence 

analysis easier and less costly than sequencing the whole genome of an organism, it can still 

provide us with useful information about the organism. Data seen depicting certain 

population structure trends at one locus could be a function of evolution effecting only one 

locus.  A multilocus sequence analysis will allow us to confirm the information discovered 

about population structure at one locus with data from other loci.  
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The objective of this study was to examine the genetic diversity and relatedness to 

other taxa of Sclerotinia homoeocarpa from the Northeast, Southeast, and Midwest 

continental United States, as well as Hawaii, Italy, the United Kingdom, Japan, the 

Dominican Republic and Chile.  Several representative isolates from Family 

Rutstroemiaceae were included for examination at the population-species interface, including 

Verpatinia spiraeicola, Poculum sydowianum, P. henningsianum, Lanzia luteovirescens, 

Rutstroemia bolaris, R. firma, Lambertella langei, and Lambertella subrenispora. 

Materials and Methods 

Samples of turfgrass exhibiting dollar spot symptoms were collected from North 

Carolina, Hawaii, Italy, the Dominican Republic, and the United Kingdom between 2003 and 

2009 (Table 6).  Symptomatic leaf tissue was collected from the edge of individual infection 

centers with a pair of forceps.  Leaf tissue from each infection center was placed in a separate 

coin envelope and allowed to dry at room temperature for at least 24 hours.  Samples were 

stored at 4C until isolations were performed.  Infected leaf blades were surface disinfected by 

rinsing in 0.006% sodium hypochlorite solution (Clorox Company Oakland, CA) for 1 

minute.  The leaf blades were then dried by pressing the leaf tissue against a paper towel and 

then placed on potato dextrose agar (PDA; Difco. Sparks, MD) amended with 50mg/L each 

of tetracycline, chloramphenicol, and streptomycin.  After two days, colonies resembling S. 

homoeocarpa were transferred to a fresh PDA+++ plate. Isolates were incubated for 1-2 days 

and were then hyphal tipped using a sterile scalpel under a dissecting microscope.  Hyphal-

tipped isolates were transferred to another Petri dish of PDA+++ overlaid with five 1-inch in 

diameter disks of sterilized filter paper (Whatman. England).  Once infested, the filter paper 



 50 

was removed from the agar surface, placed in sterile coin envelopes, dried for at least 24 

hours, and then stored at -80C. 

Dollar spot isolates were also obtained from colleagues in Connecticut, Ohio, 

Mississippi, Kansas, and Japan (Table 7).  These isolates were prepared for long-term storage 

as described above.  Species from the Rutstroemiaceae, as well as other Sclerotinia species 

used for comparison purposes in this study were also stored using this method (Table 8).   

DNA extraction was performed as described by Tredway et al. (23) with 

modifications.  Isolates were grown on PDA+++ for three days before being transferred to 

test tubes containing 2 mL of potato dextrose broth (PDB; Difco. Sparks, MD).  Isolates were 

shaken at 200 rpm at room temperature for two days.  The mycelium was then transferred to 

a 1.5 mL microcentrifuge tube using a 1 mL pipetteman and cut tips to allow the maximum 

amount of mycelium to be transferred.  The microcentrifuge tubes were then centrifuged at 

14000 rpm for 10 minutes.  Excess PDB was then poured off and sterile glass beads were 

added to the tubes along with 175 µL of Solution A from the Easy-DNA Kit (Invitrgoen 

Carlsbad, CA).  The tubes were then shaken for 3 minutes using a bead beater, then shook on 

a disc vortex at 3000 rpm for 2 minutes and incubated at 65C for 15 minutes.  Solution B (75 

µL) was then added, each tube was vortexed immediately to re-liquefy the solution, 250 µL 

of chloroform was added, and the solution was vortexed again until homogenous.  The tubes 

were then centrifuged at 14000 rpm for 15 minutes.  The supernatant was transferred to a 

new microcentrifuge tube containing 1 mL of cold 95% ethanol and 2.5 µL of mussel 

glycogen, then mixed gently by inverting.  The samples were then stored at -20C for 30 

minutes to encourage DNA precipitation and then centrifuged again for 15 minutes.  The 
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95% ethanol solution was then decanted and 500 µL of 80% ethanol was added.  The tubes 

were then immediately centrifuged at 14000 rpm for 5 minutes.  The 80% ethanol was then 

decanted and the tubes were dried in a speed vac for 6 minutes, and the pellets were 

dissolved in 50 µL of TE buffer for at least 2 hours.  RNase was then added at 40µg/mL and 

incubated at 37C for 45 minutes.  Results typically yielded between 500-1000 ng/µL of high 

molecular weight genomic DNA.  The DNA was diluted to a standard concentration of 

50ng/µl. 

Internal transcribed spacer regions 1 and 2 of the nuclear ribosomal DNA (rDNA) 

region were amplified using primers ITS4 (TCC TCC GCT TAT TGA TAT GC) and ITS5 

(GGA AGT AAA AGT CGT AAC AAG G) (25).  Thermal cycling conditions used for 

amplification included an initial cycle at 94C for 1 min, followed by 35 cycles of 94C for 30 

s, 56C for 1 min, and 72C for 1 min followed by a final extension step of 72C for 2 min. 

Ingredients (Bioline. London, UK) used in each PCR reaction were 5 µl of 10x buffer, 4 µl of 

dNTPs, 1.5 µl of each primer (ITS4 and ITS5) (Invitrgoen, Carlsbad, CA), 0.25 µl of Taq 

Polymerase, 36.75 µl of sterile water, and 1 µl of genomic DNA.  

The "-tubulin gene sequence was amplified using primers Bt2a (GGT AAC CAA 

ATC GGT GCT GCT TTC) and Bt2b (ACC CTC AGT GTA GTG ACC CTT GGC) (10).  

Thermal cycling conditions used included an initial denaturing step of 94C for 8 minutes.  

This was followed by 32 cycles of 94C for 1 min, 58C for 1 min, and 72C for 1 min, 

followed by a final extension step of 72C for 5 minutes (7).  Ingredients in each reaction 

were 2 µl of 10x buffer, 2 µl of dNTPs, 2 µl of both primers (Bt2a and Bt2b), 0.8 µl of Taq 

Polymerase, 8.2 µl of sterile water, and 2 µl of genomic DNA.  
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The calmodulin gene sequence was amplified using primers CAL-228F (CAG TCC 

AAG GAG GCC TTC TCC C) and CAL-737R (CAT CTG TCT GGC CAT CAT GG) (4).  

Thermal cycling conditions included initial denaturing step of 95C for 8 minutes, followed 

by 35 cycles of 95C for 15 s, 55C for 20 s, and 72C for 1 minute, then a final extension step 

of 72C for 5 minutes followed.  Ingredients used in each reaction were, 5 µl of 10x buffer, 4 

µl of dNTPs, 1.5 µl of MgCl2, 1 µl of each primer (CAL-228F and CAL-737R), 0.25 µl of 

Taq Polymerase, 36.25 µl of sterile water, and 1 µl of genomic DNA.  

The TEF1-a locus was amplified using degenerate primers 526F (GTC GTY ATY 

GGH CAY GT) and 1567R (AC HGT RCC RAT ACC ACC SAT CTT) (20).  Thermal 

cycling conditions were as described by DeVries et al. (7) and included an initial denaturing 

step of 95C for 8 minutes, followed by 10 cycles of 95C for 15 s, 66C for 20 seconds 

decreasing by 1C every cycle, and 72C for 1 min 30 seconds.  This touchdown phase of the 

reaction was followed by 32 cycles of 95C for 15 s, 56C for 2 min, and 72C for 2 minutes.  A 

final extension step of 72C for 3 minutes concluded the reaction. Ingredients for each PCR 

sample were 2 µl of 10x buffer, 2 µl of dNTPs, 2 µl of each primer (526F and 1567R), 0.8 µl 

of Taq Polymerase, 8.2 µl of sterile water, and 2 µl of genomic DNA.  

All gene sequence PCR products were run on a 1% agarose gel to confirm successful 

amplification.  When reaction products were observed, DNA purification was performed 

using the QIAquick PCR Purification Kit (QIAGEN Sciences. Germantown, MD). 

Sequencing reactions were done using Applied Biosystems (Forest City, CA) reagents with 

each reaction containing 0.5 µl of BigDye, 1.5 µl of BigDye dilution buffer, 1 µl of primer, 4 

µl of sterile water, and 3 µl of purified DNA. These concentrations were used for the ITS 
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sequence, the calmodulin sequence, and the "-tubulin sequence.  Due to the EF1-alpha locus 

being twice as long as the others, 4 µL of purified DNA was used in the sequencing reaction.  

Fluorescence analysis of cycle sequencing reactions was performed at Duke University 

Sequencing Facility (Durham, NC).  Sequences were aligned with Sequencher and collapsed 

into haplotypes removing indels and excluding infinite sites using SNAP Map (1).  

Parsimony analysis, ancestral recombination graphs, Hudson’s nearest neighbor test statistic 

(13), and MDIV analysis (17), were done using SNAP Workbench (19). 

Each locus was subjected to six tests of neutrality, Tajima’s D (16, 22), Fu and Li’s D 

(9), Fu’s Fs (8), Fu and Li’s Ds (9), Fu and Li’s F (9), and Fu and Li’s Fs (9). Gene 

sequences were collapsed into haplotypes recoding indels and excluding infinite sites for 

each locus.  A heuristic search was preformed and phylogenetic trees were inferred for each 

locus using PAUP (21).  All loci which had more then one maximum parsimonious tree were 

subjected to additional testing including a recombination analysis to determine if the cause of 

the incompatibilities were due to recombination events.  One ancestral recombination graph 

(ARG) was generated for the calmodulin, ITS, and "-tubulin loci.  Nonparametric tests were 

used to test all loci separately for subdivision based on host species.  Hudson’s nearest 

neighbor statistic was used as it is powerful at all haplotype diversities and sample sizes (13).  

Migration with Division (MDIV) analysis was used to test each locus for evidence of 

migration between warm- and cool-season grasses and estimate the time of divergence.  A 

heuristic search was preformed and phylogenetic trees were inferred for the "-tubulin and 

ITS loci combined, including outgroups (Table 8) using SNAP workbench. 

 



 54 

Results and Discussion 

Neutrality Tests.  Each locus was analyzed separately to measure the departure from 

neutrality of all mutations in the sequences. All test statistics for the EF-1! locus and 

calmodulin locus were insignificant (Figure 4), suggesting constant population size.  This, 

however, was not the case with the "-tubulin and ITS loci, where significant test statistics for 

all of Fu and Li’s tests were detected in these loci (Figure 5) due to the excess of rare alleles.  

which are the result of mutations at single nucleotides among isolates at these loci.  These 

significant tests also suggest that rapid population growth is occurring.  As opposed to 

constant population size suggested by analysis of the EF-1! and calmodulin loci. 

Parsimony-based Analysis.   Isolates taken from warm-season (C4) host species and cool-

season (C3) host species separated into different clades at the EF-1! locus (Figure 6), the 

ITS locus (Figure 7), and the "-tubulin locus (Figure 8).  Although subdivision between cool 

and warm-season hosts was still present at the calmodulin locus (Figure 9), distinct clades 

could not be differentiated based on host type.  Geographic origin had no apparent effect on 

the genetic variation or relatedness among S. homoeocarpa isolates. At all four loci, warm-

season host isolates LEF3F10, LEF3F12, LEF3F14, TEK14, and TEK8 grouped within cool-

season haplotypes, suggesting that isolates from different host species are interacting in some 

manner.  This interaction could potentially be recent host migration.  In addition, at the 

calmodulin locus, warm-season isolates DS58, DS86, and DS90 shared a haplotype with 

isolates from cool-season hosts.  This was not seen at the other three loci in this study, 

suggesting that the calmodulin locus is a more conserved gene or that recombination is 

present at this locus.  At all four loci, more genetic variation was evident among isolates 
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obtained from warm-season host species as compared to isolates obtained from cool-season 

host species.  One hypothesis to explain this observation is that frequent fungicide 

applications to cool-season turf for dollar spot control has reduced genetic variation through 

selection for certain geneotypes with reduced fungicide sensitivity.  Another hypothesis is 

that cool-season host populations reproduce asexually, whereas sexual recombination may 

have recently occurred in warm-season populations.  All loci except EF-1! produced 

multiple maximum parsimonious trees, which is indicative of incompatibilities in the data.  

These incompatibilities most likely arise from recombination events of S. homoeocarpa at 

these loci and an ancestral recombination graph was needed to accurately analyze these loci. 

Recombination Analysis.  The calmodulin locus ARG (Figure 10) provides evidence of two 

recombination events at site 4 and site 10.  The recombination event at site 4 took place 

between haplotype 1 and haplotype 4.  Haplotype 1 consists of 63 isolates from cool-season 

grasses representing all geographic areas sampled, whereas haplotype 4 consists of 12 warm-

season isolates from Mississippi and North Carolina.  The resulting offspring was haplotype 

3 that consists of 1 isolate, LFDF44, a warm-season host isolate collected in North Carolina.  

The second recombination event evident in the calmodulin locus took place at site 10 

between haplotype 10 and haplotype 3.  Haplotype 10 consists of 1 isolate from a warm 

season host in Italy, LEF3F10.  The other parent, haplotype 3, is also 1 isolate but this time a 

warm season isolate from North Carolina, LFDF44.  The resulting offspring is haplotype 1 

which consists of 63 cool-season host isolates taken from numerous geographic regions.  

 The ITS ARG (Figure 11) shows evidence of 1 recombination event at site 30 

between haplotype 15 and 18.  Haplotype 15 consists of 8 warm season host isolates from 
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North Carolina and the Dominican Republic, whereas haplotype 18 consists of 1 isolate, 

237026JC, a cool-season host isolate from Japan.  The resulting offspring is haplotype 1, 

which contains 64 cool-season isolates from all geographic areas sampled.   

 The "-tubulin ARG (Figure 12) indicated the occurrence of two recombination 

events, one at site 10 and one at site 23.  The parents for both events were the same, 

haplotype 12 and haplotype 14.  Haplotype 12 consisted of 1 isolate, KAP17, a warm-season 

host isolate from Hawaii, whereas haplotype 14 consisted of 1 isolate, 237026JC, a cool-

season host isolate from Japan.  There were three discernable offspring from the 

recombination events, haplotypes 1, 9, and 15.  Haplotype 1 contained 63 cool-season host 

isolates representing all geographic areas sampled, haplotype 9 contained 13 warm-season 

host isolates from North Carolina, the Dominican Republic, and Mississippi, and haplotype 

15 contained 236942JC, a cool-season host isolate from Japan.  It is interesting to note that at 

at all three loci where a recombination event occurred one parent was a cool-season host 

haplotype and one parent was a warm-season host haplotype.  This consistency suggests that 

sexual reproduction occurs between genetically distinct parents.  Offspring from these 

recombination events produced  haplotypes associated with warm-season grasses (H9) and 

cool-season grasses (H1 and H15).  This information along with the parsimony analysis 

suggests that although the isolates are differentiated based on host species, they have 

interacted in the past and were capable of recombination at some time. 

Subdivision Analysis.  A Hudson nearest neighbor test statistic close to 1 indicates strong 

subdivision between species, while a number below 0.5 indicates panmixia.  The test statistic 

for EF1-! was 0.9115, for calmodulin it was 0.8629, for ITS it was 0.9196, and for "-tubulin 
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it was 0.9109 (Figure 13).  Therefore, significant differentiation based on host species exists 

at all four loci analyzed in this study.  

Migration Analysis.  The EF-1! and calmodulin MDIV results show very little migration 

between isolates of different host types and divergence time of greater than 5 generations 

data (Figures 14 and 15).  The ITS MDIV results indicate very little migration between host 

species but estimates time of divergence to be between 2 and 2.5 generations (Figure 16).  

For the "-tubulin locus MDIV indicates minuet levels of migration between host species and 

estimates time of divergence to be 1.5 generations (Figure 17).  Very low levels of migration 

between populations associated with cool- and warm-season grasses was found within the 4 

loci analyzed.  Results of the migration analysis are congruent with Hudson’s nearest 

neighbor test statistic (Figure 13), providing additional support that populations associated 

with warm- and cool-season grasses are strongly subdivided. Although isolates from different 

host species are subdivided, evidence of recombination among the two clades suggests that 

they may currently interact or have in the recent past.   

All four nuclear loci analyzed in this study detected more genetic variation among 

isolates taken from warm-season grasses than those from cool-season grasses. While there 

are many possible explanations for this observation, a probable explanation is the influence 

of fungicide applications.  In general, cool-season grasses are frequently treated with 

fungicides to control dollar spot, and most populations of S. homoeocarpa have developed 

resistance to one or more chemical classes (6, 11, 24).  In contrast, for a variety of economic 

and agronomic reasons, warm-season grasses are not frequently treated with fungicides for 

dollar spot control. The selection pressure from frequent fungicide applications to cool-
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season grasses may have created a genetic bottleneck, selecting for haplotypes that carry 

alleles for fungicide resistance. 

Parsimony based Analysis of the "-tubulin and ITS Loci.   Sclerotinia homoeocarpa 

isolates from warm- and cool-season grasses separated into different clades as seen 

previously in analyses of the loci individually.  Sclerotinia homoeocarpa isolates obtained 

from the ATCC (isolates Bennett used to first describe the species) were genetically distinct 

from contemporary isolates of the pathogen collected during this study.  Of the remaining 

outgroups used for comparison, Sclerotinia homoeocarpa isolates differed most from 

Sclerotinia sclerotiorum and were more genetically similar to those from the Family 

Rutstroemiaceae such as Poculum, Lanzia, and Rutstroemia.  These results are consistent 

with those of Carbone and Kohn (4) and Holst-Jensen et al. (12), who showed that S. 

homoeocarpa was more closely related to the substratal stroma lineage than to the true 

sclerotial lineage based on ITS phylogeny data.   

 Little is known about the biology and population structure of S. homoeocarpa.  Past 

studies have focused primarily on cool-season host isolates and have observed very little to 

no genetic variation among the isolates.  The present study included 69 cool-season host 

isolates and 40 warm-season host isolates, from a wide range of geographic areas making it 

the most extensive phylogenetic study on S. homoeocarpa to date.  There was strong 

subdivision between isolates from warm and cool-season hosts with these isolates separating 

into distinct clades.  The recombination analysis disproves the theory that the organism is 

clonal and indicates that sexual reproduction occurred in the past or is currently occurring.  

There is far more genetic variation in warm-season populations than in cool-season 
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populations, possibly due to intensive management strategies, such as fungicide applications, 

exerting selection pressure on populations associated with cool-season grasses.  Geography 

did not play a major role in genetic variation, as numerous isolates from variable grographic 

regions shared haplotypes at all 4 loci.   

  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 60 

REFERENCES 

1. Aylor DL, Price EW, & Carbone I (2006) SNAP: Combine and Map modules for 
multilocus population genetic analysis. Bioinformatics 22(11):1399-1401. 

 
2. Baldwin NA & Newell AJ (1992) Field production of fertile apothecia by Sclerotinia 

homoeocarpa in Festuca turf. Sports Turf Research Inst. 68:73-76. 
 
3. Bennett FT (1937) Dollarspot disease of turf and its causal organsim, Sclerotinia 

homoeocarpa n. sp. Annuals of Applied Biology 24:236-257. 
 

4. Carbone I & Kohn LM (1993) Ribosomal DNA-Sequence Divergence within Internal 
Transcribed Spacer-1 of the Sclerotiniaceae. Mycologia 85(3):415-427. 

 
5. Chakraborty N, Chang T, Casler MD, & Jung G (2006) Response of bentgrass 

cultivars to Sclerotinia homoeocarpa isolates representing 10 vegetative compatibility 
groups. Crop Sci 46(3):1237-1244. 

 
6. Detweiler AR, Vargas JM, & Danneberger TK (1983) Resistance of Sclerotinia-

Homoeocarpa to Iprodione and Benomyl. Plant Dis 67(6):627-630. 
 
7. DeVries RE, et al. (2008) Genetic analysis of fungicide-resistant Sclerotinia 

homoeocarpa isolates from Tennessee and northern Mississippi. Plant Dis 92(1):83-
90. 

 
8. Fu XY (1996) New statistical tests of neutrality for DNA samples from a population. 

Genetics 143:557-570. 
 
9. Fu YX & Li WH (1993) Statistical tests of neutrality of mutations. Genetics 133:693-

709. 
 
10. Glass NL & Donaldson GC (1995) Development of Primer Sets Designed for Use 

with the Pcr to Amplify Conserved Genes from Filamentous Ascomycetes. Appl 
Environ Microb 61(4):1323-1330. 

 
11. Golembiewski RC, Vargas JM, Jones AL, & Detweiler AR (1995) Detection of 

Demethylation Inhibitor (Dmi) Resistance in Sclerotinia-Homoeocarpa Populations.  
Plant Dis 79(5):491-493. 

 
12. HolstJensen A, Kohn LM, & Schumacher T (1997) Nuclear rDNA phylogeny of the 

Sclerotiniaceae. Mycologia 89(6):885-899. 
 



 61 

13. Hudson RR (2000) A new statistic for detecting genetic differentiation. Genetics 
155:2011-2014. 

 
14. Jackson N (1973) Apothecial production of Sclerotinia homoeocarpa F.T. Bennett. 

Sports Turf Research Inst. 49:58-63. 
 
15. Martens M, et al. (2008) Advantages of multilocus sequence analysis for taxonomic 

studies: a case study using 10 housekeeping genes in the genus Ensifer (including 
former Sinorhizobium). Int J Syst Evol Micr 58:200-214. 

 
16. Misawa K & Tajima F (1997) Estimation of the amount of DNA polymorphism when 

the neutral mutation rate varies among sites. Genetics 147:1959-1964. 
 
17. Nielsen R & Wakeley J (2001) Distinguishing migration from isolation: a Markov 

chain Monte Carlo approach. Genetics 158(2):885-896. 
 
18. Powell JF & Vargas JM (2007) Taxonomic clarification of the dollar spot pathogen: 

Sclerotinia homoeocarpa. Phytopathology 97(7):S134-S135. 
 
19. Price EW & Carbone I (2005) SNAP: workbench management tool for evolutionary 

population genetic analysis. Bioinformatics 21(3):402-404. 
 
20. Rehner S (2001) Primers for elongation factor 1-alpha (EF1-alpha). 
 
21. Swofford DL (1998) PAUP* Phylogenetic Analysis Using Parsimony (* and Other 

Methods). Version 4.0.  (Sinauer Associates, Sunderland, MA). 
 
22. Tajima F (1989) Statistical method for testing the neutral mutation hypothesis by 

DNA polymorphism. Genetics 123:585-595. 
 
23. Tredway LP, Stevenson KL, & Burpee LL (2005) Genetic structure of Magnaporthe 

grisea populations associated with St. Augustinegrass and tall fescue in Georgia.  
Phytopathology 95(5):463-471. 

 
24. Warren CG, Sanders P, & Cole H (1974) Sclerotinia-Homoeocarpa Tolerance to 

Benzimidazole Configuration Fungicides. Phytopathology 64(8):1139-1142. 
 
25. White TJ, Burns T, Lee S, & Taylor J (1990) Amplification and direct sequencing of 

fungal ribosomal RNA genes for phylogenetics. 
 
26. Zeigler DR (2003) Gene sequences useful for predicting relatedness of whole 

genomes in bacteria. Int J Syst Evol Micr 53:1893-1900. 
 



 62 

 
Table 6.  Sclerotinia homoeocarpa isolates with host species, geographic location and site 
sampled, used in vegetative compatibility group trials. 

 

Isolate ID Host (Photosynthetic Pathway) 
Geographic 
Location Site 

BC1 bermudagrass (C4) Raleigh, NC 
Brier Creek Country 
Club 

BC2 bermudagrass (C4) Raleigh, NC 
Brier Creek Country 
Club 

BC14 bermudagrass (C4) Raleigh, NC 
Brier Creek Country 
Club 

CC1 Seashore Paspalum (C4) Honolulu, HI Coral Creek Golf Course 
CC13 Seashore Paspalum (C4) Honolulu, HI Coral Creek Golf Course 
GF7F4 creeping bentgrass (C3) Banner Elk, NC Grandfather G&CC 
GF7F16 creeping bentgrass (C3) Banner Elk, NC Grandfather G&CC 
GF7F21 creeping bentgrass (C3) Banner Elk, NC Grandfather G&CC 
GF7F24 creeping bentgrass (C3) Banner Elk, NC Grandfather G&CC 
GF7F29 creeping bentgrass (C3) Banner Elk, NC Grandfather G&CC 

HE10G4 annual bluegrass (C3) Banner Elk, NC 
Hound Ears Country 
Club 

HE10G6 annual bluegrass (C3) Banner Elk, NC 
Hound Ears Country 
Club 

HE10G14 annual bluegrass (C3) Banner Elk, NC 
Hound Ears Country 
Club 

HE1G8 annual bluegrass (C3) Banner Elk, NC 
Hound Ears Country 
Club 

KAP6 Seashore Paspalum (C4) Honolulu, HI Kapolei Golf Course 
KAP17 Seashore Paspalum (C4) Honolulu, HI Kapolei Golf Course 
TEKP2 Seashore Paspalum (C4) Lanai, HI The Experience at Koele 
TEKP11 Seashore Paspalum (C4) Lanai, HI The Experience at Koele 
TEKC4 creeping bentgrass (C3) Lanai, HI The Experience at Koele 
TEKC12 creeping bentgrass (C3) Lanai, HI The Experience at Koele 
LEF17T17 creeping bentgrass (C3) Avigliana, Italy Le Fronde Golf Club 
LEF17T21 creeping bentgrass (C3) Avigliana, Italy Le Fronde Golf Club 
LEF17T23 creeping bentgrass (C3) Avigliana, Italy Le Fronde Golf Club 
LEF17TF4 red fescue (C3) Avigliana, Italy Le Fronde Golf Club 
LEF17TF9 red fescue (C3) Avigliana, Italy Le Fronde Golf Club 
LEF17TF29 red fescue (C3) Avigliana, Italy Le Fronde Golf Club 
LEF3F10 bermudagrass (C4) Avigliana, Italy Le Fronde Golf Club 
LEF3F12 bermudagrass (C4) Avigliana, Italy Le Fronde Golf Club 
LEF3F14 bermudagrass (C4) Avigliana, Italy Le Fronde Golf Club 
LEF9F5 perennial ryegrass (C3) Avigliana, Italy Le Fronde Golf Club 
LEF9F9 perennial ryegrass (C3) Avigliana, Italy Le Fronde Golf Club 
LEF9F17 perennial ryegrass (C3) Avigliana, Italy Le Fronde Golf Club 
LFDF14 bermudagrass (C4) Wilmington, NC Landfall Dye Course 
LFDF23 bermudagrass (C4) Wilmington, NC Landfall Dye Course 
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LFDF30 bermudagrass (C4) Wilmington, NC Landfall Dye Course 
Table 6 continued. 
 

Isolate ID Host (Photosynthetic Pathway) 
Geographic 
Location Site 

LFDF30 bermudagrass (C4) Wilmington, NC Landfall Dye Course 
LFDF44 bermudagrass (C4) Wilmington, NC Landfall Dye Course 
LWC10 creeping bentgrass (C3) Raleigh, NC Lake Wheeler Turf Plots 
LWC24 creeping bentgrass (C3) Raleigh, NC Lake Wheeler Turf Plots 
LWC34 creeping bentgrass (C3) Raleigh, NC Lake Wheeler Turf Plots 
LWC37 creeping bentgrass (C3) Raleigh, NC Lake Wheeler Turf Plots 
LWC40 creeping bentgrass (C3) Raleigh, NC Lake Wheeler Turf Plots 
LWZ4 Zoysia grass (C4) Raleigh, NC Lake Wheeler Turf Plots 
LWZ15 Zoysia grass (C4) Raleigh, NC Lake Wheeler Turf Plots 
LWZ18 Zoysia grass (C4) Raleigh, NC Lake Wheeler Turf Plots 
RCC18G13 creeping bentgrass (C3) Raleigh, NC Raleigh Country Club 
RCCPG1 creeping bentgrass (C3) Raleigh, NC Raleigh Country Club 
RCCPG9 creeping bentgrass (C3) Raleigh, NC Raleigh Country Club 
RCCPG16 creeping bentgrass (C3) Raleigh, NC Raleigh Country Club 
RE18G13 creeping bentgrass (C3) Shallote, NC Rivers Edge Golf Course 
RE18G14 creeping bentgrass (C3) Shallote, NC Rivers Edge Golf Course 
RE18G28 creeping bentgrass (C3) Shallote, NC Rivers Edge Golf Course 
RE18G38 creeping bentgrass (C3) Shallote, NC Rivers Edge Golf Course 
RE18G41 creeping bentgrass (C3) Shallote, NC Rivers Edge Golf Course 
SE16F1 red fescue (C3) Wadebridge, UK St. Enodoc Golf Club 
SE16F4 red fescue (C3) Wadebridge, UK St. Enodoc Golf Club 
SE16F9 red fescue (C3) Wadebridge, UK St. Enodoc Golf Club 

SE3A6 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

SE3A8 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

SE3A12 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

SEHG6 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

SEHG8 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

SEHG12 
annual bluegrass/creeping bentgrass 
(C3) Wadebridge, UK St. Enodoc Golf Club 

T17G12 
annual bluegrass/creeping bentgrass 
(C3) Cambourne, UK Tehidy Park Golf Club 

T17G16 
annual bluegrass/creeping bentgrass 
(C3) Cambourne, UK Tehidy Park Golf Club 

T17G18 
annual bluegrass/creeping bentgrass 
(C3) Cambourne, UK Tehidy Park Golf Club 

T18F5 red fescue (C3) Cambourne, UK Tehidy Park Golf Club 
T18F8 red fescue (C3) Cambourne, UK Tehidy Park Golf Club 
T18F9 red fescue (C3) Cambourne, UK Tehidy Park Golf Club 
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Table 6 continued. 
 

Isolate ID Host (Photosynthetic Pathway) 
Geographic 
Location Site 

T9GR1 annual bluegrass (C3) Cambourne, UK Tehidy Park Golf Club 
T9GR6 annual bluegrass (C3) Cambourne, UK Tehidy Park Golf Club 
T9GR8 annual bluegrass (C3) Cambourne, UK Tehidy Park Golf Club 
TEK8 Hilograss (C4) Lanai, HI The Experience at Koele 
TEK14 Hilograss (C4) Lanai, HI The Experience at Koele 
TEK15T2 Seashore Paspalum (C4) Lanai, HI The Experience at Koele 
TEK15T20 Seashore Paspalum (C4) Lanai, HI The Experience at Koele 
DRF7 Seashore Paspalum (C4) Dominican Republic  
DRF25 Seashore Paspalum (C4) Dominican Republic  
DRGR18 Seashore Paspalum (C4) Dominican Republic  
DRGR3 Seashore Paspalum (C4) Dominican Republic  
DRR9 Seashore Paspalum (C4) Dominican Republic  
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Table 7.  Sclerotinia homoeocarpa isolates obtained from collaborators, with host species 
and geographic location, used in vegetative compatibility trials. 
 
Isolate ID Host (Photosynthetic Pathway) Geographic Location Collector 
Chile2 creeping bentgrass (C3) Chile B. B. Clarke 
Chile3 annual bluegrass (C3) Chile B. B. Clarke 
Chile6 annual bluegrass (C3) Chile B. B. Clarke 
DS58 bermudagrass (C4) St. George, KS Tisserat, Whetzel 
DS86 bermudagrass (C4) Stillwater, OK Tisserat, Whetzel 
DS90 bermudagrass (C4) Stillwater, OK Tisserat, Whetzel 
NJ15152 annual bluegrass/ Kentucky bluegrass (C3) New Brunswick, NJ B. B. Clarke 

NJ15301 
Kentucky bluegrass/ perennial ryegrass 
(C3) Clifton, NJ B. B. Clarke 

RB9 bermudagrass (C4) MS 
M. Tomaso-
Peterson 

RB14 bermudagrass (C4) MS 
M. Tomaso-
Peterson 

RB19 bermudagrass (C4) MS 
M. Tomaso-
Peterson 

UK4 creeping bentgrass (C3) STRI, United Kingdom Ruth Mann 
UK8 annual bluegrass (C3) STRI, United Kingdom Ruth Mann 
WMA2 St. Augustine (C4) Wilmington, NC Matt Martin 
WMA4 St. Augustine (C4) Wilmington, NC Matt Martin 
WMC3 centipedegrass (C4) Wilmington, NC Matt Martin 
421SHCT96 perennial ryegrass (C3) South Windsor, CT A. I. Putman 
429SHCT54 creeping bentgrass (C3) Fairfield, CT A. I. Putman 
478SHCT103 annual bluegrass (C3) Thompson, CT A. I. Putman 
479SHCT104 creeping bentgrass (C3) Putnam, CT A. I. Putman 
491SHCT115 annual bluegrass (C3) Simsbury, CT A. I. Putman 
524SHCT144 colonial bentgrass (C3) Storrs, CT A. I. Putman 
539SHCT159 colonial bentgrass (C3) Storrs, CT A. I. Putman 
236936JC zoysiagrass (C4) Kagawa, Japan Jo Anne Crouch 
236938JC bermudagrass (C4) Kagawa, Japan Jo Anne Crouch 
236942JC perennial ryegrass (C3) Kagawa, Japan Jo Anne Crouch 
237026JC creeping bentgrass (C3) Ibaraki, Japan Jo Anne Crouch 
MB01 creeping bentgrass (C3) Ohio Mike Boehm 
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Table 8.  Isolates from the Rutstroemiaceae and Sclerotiniaceae families used for 
comparison purposes, along with their geographic origin and whom they were obtained from. 
 

Isolate ID Species Geographic Location Obtained From 

10942 Sclerotinia homoeocarpa United Kingdom ATCC 

10943 Sclerotinia homoeocarpa United Kingdom ATCC 

10944 Sclerotinia homoeocarpa United Kingdom ATCC 

13362VS Verpatina spiraeicola Akershus, Norway T. Schumacher 

1822PPS Poculum sydowianum Oslo, Norway T. Schumacher 

1823P Lanzia luteovirescens Oslo, Norway T. Schumacher 

1825P Rutstroemia bolaris Akershus, Norway T. Schumacher 

1879PLS Lambertella subrenispora Japan T. Schumacher 

2089PRF Rutstroemia firma Ostfold, Norway T. Schumacher 

6081PH Poculum henningsianum Oslo, Norway T. Schumacher 

SS5 Sclerotinia sclerotiorum North Carolina B. Shew 
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                A. Elongation Factor 1-!                      

 

                                                          B. Calmodulin 

 

Figure 4. Neutrality test results for the Elongation Factor 1-! locus (A) and the calmodulin 
locus (B). All test statistics preformed were insignificant.  
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A. "-tubulin 

 

B. ITS 

 

Figure 5. Neutrality test results for the "-tubulin locus (A) and the ITS locus (B). All test 
statistics with an asterisk were significant.  
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Figure 6.  Elongation Factor 1-! maximum parsimony tree excluding infinite sites and 
recoding indels.  Red haplotypes represent warm season host isolates and blue haplotypes 
represent cool season host isolates. Tree length is 27 steps and the consistency index equals 
1.000. 
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Figure 7.  1 of 2 Internal Transcribed Spacer 1 & 2 maximum parsimonious trees excluding 
infinite sites and recoding indels.  Red haplotypes represent warm season host isolates and 
blue haplotypes represent cool season host isolates. Tree length is 36 steps and the 
consistency index equals 0.9231. 
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Figure 8.  1 of 2 "-tubulin maximum parsimonious trees excluding infinite sites and 
recoding indels.  Red haplotypes represent warm season host isolates and blue haplotypes 
represent cool season host isolates. Tree length is 27 steps and the consistency index equals 
0.9167. 
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Figure 9.  1 of 8 calmodulin maximum parsimonious trees excluding infinite sites and 
recoding indels.  Red haplotypes represent warm season host isolates and blue haplotypes 
represent cool season host isolates. Tree length is 14 steps and the consistency index equals 
0.8571. 
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Figure 10.  Calmodulin Ancestral Recombination showing two recombination events at site 
4 and 10. H1 and H4 are parents of the event at site 4, with H3 as the offspring.  H10 and H3 
are the parents of the event at site 10, with H1 as the offspring. 
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Figure 11.  ITS Ancestral Recombination showing a recombination event at site 30. H15 and 
H18 are parents, H1 is the offspring.  
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Figure 12.  "-tubulin Ancestral Recombination showing two recombination events at site 10 
and 23. H12 and H14 are parents.  H1, H9, and H15 are the offspring. 
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Figure 13.  Hudson’s nearest neighbor test statistic for all 4 loci. A. Elongation Factor 1-! B. 
Calmodulin C. ITS 1 and 2 D. "-tubulin.  Snn numbers close to 1 indicate distinct 
subdivision based on host species. 
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Figure 14.  EF-1! migration analysis (Top). EF-1! time of divergence analysis (Bottom). 
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Figure 15. Calmodulin migration analysis (Top).  Calmodulin time of divergence analysis 
(Bottom). 
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Figure 16. ITS migration analysis (Top).  ITS time of divergence analysis (Bottom). 
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Figure 17. "-tubulin migration analysis (Top). "-tubulin time of divergence analysis 
(Bottom). 
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Figure 18.  1 of 2 maximum parsimonious trees inferred from the combination of the "-
tubulin and ITS loci.  Haplotypes in blue are Sclerotinia homoeocarpa isolates taken from 
cool season hosts while haplotypes in red are Sclerotinia homoeocarpa isolates taken from 
warm season hosts.  Fungal species in green are outgroups used for comparison purposes.  
Tree length is 266 steps and the consistency index is 0.6729. 

 

 


