
ABSTRACT 

PUTMAN, ALEXANDER IVAN.  Worldwide Population Biology of Sclerotinia 
homoeocarpa from Common Turfgrass Hosts and Mating Systems of the Pathogen and 
Closely Related Fungi.  (Under the direction of Dr. Ignazio Carbone and Dr. Lane Tredway). 

Sclerotinia homoeocarpa F.T. Bennett causes dollar spot, the most economically 

important disease of turfgrass throughout the world.  Reasons that managing this pathogen is 

a persistent challenge include its broad host range and the widespread development of 

fungicide resistance.  New or improved options to manage dollar spot are needed, but basic 

information on this pathosystem is lacking.  Here we present an analysis of the mating type 

genes and the population genetic structure of S. homoeocarpa to improve knowledge of the 

population biology of this fungus.   

There is conflict in the literature between reports of fertile sexual reproduction of S. 

homoeocarpa obtained from the United Kingdom and the apparent sterility of S. 

homoeocarpa obtained worldwide.  We sequenced and characterized the mating-type (MAT) 

locus of several recently-collected ‘modern’ strains causing dollar spot, historical type strains 

used to describe the fungus, and selected close relatives of the pathogen, and also developed 

a multiplex PCR assay to screen 1,019 modern isolates for mating-type.  The modern strains 

have a heterothallic MAT locus organization, suggesting these strains are required to 

encounter an individual of the opposite mating type to sexually reproduce.  However, while 

three of four historical type strains were previously reported to undergo sexual reproduction 

from single-ascospore cultures, we found that only one of the four had a homothallic MAT 

locus organization.  Some isolates collected from southern California and Italy contained 

both MAT idiomorphs, providing additional evidence that S. homoeocarpa can maintain 

stable heterokaryons in nature.  Clone-corrected mating-type distributions showed few 



deviations from an equal ratio when analyzed on a sample location or regional scale, but the 

interpretation of that result is unclear due to low sample sizes. 

Sclerotinia homoeocarpa is endemic in most regions of the world and is reported to 

have distinct populations on C3 or C4 photosynthetic grass hosts, but there is little 

population-level evidence available to support suggested modes of dispersal or host 

specialization.  Here, we developed 14 microsatellite loci for S. homoeocarpa and used them 

to investigate population genetic structure, migration, and recombination among 1,170 

isolates of the pathogen obtained from 13 and 1 grass and sedge genera, respectively, from a 

total of 79 locations distributed among 5 continents and Oceania.  We found hierarchical 

population structure with a strong distinction between isolates typically obtained from C3 or 

C4 grass hosts, and within the C4 clade weak but significant structure between mating-types 

and between isolates obtained from Cynodon or Paspalum spp.  A total of 42% of 634 C3 

clade isolates were represented by one of two haplotypes, each of which was sampled in all 

but one region in our sample.  Weak geographic structure within C4 clade isolates was found 

at the regional level.  Analysis of clone-corrected mating-type distributions showed few 

deviations from an equal ratio, but linkage equilibrium was detected at several C3 clade 

locations and select C4 locations.   

In the first large-scale population genetic study of S. homoeocarpa, we provide strong 

evidence that this fungus has undergone long range dissemination followed by clonal 

amplification.  Results from this work have improved our understanding of the basic biology 

of this fungus and could lead to methods to better manage dollar spot disease of turfgrass. 
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1. LITERATURE REVIEW 

Dollar spot, caused by the foliar pathogen Sclerotinia homoeocarpa F.T. Bennett, is 

one of the most common and destructive diseases of cultivated turfgrass in the world (Smiley 

et al., 2005; Vargas, 2005; Walsh et al., 1999).  On closely mown turf (≤ 1.3 cm), dollar spot 

initially appears as small spots generally less than 2 cm in diameter.  During the early stages 

of infection, individual spots often are 2 to 5 cm in diameter.  When the disease occurs on 

higher-cut turf, patches are irregularly shaped and may expand to greater than 15 cm in 

diameter.  Severely infected turfgrass plants often collapse and spots may become sunken or 

depressed as the disease progresses.  In severe situations, spots may coalesce into larger, 

irregularly shaped patches.  Dollar spot lesions are initially yellow-green, becoming water-

soaked and then turning tan or bleached as the disease progresses (Couch, 1995; 

Fenstermacher, 1980; Smith, 1955).  Lesions are bordered by a darker tan or reddish-brown 

band, and are occasionally hourglass in shape.  Although the pathogen does not produce 

spores, copious amounts of white, cobweb-like mycelium can generally be found within 

active infection centers in the early morning hours.  The disease can reduce both the aesthetic 

quality and playability of highly maintained turf.  It is believed more money is spent 

managing dollar spot than any other disease of turfgrass (Vargas, 2005). 

Dollar Spot Disease 

Disease Cycle and Epidemiology of Dollar Spot 

Sclerotinia homoeocarpa infects all grass species commonly grown for turf in the 

United States (Vargas, 2005; Walsh et al., 1999).  The pathogen predominately infects leaf 

tissue, although stunting of root tissue or its presence on root tissue has been reported (Endo 
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et al., 1964; Harman et al., 2005; Kerr, 1955; Malca and Endo, 1965).  It is generally 

accepted that S. homoeocarpa overwinters as mycelium or stroma within infected tissue 

(Smiley et al., 2005).  Fenstermacher (Fenstermacher, 1980) concluded that the pathogen 

overwinters as mycelium and that visible stroma may not be present.  However, information 

on the overwintering behavior of the fungus is lacking. 

Although few research-based reports exist, it is commonly believed that the fungus 

spreads via infected leaf debris by human or mechanical traffic (Smiley et al., 2005).  Reports 

of the influence of returning clippings versus clipping removal on dollar spot are inconsistent 

(Dunn et al., 1996; Williams et al., 1996).  In an intensive geostatistical study of dollar spot 

epidemics, Horvath et al. (2007) revealed that the spatial structure of dollar spot incidence 

changed little throughout the course of yearly epidemics.  Specifically, the direction of 

mowing traffic did not appear to influence the spatial disease structure.  While movement by 

traffic appears to be of little importance where the pathogen is established, dispersal of S. 

homoeocarpa-infested clippings has been used as an effective inoculation technique (Horvath 

et al., 2007).  The spread of infected tissue by mowing may be important for the initial 

introduction of S. homoeocarpa, but its importance may dissipate once inoculum levels reach 

an unknown critical threshold.  Jo et al. (2008b) observed that the spatial distribution of 

fungicide sensitivity was similar on distance scales ranging from 15 m to 0.9 m and 

suggested that this uniformity was caused by uniform cultural practices such as mowing.   

The belief that S. homoeocarpa is spread by foot or mechanical traffic assumes that 

dollar spot is a polycyclic disease (Horvath et al., 2007), in which inoculum from presently 
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diseased plants is disseminated to and infects healthy plants, thereby increasing disease 

incidence and severity.  Horvath et al. (2007), however, suggested that the lack of spatial 

structure observed for dollar spot epidemics were not consistent with a polycyclic disease 

(Horvath et al., 2007).   

In the northeastern United States, dollar spot symptoms generally appear in late 

spring or early summer.  When daily high temperatures become warm (16oC), hyphae grow 

from overwintering material to infect nearby leaves (Couch, 1995).  In the eastern U.S., 

dollar spot generally occurs in two disjointed epidemics in the early summer and autumn, but 

epidemics may be observed throughout the growing season.  Results from Powell and Vargas 

(2001) suggest that the causal agent of these two epidemics are essentially the same.  Recent 

studies (Kerns and Smith, 2009; Smith et al., 2009; Smith and Walker, 2008) have shown 

promise for elucidation of the epidemiology of dollar spot and development of a predictive 

model.  Despite these findings, there is still little information available on the seasonal and 

spatial population dynamics of S. homoeocarpa.   

Chemical Management of Dollar Spot 

Dollar spot severity may be reduced by various cultural practices, but these methods 

are often insufficient to suppress dollar spot below threshold levels.  Chemical management 

of S. homoeocarpa is often necessary to maintain dollar spot at a level of quality deemed 

acceptable for golf courses.  In the northern U.S., fungicides are typically applied 

preventively on a regular schedule to satisfy demands for superior playing conditions and due 

to the common occurrence of environmental conditions favorable for dollar spot.   
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One of the most commonly used contact fungicides for controlling diseases of turf is 

chlorothalonil.  Restrictions to the total amount of chlorothalonil that may be applied 

annually to putting greens (81.8 kg a.i. ha-1) and fairways (29.1 kg a.i. ha-1) were set in 1999 

as part of the Environmental Protection Agency (EPA) reregistration process (Anonymous, 

1999; Vincelli and Dixon, 2003).  In addition to limits in total annual application, the EPA 

set a maximum amount per application (12.7 kg a.i. ha-1) and minimum retreatment intervals 

for normal (7 days) and maximum (14 days) application rates (Anonymous, 1999).  In 

addition to the inherent properties of contracts that limit the length of control, these 

regulatory restrictions further reduce their utility.   

Fungicide Sensitivity of Sclerotinia homoeocarpa 

Field resistance of S. homoeocarpa to early fungicides, including those containing 

heavy metals, was first observed in the late 1960’s (Cole et al., 1968; Massie et al., 1968).  

Shortly after the introduction of the benzimidazoles, strains of S. homoeocarpa exhibiting in 

vitro resistance to benomyl and thiophanate-methyl were identified from golf courses in 

Illinois, New Jersey, Ohio, and Pennsylvania (Goldenberg and Cole, 1973; Warren et al., 

1974).  Two new classes of site-specific, penetrant compounds, the dicarboximides and the 

demethylation-inhibitors (DMIs), became available for dollar spot control in the 1970’s 

(Golembiewski et al., 1995; Vargas, 2005).  Field resistance of S. homoeocarpa to the 

dicarboximides was first reported in Michigan in the early 1980’s (Detweiler et al., 1983).  

Field resistance of S. homoeocarpa to the DMIs was first documented in Michigan in the 

early 1990’s, more than 10 years after their introduction (Vargas et al., 1992).   
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Since their respective first reports, S. homoeocarpa strains exhibiting resistance or 

reduced sensitivity to the aforementioned fungicide classes have been identified in Italy, 

Canada, and several states in the eastern U.S., including Connecticut, Georgia, Indiana, 

Kentucky, Maine, Massachusetts, Mississippi, New Hampshire, New York, North Carolina, 

Ohio, Rhode Island, Tennessee, Vermont, and Wisconsin (Bishop et al., 2008; Brownback 

and Latin, 2002; Detweiler et al., 1983; Doney and Vincelli, 1993; Hsiang et al., 2007; 

Hsiang et al., 1997; Jo et al., 2006; Koch et al., 2009; Miller et al., 2002; Mocioni et al., 

2001; Putman et al., 2010; Tredway, 2005).  Strains with reduced sensitivity to fungicides are 

found more frequently on intensively-managed locations on golf courses such as putting 

greens and tees, although such strains are still found with appreciable frequency on fairways 

(Koch et al., 2009; Putman et al., 2010).  Resistance to thiophanate-methyl is extremely 

severe (Jo et al., 2006; Putman et al., 2010; Tredway, 2005) and this fungicide is no longer 

considered useful for dollar spot management.  In general, reduced sensitivity to the 

dicarboximide fungicides appears to be sporadic (Jo et al., 2006; Mocioni et al., 2001; 

Putman et al., 2010; Tredway, 2005).  Reduced sensitivity in S. homoeocarpa to the DMIs is 

more prevalent and more severe when compared to the dicarboximides (Golembiewski et al., 

1995; Hsiang et al., 2007; Jo et al., 2006; Koch et al., 2009; Miller et al., 2002; Putman et al., 

2010; Tredway, 2005).   

Field resistance to the DMIs is of particular concern because the DMIs have been 

relied upon for dollar spot management since their introduction and these fungicides control 

a broad spectrum of turf diseases.  The carboximide fungicide boscalid was released in 2004 
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and is highly effective for dollar spot control, and in contrast to the DMIs, has a limited 

activity spectrum among turf diseases.  However, reduced sensitivity of the pathogenic fungi 

Alternaria alternata (Fries) Keissler and Corynespora cassiicola (Berkley & Curtis) Wei to 

boscalid has been recently reported (Avenot and Michailides, 2007; Miyamoto et al., 2009).  

Anecdotal observations suggest that the efficacy of boscalid for dollar spot control has 

declined at selected research facilities where the fungicide is heavily used.  Populations of S. 

homoeocarpa with reduced sensitivity to specific active ingredients are serious threats to 

fungicide efficacy and limit the number of chemical options available for controlling the 

disease.  While recent studies have provided knowledge about mechanisms of fungicide 

resistance in S. homoeocarpa and the population dynamics of resistance (Hulvey et al., 2012; 

Jo et al., 2008a; Ma and Tredway, 2013; Popko et al., 2012), additional research is needed to 

understand the phenomenon and develop proven resistance management strategies.   

Biology of Sclerotinia homoeocarpa 

Identification of a New Pathogen 

In the mid 1920’s, a new disease of various turf species was found on the Arlington, 

VA, USA Experimental Turf Garden.  The causal agent was isolated and identified as a 

Rhizoctonia sp., and the disease was referred to as “small brown-patch” (Monteith, 1925).  

Following a closer examination, it was recognized that the pathogen was not a Rhizoctonia 

sp. and the disease name was changed to dollar spot (Monteith and Dahl, 1932).   

F.T. Bennett (1937) collected samples from Australia, the United Kingdom, and the 

United States to characterize the fungus.  On culture media, it produced abundant white, 
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aerial mycelium that later turned a cinnamon color.  Sclerotia formed as thin, distinct flakes 

or as a single large growth that darkened as the structures matured from cinnamon or green to 

olive to black (Bennett, 1937).  Following extended culture (> 2 months), sporophores 

emerged from the edge of sclerotia as an “embedded bulbous base with a short neck.”  Necks 

elongated to 4 to 10 mm in length, and sporophores became sterile or developed into 

conidiaphores or apothecia depending on the isolate, ambient conditions, and the growth 

media.  Three strains of the pathogen were identified based upon differences in sporulation 

and fruiting body production (Bennett, 1937).  Sporophores from the teleomorphic “perfect” 

strain, obtained from the U.K., developed into conidiaphores or apothecia.  The “ascigerous” 

strain, also from the U.K., produced sporophores which developed into apothecia only and 

also produced microconidia.  The “non-sporing” strain yielded only rudimentary, immature 

sporophores.  This strain was composed of two isolates from the U.K. and the isolates from 

Australia and the U.S.  The two U.K. strains, however, produced microconidia.  Bennett 

placed the pathogen in the genus Sclerotinia Fuckel because apothecia grew from small 

sclerotia, and named the species homoeocarpa due to the similarities between the apothecia 

and conidiaphores of the teleomorph (Bennett, 1937).   

Apothecia of S. homoeocarpa were cupulate and pale-cinnamon in color with a dark 

rim, and arose when the knob-like tip of a sphorophore expanded to 0.5 to 0.8 mm in 

diameter and then opened to form a depression (Bennett, 1937).  Some isolates of the 

teleomorph developed apothecia from the cupulate form that were disc- or funnel-shaped and 

1.0 to 1.5 mm in diameter.  Asci were cylindro-clavate, inoperculate, and contained eight 
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uniseriate spores.  Ascospores were unicellular, hyaline, and oblong-elliptical.  Asci and 

ascospores of the perfect strain were exclusively (i.e., the ranges of dimensions did not 

overlap) smaller when compared to those of the ascigerous strain.  Conidiophores were 

similar to apothecia and developed conidia on the inner surface.  Conidia were hyaline, 

oblong, pinched at the single septum, rounded or pointed at either apex, arose singly, and 

measured 15.6 to 20.8 µm x 4.5 to 5.2 µm.  Microconidia were emitted from “pustules” on 

cereal grains and were spherical, hyaline, and had a diameter of 1.5 to 2.0 µm.  Ascospores 

and conidia germinated readily in water and single-spore isolates produced similar cultures, 

but microconidia did not germinate.  Bennett (1937) hypothesized that the non-sporing 

American and Australian isolates arose from ascigerous British isolates by adaptation to the 

new environments. 

Taxonomy 

Questions soon arose about the correct taxonomic classification of S. homoeocarpa.  

The family Sclerotiniaceae sensu Whetzel (1945) was narrowed to only include fungi 

producing stromata, apothecia that are stipitate and generally cupulate, inoperculate asci, and 

ellipsoidal ascospores.  A stroma was defined as a vegetative resting structure composed of 

compact hyphae enclosed by a “melanized layer of rind cells or extracellular material” (Kohn 

and Grenville, 1989a; Novak and Kohn, 1991).  Two basic types of stromata were 

distinguished: the “determinate tuberlike sclerotium,” which arise freely and consist entirely 

of hyphae, and the “indeterminate platelike substratal stroma,” which consists of irregular 

“patches or crusts” that occur within or surrounding host tissue (Carbone and Kohn, 1993; 
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Novak and Kohn, 1991; Whetzel, 1945).  These distinctions were utilized by Whetzel (1945) 

to separate genera within Sclerotiniaceae.  He described the genus Sclerotinia as producing 

free, tuberoid sclerotium from aerial hyphae (Whetzel, 1945), and assigned the type species 

of the genus to be Sclerotinia sclerotiorum (Lib.) de Bary, which produces its apothecium 

from the aforementioned sclerotium (Whetzel, 1946). 

The description of sclerotial production by S. homoeocarpa by Bennett (1937) has 

been refuted, and the vegetative resting structures produced by the fungus were redefined as 

a flat or platelike substratal stroma (Baldwin and Newell, 1992; Fenstermacher, 1980; 

Jackson, 1973; Novak and Kohn, 1991).  It was suggested that S. homoeocarpa be removed 

from the Sclerotinia genus (Kohn, 1979; Whetzel, 1946), and that the fungus be reclassified 

in the genus Rutstroemia P. Karsten (Whetzel, 1946), Lanzia Saccardo, or Moellerodiscus 

Hennings (Kohn, 1979).  However, reclassification was not possible because the teleomorph 

could not be obtained and the original herbarium specimen was lost (Smiley et al., 2005).   

Jackson (1973) observed production of fertile apothecia in S. homoeocarpa isolates 

obtained from wild sea-marsh and cultivated fescue (Festuca rubra L. ssp. rubra) in the U.K.  

Cultures of oat (Avena sativa L.) agar or sterile grains were subjected to natural light from 

autumn to spring, and apothecia developed after extended (>3 months) culture.  Although 

asci and ascospores were slightly smaller than those of the ascigerous strain described by 

Bennett (1937), characteristics of apothecia, lack of conidia, and presence of microconidia 

were similar to the ascigerous strain.  Jackson (1973), in agreement with Whetzel (1946), 
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concluded from examination of the teleomorph that S. homoeocarpa should be placed in 

Rutstroemia based upon the description of that genus by White (1941). 

Kohn and Grenville (1989a; b) examined the microcharacteristics of differentiated 

cells of sclerotial and stromatal-producing genera within the Sclerotiniaceae using various 

microscopy techniques.  Stromata of S. homoeocarpa differed from those of sclerotial-

producing species in cellular protein body and lipid content (Kohn and Grenville, 1989a) and 

rind and medulla cell morphology (Kohn and Grenville, 1989b).  It was concluded that S. 

homoeocarpa is unique among the Sclerotiniaceae and does not belong in the genus 

Sclerotinia (Kohn and Grenville, 1989a; b).   

Subsequent study sought to add support for the aforementioned separation in the 

Sclerotiniaceae determined by stromatal morphology.  Novak and Kohn (1991), based upon 

reports of developmental protein production in stromata of ascomycetes, hypothesized that 

these proteins may reveal the phylogeny of sclerotial and substratal species in the 

Sclerotiniaceae.  They isolated protein from 11 sclerotia-producing species and 7 substratal 

stroma-producing species, including S. homoeocarpa.  Each of the three methods of protein 

characterization they employed indicated division among the species that coincided with 

stromata morphology.  S. homoeocarpa reacted similarly to the other substratal stroma-

producing genera examined, a group which included Rutstroemia and Poculum Velenovsky 

spp. (Novak and Kohn, 1991).   

Carbone and Kohn (1993) sequenced the internal transcribed spacer (ITS) 1 in the 

nuclear ribosomal DNA (rDNA) of 19 sclerotia-producing species and 8 substratal stroma-
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producing species, including S. homoeocarpa.  Results suggested the existence of a separate 

lineage of sclerotial genera; however, high sequence variability among the isolates tested did 

not provide sufficient evidence of this separation.  Analyses found high sequence similarity 

(0.82) between S. homoeocarpa and Rutstroemia henningsiana (Plöttn.) Dennis, and 

identified a cluster of S. homoeocarpa isolates and all included Rutstroemia spp. (Carbone 

and Kohn, 1993).  Evaluation of the relationship between S. homoeocarpa and species of the 

genera Lanzia and Moellerodiscus was not performed. 

Holst-Jensen et al. (1997) used the nuclear rDNA sequences of the ITS region 

(composed of the 5.8S subunit and the flanking spacer regions) and portions of the large and 

small ribosomal subunits to construct a phylogeny of genera in the Sclerotiniaceae.  The 

division of sclerotia-producing and substratal stroma-producing genera was evident using 

most sequence sets and analysis methods.  Moreover, the split was highly supported (≥95%) 

by both parsimony and distance analysis of the entire data set.  The family Rutstroemiaceae 

Holst-Jensen, Kohn & Schumacher was established to include fungi producing brownish to 

greenish, stipitate, and cupulate to verpoid apothecia that developed from indeterminate, 

brown to black, crust-like stroma that may or may not have a rind.  The genera Lambertella 

Höhn, Lanzia, Poculum, Rutstroemia, and Verpatinia Whetzel & Drayton were placed in this 

family (Holst-Jensen et al., 1997).  S. homoeocarpa was found to be closely related to the 

genera Poculum and Rutstroemia and was frequently cogeneric with Poculum henningsianum 

(Plöttn.) Schumach. & Kohn.  It was suggested that S. homoeocarpa be included alongside P. 

henningsianum (Holst-Jensen et al., 1997).  In a study consisting of a taxonomically more 
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diverse sample set, Gernandt et al. (2001) concluded that S. homoeocarpa is sister to but lies 

outside of the Sclerotiniaceae.  Powell and Vargas (1997; 2007) found S. homoeocarpa to be 

closely related to R. henningsiana (syn = P. henningsianum) and R. cuniculi (Boud.) Elliott 

based on ITS 1 sequences.  Taylor (2010) found a diverse sample set of S. homoeocarpa 

isolates and the type strains described by Bennett (1937) to be similar to the aforementioned 

genera within the Rutstroemiaceae, and especially similar to P. henningsianum. 

Study of certain biochemical features and rDNA sequences of S. homoeocarpa have 

raised questions on its correct classification and provided insight on its relationship to other 

fungi.  However, the use of such data for constructing a taxonomic phylogeny may be limited 

(Holst-Jensen et al., 1997).  Fertile teleomorphs are required to examine the 

microcharacteristics of the apothecia that are used to distinguish Rutstroemia, Lanzia, and 

Moellerodiscus (Carbone and Kohn, 1993).  Unfortunately, induction of the fertile sexual 

stage of S. homoeocarpa is difficult.  Production of fertile apothecia in culture has only been 

reported for S. homoeocarpa isolates from the U.K. (Bennett, 1937; Jackson, 1973).  More 

recently, Baldwin and Newell (1992) collected apothecia of the fungus in spring from a field 

cultivar trial of fescues (Festuca spp. L.) in the U.K.  Apothecia grew from stromata in host 

tissue, and produced ascospores that germinated in water within 24 hours (Baldwin and 

Newell, 1992).  However, North American isolates have only produced sterile or immature 

apothecia (Bennett, 1937; Fenstermacher, 1980; Orshinsky and Boland, 2011).  Despite 

overwhelming evidence that the pathogen is not a member of the genus Sclerotinia, an 

accurate taxonomic classification remains elusive. 
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Diversity 

S. homoeocarpa has never been observed to reproduce sexually in North America and 

is therefore believed to disseminate by means of founding individuals that propagate clonally 

(DeVries et al., 2008; Hsiang and Mahuku, 1999; Powell and Vargas, 2001; Viji et al., 2004).  

However, in addition to factors such as temperature response, aggressiveness, and anecdotal 

observations on dollar spot, the prevalence of populations of the pathogen with reduced 

sensitivity to fungicides has raised questions about the diversity and population dynamics of 

S. homoeocarpa.  Two primary methods have been used to assess diversity in S. 

homoeocarpa: DNA marker profiles and vegetative compatibility.   

Raina et al. (1997) used random amplified polymorphic DNA polymerase chain 

reaction (RAPD-PCR) to characterize 26 isolates of S. homoeocarpa.  Although exceptions 

were noted, isolates were highly similar (>80%) and clustered into three distinct groups 

based on geographic location (Illinois, New England, and Ohio) (Raina et al., 1997).  Hsiang 

and Mahuku (1999) evaluated diversity among 181 S. homoeocarpa isolates from eight sites 

in Ontario and 10 isolates from Japan using restriction fragment length polymorphism of the 

intergenic spacer region of ribosomal DNA (IGS-RFLP) and RAPD analysis.  All Ontario 

isolates were highly similar and were deemed separate from the Japanese isolates (Hsiang 

and Mahuku, 1999).  Diversity among isolates from Ontario did not appear to be influenced 

by geographic location (Hsiang and Mahuku, 1999).  Similar results were reported by Hsiang 

and Ma (2001) in a study in which 203 isolates were obtained from a single site over five 
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years.  The level of genetic similarity (0.85) agrees closely with the aforementioned study 

(Hsiang and Mahuku, 1999).   

Viji et al. (2004) assessed the genetic diversity of 78 isolates of S. homoeocarpa, 

most of which originated from the northeastern U.S., using amplified fragment length 

polymorphism (AFLP).  Although many of the samples were collected nearly 30 years prior 

to the final collection, nearly all isolates were highly similar (0.80) and few correlations were 

noted between AFLP genotypes and geographic location or sampling period (Viji et al., 

2004).  Recently, DeVries et al. (2008) employed AFLP and found that 60 isolates of S. 

homoeocarpa from 10 locations in Tennessee and northern Mississippi had a high level of 

similarity (>0.86).  Jo et al. (2008a) assessed diversity within a total of 121 isolates of S. 

homoeocarpa from two locations at a single site in Wisconsin using inter-simple sequence 

repeat markers (ISSR).  These authors found that polymorphisms from four ISSR primers 

identified two distinct groups that were useful in characterizing their samples.   

Direct sequence analysis has been utilized in an effort to detect genetic variability 

within S. homoeocarpa.  Several studies have sequenced the ITS region within the nuclear 

rDNA of very limited sample sets (Iriarte et al., 2003; Powell and Vargas, 2001; Ruiz et al., 

2006).  However, recent work has performed sequencing on an appreciable sample 

collection.  In addition to analysis using AFLP, the aforementioned study by DeVries et al. 

(2008) sequenced portions of four nuclear DNA loci: elongation factor 1-α, β-tubulin, a 

portion of the carbomoylphosphate synthase domain in the CAD-like complex, and the ITS 
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region.  Size of the four sequenced regions totaled 3,970 bp, but DeVries et al. (2008) 

surprisingly found 100% similarity among all 60 isolates in their study.   

Anastomosis, or the fusion of cells from separate hyphae, is a continual occurrence in 

filamentous fungi (Glass et al., 2000).  Following anastomosis, the formation of a stable 

heterokaryon allows genetically distinct, haploid nuclei to coexist in the same cytoplasm 

(Glass et al., 2000; Leslie, 1993).  Heterokaryosis is essential for sexual reproduction in 

many heterothallic fungi (Leslie, 1993).  In the absence of a sexual stage in the life cycle, 

however, heterokaryosis between vegetative hyphae may serve a role in the biology of fungi 

by conferring functional diploidy or facilitating a parasexual cycle, which is genetic 

exchange via mitosis (Glass et al., 2000; Glass and Kaneko, 2003; Leslie, 1993).  Isolates of 

a given fungal species may be placed in exclusive vegetative compatibility groups (VCGs) 

based on their inter-compatibility.  The process by which heterokaryosis is prevented is 

referred to as heterokaryon or vegetative incompatibility, which results in programmed cell 

death of incompatible cells (Leslie, 1993).   

Selected studies have noted little variation within S. homoeocarpa by assessment of 

vegetative incompatibility.  Powell and Vargas (2001) examined the relationship of over 

1,300 isolates of the pathogen from eight locations in Illinois, Michigan, and Wisconsin 

using VCGs.  Six VCGs were identified among the isolates, and three of the VCGs held most 

of the isolates evaluated (Powell and Vargas, 2001).  Although dollar spot typically occurs in 

two distinct seasonal epidemics, in general, no correlation was observed between sampling 

date and VCG (Powell and Vargas, 2001).  Deng et al. (2002) determined that 116 S. 
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homoeocarpa isolates from 10 locations in southeastern Canada belonged to one of only four 

VCGs.  Most isolates were compatible with tester strains obtained for three of the VCGs 

established by Powell and Vargas (2001), but nearly a third of the isolates formed a new 

VCG (Deng et al., 2002).   

In contrast to Deng et al. (2002) and Powell and Vargas (2001), several studies have 

noted appreciable variability as determined by number of VCGs found.  In the first known 

study on vegetative incompatibility in S. homoeocarpa, Sonada (1989) obtained 119 isolates 

from Paspalum notatum Flueggé at three locations in Florida.  Between 16 and 20 VCGs per 

location were distinguished, and except for one, each VCG was unique to one of the 

locations (Sonoda, 1989).  Among 67 isolates of the pathogen from 23 locations in the 

eastern United States and Ontario evaluated by Viji et al. (2004), most were compatible with 

tester isolates from the VCGs previously identified by Powell and Vargas (2001), but 15 

isolates formed five new VCGs.  Mitkowski and Colucci (2006) identified eight VCGs in a 

sample of 25 S. homoeocarpa isolates from diverse locations, including the U.K., New 

England, and Ohio, but did not evaluate the compatibility of these isolates with any 

previously established VCGs.  In a limited study, Ruiz et al. (2006) identified nine VCGs 

among 17 isolates from Florida.   

In addition to genetic analyses, DeVries et al. (2008) also assessed their sample of 60 

isolates for vegetative incompatibility and found a high level of variability in VCG 

assignment.  Only 16 of the isolates were compatible with a tester strain representing the one 

of the VCGs originally established by Powell and Vargas (2001).  While isolates from the 
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same location were generally compatible with each other, numerous exceptions were noted, 

and eight isolates were not compatible with any others.  Surprisingly, DeVries et al. (2008) 

reported that 10 of the 16 isolates were compatible with three of the tester strains and that 

many other isolates formed overlapping, non-exclusive groups.  The presence of these 

‘bridge’ isolates complicated the formation of exclusive VCGs because they underwent 

compatible interactions with two groups of exclusively-compatible isolates.  Bridge isolates 

have been previously found for one isolate of S. homoeocarpa by Viji et al. (2004), and have 

been reported in several other fungi, including Colletotrichum Corda, Fusarium Link, and 

Verticillium Nees spp. (Correll et al., 1993; Hiemstra and Rataj-Guranowska, 2003; Katan et 

al., 1991).   

Taylor (2010) assessed vegetative incompatibility among 109 isolates of S. 

homoeocarpa obtained from sites worldwide, including Chile, the Dominican Republic, 

Hawaii, Italy, Japan, the U.K., and the continental U.S.  Less than half of the isolates (47) 

were compatible with six of the 11 tester strains representing VCGs previously established 

by Powell and Vargas (2001) and Viji et al. (2004).  Thirty-eight isolates formed nine new 

VCGs, and 24 isolates were not compatible with any other isolate in their study (Taylor, 

2010).   

Assignment of S. homoeocarpa to a VCG in the aforementioned studies (Deng et al., 

2002; DeVries et al., 2008; Mitkowski and Colucci, 2006; Powell and Vargas, 2001; Ruiz et 

al., 2006; Sonoda, 1989; Taylor, 2010; Viji et al., 2004) was generally based on visual 

assessment of barrage interactions between mycelial colonies on a complete medium (e.g., 
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potato dextrose agar).  A barrage interaction identifies mycelial incompatibility, which is 

only part of the process of vegetative incompatibility (Kohn et al., 1990).  Compatible 

interactions between mycelia can be difficult to score due to a range of reaction phenotypes 

and do not confirm heterokaryosis, therefore precluding a clear identification of vegetative 

compatibility (Deng et al., 2002; Jo et al., 2008b; Mitkowski and Colucci, 2006).  However, 

heterokaryosis can be identified when genetic defects are remedied via complementation 

(Leslie, 1993).  The most effective method for evaluating heterokaryosis is growth of 

auxotrophic mutants on minimal media because neither of the paired, mutant isolates would 

survive without a compatible interaction (Jo et al., 2008b; Leslie, 1993).  Jo et al. (2008b) 

developed nitrate non-utilizing (nit) mutants of S. homoeocarpa and showed that 21 isolates, 

which had previously been established into 11 VCGs by mycelial incompatibility, actually 

formed 5 VCGs based on complementation of nit mutants.  In a separate study, Jo et al. 

(2008a) identified two VCGs from complementation of nit mutants among a limited sample 

of 15 isolates from a single site.   

Despite several reports of variability in identified VCGs, results by Jo et al. (2008b) 

suggests that determining interactions by mycelial compatibility may overestimate VCG 

diversity of S. homoeocarpa.  Nevertheless, with the possible exceptions of Powell and 

Vargas (2001) and Taylor (2010), no study has conducted a comprehensive assessment of 

VCG diversity in S. homoeocarpa at a local or regional scale.  Therefore, conclusions on the 

influence of vegetative incompatibility on the biology of S. homoeocarpa or on the 

association of VCGs with disease-related factors such as virulence should be made with 
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caution.  Studies in which appreciable variation was found generally lacked a comprehensive 

sample of isolates (Mitkowski and Colucci, 2006; Ruiz et al., 2006; Viji et al., 2004).  Due to 

the bridging phenomenon and the care needed in selecting tester strains, synthesis of results 

from multiple studies is likely to be problematic.  The use of nit mutants for confirming 

heterokaryosis in compatible interactions is accurate and precise, but is a time-consuming 

process and is impractical for even a modest sample size.  Both DeVries et al. (2008) and 

Viji et al. (2004) observed that, in general, genetic diversity as determined by AFLP analysis 

appeared to correlate with VCG assignment.  Jo et al. (2008a) found that the genetic groups 

identified by ISSR markers strongly correlated with the two VCGs identified from nit 

mutants.  Despite these correlations (DeVries et al., 2008; Jo et al., 2008b; Viji et al., 2004), 

protocols are needed that enable the rapid and accurate identification of VCGs in S. 

homoeocarpa.   

Select studies have attempted to correlate determinants of diversity, such as DNA 

markers or vegetative incompatibility, with phenotypes of S. homoeocarpa strains.  Jo et al. 

(2008a) found that the aforementioned ISSR groups and nit mutant VCGs correlated with 

sensitivity of S. homoeocarpa to the fungicides propiconazole [cis-trans-1-(2-(2,4-

dichlorophenyl)-4-propyl-1,3-dioxolan-2-ylmethyl)-1H-1,2,4-triazole] and thiophanate-

methyl [dimethyl 4,4'-(o-phenylene)bis(3-thioallophanate)].  Viji et al. (2004) found that 

level of virulence was associated with VCG for several of the VCGs in their study.  

However, the VCG that comprised over half of the isolates in the study contained isolates 

with the entire range of virulence phenotypes found (Viji et al., 2004).  Chakraborty et al. 
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(2006) assessed disease on 10 cultivars of four bentgrass (Agrostis L.) species caused by 18 

isolates of S. homoeocarpa that belong to 10 different VCGs.  While variability in 

aggressiveness, or non-specific disease-causing ability, among the isolates was observed, no 

interactions of virulence (specific ability) were detected (Chakraborty et al., 2006).  Hsiang et 

al. (2000) utilized RAPD analysis to determine the influence of host species on diversity 

among 50 isolates of S. homoeocarpa obtained from five hosts.  Although isolates obtained 

from the same host generally were more similar when compared to those obtained from other 

hosts, Hsiang et al. (2000) determined that only 32% of the genetic variation found was 

attributable to isolate host species and concluded that S. homoeocarpa exhibits weak host 

specialization.   

In contrast to Chakraborty et al. (2006) and Hsiang et al. (2000), cursory evidence for 

the presence of host specialization within S. homoeocarpa exists in several studies.  Nearly 

all isolates from the studies that found low to moderate VCG diversity (Deng et al., 2002; Jo 

et al., 2008b; Mitkowski and Colucci, 2006; Powell and Vargas, 2001; Viji et al., 2004) were 

obtained from host grasses with the C3 photosynthetic pathway (C3 host).  However, a large 

number of VCGs were identified among isolates of S. homoeocarpa from C4 host grasses 

(Ruiz et al., 2006; Sonoda, 1989; Taylor, 2010).  Two of the S. homoeocarpa isolates 

evaluated by Viji et al. (2004) were obtained from the C4 host common bermudagrass 

(Cynodon dactylon (L.) Persoon).  These two isolates exhibited a low level of similarity 

(0.49) when compared to similarity values for isolates obtained from C3 hosts (0.80), and 

formed a new VCG separate from all other isolates tested.  In addition, these two isolates 



21 
 
 

 

 

were weakly virulent on the C3 host creeping bentgrass (Agrostis stolonifera L.), although 

many isolates obtained from C3 grasses were also weakly virulent in the same assay (Viji et 

al., 2004).  Eighteen of the 40 isolates from C4 host grasses assessed by Taylor (2010) were 

found to be incompatible with all other isolates in the study.  In contrast, the proportion of C3 

host isolates found to be broadly incompatible was low (9%) (Taylor, 2010).  A single isolate 

evaluated by Raina et al. (1997) that was obtained from bermudagrass in Belize exhibited 

very low similarity (~0.30) compared to all other isolates from C3 hosts, which were highly 

similar (>0.80).  While likely influencing genetic diversity in the pathogen, little information 

is available on the influence of host specialization on dollar spot. 

In addition to mycelial compatibility, Taylor (2010) performed sequencing on their 

geographically diverse sample set of 109 isolates at four nuclear loci: β-tubulin, calmodulin, 

the ITS region, and translation elongation factor 1α.  In general, appreciable variation was 

found among the four loci.  Like many previous studies (DeVries et al., 2008; Hsiang and 

Mahuku, 1999; Mitkowski and Colucci, 2006; Powell and Vargas, 2001; Viji et al., 2004), no 

correlation was observed between diversity and location despite the worldwide breadth of the 

sample set.  Instead, Taylor (2010) found that isolates clearly segregated into two distinct 

clades based on the photosynthetic pathway (C3 or C4) of the host with few exceptions.  In 

agreement with DeVries et al. (2008), little diversity was observed among isolates from C3 

hosts; approximately 90% of these isolates formed a single haplotype at all loci except 

calmodulin.  In constrast, eight to fourteen different haplotypes were identified at the four 

loci among the 40 isolates from C4 hosts.  Results from this study (Taylor, 2010) provide 
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strong support to earlier cursory evidence that S. homoeocarpa exhibits some degree of host 

specialization and that diversity is significantly higher among isolates obtained from C4 

hosts.   

In general, the aforementioned studies (Deng et al., 2002; DeVries et al., 2008; 

Hsiang and Ma, 2001; Hsiang and Mahuku, 1999; Jo et al., 2008a; Jo et al., 2008b; Powell 

and Vargas, 2001; Raina et al., 1997; Taylor, 2010; Viji et al., 2004) have found little 

variation in DNA marker profiles and/or vegetative incompatibility within S. homoeocarpa.  

Nearly all genetic diversity studies were in close agreement with respect to levels of 

similarity despite using geographically and temporally diverse sample sets.  In several of the 

studies on mycelial incompatibility (Deng et al., 2002; Mitkowski and Colucci, 2006; Powell 

and Vargas, 2001; Viji et al., 2004), a single VCG dominated the sample.  Limited genetic 

diversity between geographically separated S. homoeocarpa samples and relatively high 

similarity within local samples suggests new populations are formed by a small number of 

founding individuals that proceed to vegetatively propagate (DeVries et al., 2008; Hsiang and 

Mahuku, 1999; Powell and Vargas, 2001; Viji et al., 2004).  The method of dissemination 

observed agrees with the hypothesis proposed by Bennett (1937) that S. homoeocarpa in 

North America originated from the U.K.  

Although studies in Ontario (Hsiang and Ma, 2001; Hsiang and Mahuku, 1999) 

reported high levels of genetic similarity within temporal and geographic samples, 

respectively, evidence of gametic linkage disequilibrium were observed.  High linkage 

disequilibrium may suggest a population is undergoing non-random (asexual) reproduction, 
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is subjected to selection pressures, or originated from founding individuals, whereas low 

disequilibrium suggests random (sexual) mating (Hsiang and Mahuku, 1999).  Four of eight 

geographic samples (Hsiang and Mahuku, 1999) and two of five temporal samples (Hsiang 

and Ma, 2001) were found to have low levels of linkage disequilibrium.  These studies reveal 

that asexual reproduction is important in populations of S. homoeocarpa, but that genetic 

recombination may occur (Hsiang and Ma, 2001; Hsiang and Mahuku, 1999).  In addition, 

Taylor (2010) performed ancestral recombination analyses on sequence data and found 

evidence of recombination within their sample at three of the four loci.  In general, these data 

suggested that recombination was occurring between C3 and C4 host isolates (Taylor, 2010).   

Taken together, the results reviewed above suggest that S. homoeocarpa may be more 

diverse than was previously believed based on the assumption that dissemination and 

reproduction occurred clonally.  Because the teleomorph is only rarely found, it is probable 

that the source of this variation is asexual and derives from mutation and genetic drift, or 

possibly parasexuality and/or diploidy conferred by heterokaryosis.  However, sexual 

recombination cannot be ruled out as a possible source of variation without analysis of a 

comprehensive and intensive sample set.  Ascertaining the source of recombination in S. 

homoeocarpa is critical to understanding the basic biology of the pathogen and may have 

important implications in developing improved strategies to manage dollar spot.  In addition, 

discovery of the teleomorph would resolve the taxonomic uncertainty of the fungus.  Finally, 

while the studies discussed above have provided some insight, powerful methods with the 

ability to characterize local populations of S. homoeocarpa are lacking.   
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Dollar spot is a disease that affects nearly all species commonly cultivated for turf, 

and is probably the most economically important turf disease in the world.  Currently 

available cultural practices do not provide satisfactory disease control and development of 

new practices has offered little improvement.  Fungicides are generally relied upon to 

manage dollar spot, but developments such as health and environmental concerns and 

pathogen resistance restrict their utility.  Despite the importance and persistent nature of 

dollar spot, very little is known about the cycle and epidemiology of dollar spot and the 

biology of S. homoeocarpa.  Basic research is needed to gain a more complete understanding 

of the pathosystem, which in turn would allow development of effective and more 

environmentally amenable disease management practices that are less dependent on 

pesticides.  

The objectives of this research are to: i) develop a microsatellite genotyping protocol 

for use in population studies of S. homoeocarpa; ii) sequence and characterize the mating-

type locus of modern and historical type strains of S. homoeocarpa and selected closely 

related Rutstroemiaceae species; iii) infer patterns of population structure, migration, and 

recombination from a worldwide sample of S. homoeocarpa from various C3 and C4 

photosynthetic grass hosts. 
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Abstract 

We present 14 polymorphic microsatellite markers for studying the population 

biology of the haploid fungus Sclerotinia homoeocarpa, causal agent of dollar spot of 

turfgrasses.  A multi-step screening protocol was employed to select markers usable for the 

two groups within S. homoeocarpa that are delimited based on host type preference.  The 14 

loci developed as markers and combined into multiplex protocols identified 24 multilocus 

haplotypes among 150 isolates sampled from seven populations.  Three to seven alleles per 

locus were identified, and haploid diversity values ranged from 0.095 to 0.361.  These 

markers will be useful in population genetic studies of S. homoeocarpa. 

Body 

The fungus Sclerotinia homoeocarpa F.T. Bennett causes dollar spot, a foliar disease 

that is the most economically significant disease of turfgrass worldwide (Smiley et al. 2005; 

Vargas 2005; Walsh et al. 1999).  Disease symptoms initially appear as small spots generally 

less than 5 cm in diameter.  As the disease progresses, spots enlarge, become sunken, and can 

coalesce into large areas of affected turf.  Dollar spot negatively impacts the health, usability, 

and aesthetic quality of turfgrass.  S. homoeocarpa is a pathogen of all grass species 

commonly cultivated for turf, and can be damaging under a wide range of environmental 

conditions (Walsh et al. 1999).  Among all geographic regions in which dollar spot is 

endemic, only isolates from select locations in the United Kingdom have been reported to 

produce sexual or asexual spores (Baldwin & Newell 1992; Bennett 1937; Jackson 1973).  

Previous research using DNA sequence variation in the beta-tubulin, calmodulin, internal 
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transcribed spacer, and translation elongation factor 1-α genes has identified two distinct 

clades within S. homoeocarpa that are associated with either C3 or C4 photosynthetic grasses 

(Taylor et al. 2009).  However, this multilocus sequence typing was insufficient for further 

population genetic analysis within each clade.  Therefore, we report here the development of 

microsatellites as markers for investigating genetic diversity, population structure, and 

migration among worldwide populations of S. homoeocarpa. 

Turfgrass exhibiting dollar spot symptoms were collected from Raleigh, NC (NC-1 

and NC-2), Wilmington, NC (NC-3), Honolulu, HI (HI), Río Grande, Puerto Rico (PR), 

Avigliana, Italy (IT), and Cambourne, United Kingdom (UK).  Samples obtained from C3 

grasses are NC-1 (Agrostis stolonifera), IT (A. stolonifera, Festuca rubra, or Lolium 

perenne), and UK (F. rubra or Poa annua), whereas HI (Paspalum vaginatum), NC-2 

(Zoysia japonica), NC-3 (Cynodon dactylon × transvaalensis), and PR (Digitaria sp.) were 

obtained from C4 grasses.  Population samples were obtained from approximately 20 m x 20 

m areas of turf.  Multiple population samples at the IT and UK locations were obtained from 

different hosts in different areas on the same golf course, such as putting greens, fairways, 

and tees.  To evaluate the possibility of substructure at these locations, we genotyped random 

isolates from some of these samples.  Due to the small sample size and because we observed 

no substructure, however, for the purposes of this analysis isolates from each location were 

pooled into a single sample.  For each population sample, a symptomatic leaf blade was 

collected from the edge of approximately 20 to 50 arbitrarily selected individual infection 

centers with a pair of forceps.  Tissue was surface disinfested by swirling in 0.6% sodium 
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hypochlorite solution for 1 minute, then placed on potato dextrose agar (PDA; Difco. Sparks, 

MD) amended with 50 mg L-1 each of tetracycline, chloramphenicol, and streptomycin 

(PDA+++).  Mycelial colonies of S. homoeocarpa were further purified with a single hyphal 

tip transfer.   Mycelium was cultured either in potato dextrose broth or on cellophane 

overlaid on PDA, and DNA was isolated using the Easy DNA Kit (Invitrgoen. Carlsbad, CA) 

with the following modifications to the manufacturer’s instructions.  Solutions A and B, and 

chloroform, were added at half the recommended volume, and cell lysis was performed with 

a BeadBeater and Disc Vortex.  In the initial precipitation step, mussel glycogen was added 

to ethanol to a final concentration of 5 µg mL-1.  Residual ethanol was removed by a short 

spin in a SpeedVac.  Following DNA precipitation, the pellet was resuspended in 50 µL TE 

buffer and incubated overnight at 4oC.  RNase was added to a final concentration of 100 µg 

mL-1 and samples were incubated at 37oC for 45 min. 

We used two approaches to isolate microsatellite loci.  Both approaches utilized the 

Tandem Repeats Database v2.30 (Gelfand et al. 2007) to identify microsatellite repeats.  In 

the first approach, we performed a bead capture enrichment protocol (Glenn & Schable 

2005), modified to combine the restriction digest and linker ligation steps into a single 

reaction, on a DNA mixture of two C3 and two C4 host type S. homoeocarpa isolates and 

designed primers for each locus individually.  In the second approach, we isolated loci in 

silico from a working draft genome assembly of C3 host type isolate MB-01.  Using 

BatchPrimer3 (You et al. 2008), primers were designed for candidate di-, tri-, and tetra-

nucleotide microsatellites that satisfied minimum thresholds of perfectness and repeat length.  
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Primer pairs were tested for specific amplification against a representative C3 (from NC-1) 

and C4 (from NC-3) host type isolate in a PCR reaction protocol with an annealing 

temperature gradient.  Pairs passing this stage were further evaluated against a set of 8 or 16 

isolates from four continents representing the known diversity within S. homoeocarpa 

(Taylor et al. 2009).  Amplicons of successful loci were analyzed with Sanger sequencing to 

confirm polymorphism, lack of compound repeats, and lack of indels in the flanking regions.   

Of 386 clones analyzed from the bead capture enrichment protocol, three loci usable 

as markers were selected from 31 candidates.  Among 791 candidate loci identified in silico, 

11 usable markers were selected from 87 evaluated primer pairs.  The forward primer for all 

14 usable loci was directly labeled with 6-FAM, HEX, or NED, and primers were combined 

into 4 multiplex and 1 simplex reaction for genotyping (Table 1).  Multiplex reactions #1-4 

were 10.5 µL in volume and contained approximately 25 ng DNA, 0.1 µg/µL bovine serum 

albumin (New England BioLabs, Ipswich, MA), 0.7 mM dNTPs (total), and 5 U/100 µL Taq 

polymerase.  MgCl2 was present at 1.7 mM for reactions #1,3-4 and 1.8 mM for reaction #2.  

Thermalcycling conditions were: initial denaturation at 94oC for 2 min, then 35 cycles of 

denaturation at 94oC for 20 s, annealing for 30 s at the reaction-specific temperature, and 

extension at 72oC for 1 min, followed by a final extension at 72oC for 2 min.  Annealing 

temperatures were 57oC for reaction #1, 56oC for reaction #3, and 53oC for reactions #2 and 

#4.  Locus Sh05 was amplified in simplex in a volume of 10.5 µL containing approximately 

25 ng DNA, 1.8 mM MgCl2, 0.5 mM dNTPs (total), and 3 U/100 µL Taq polymerase.  

Thermocycling conditions for Sh05 were initial denaturation at 94oC for 2 min, then 10 
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touchdown cycles of denaturation at 94oC for 20 s, annealing at 75oC for 20 s decreasing by 

1oC per cycle, and extension at 72oC for 45 s, followed by 30 cycles of denaturation at 94oC 

for 20 s, annealing at 65oC for 30 s, and extension at 72oC for 45 s, with a final extension at 

72oC for 2 min.   

Because all microsatellite loci we developed can be distinguished by amplicon size 

and fluorophore, products from multiplex reactions were diluted and combined to allow each 

sample to be analyzed on a single 3730xl DNA Analyzer capillary (Applied BioSystems).  

Peaks were sized and binned using GeneMapper v1.8 (SoftGenetics LLC, State College, PA).  

Arlequin v3.5.1.2 (Excoffier & Lischer 2010) was used to determine multilocus haplotypes 

and for performing pairwise linkage disequilibrium (LD) tests between loci; for each 

population LD was calculated using 500,000 steps in the Markov chain preceded by 50,000 

dememorization steps.  Gene diversity and private alleles were determined with GenAlEx 

v6.5 (Peakall & Smouse 2012).  Multilocus haplotypes were used for all analyses as the 

clone-corrected dataset.  Due to our interest in developing markers that can differentiate 

within both C3 and C4 host type isolates of S. homoeocarpa, gene diversity values were also 

calculated for these two clades.  In addition, values were calculated for a third group, 

comprised of all but one of the isolates from PR that did not group with either clade (Table 

2).  

The 14 microsatellite markers identified 3 to 7 alleles per locus among 150 isolates of 

S. homoeocarpa (Table 2).  Values of gene diversity for each locus ranged from 0.095 to 

0.361 for all isolates combined, but most diversity was found among C4 host type isolates.  A 
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total of 6, 13, and 1 loci were polymorphic within the C3, C4, and PR groups, respectively.  

The allele size ranges of some loci contained short gaps contrary to expectations under the 

stepwise mutation model, suggesting that alleles may not have been sampled in this screening 

set.  The tetranucleotide microsatellite at locus Sh05, however, contained two large gaps 40 

and 24 nucleotides in length, and these gaps were correlated with either the C3 or C4 host 

type clade.  Isolates belonging to the C4 host type clade had allele sizes of 312 bp, 316 bp, or 

324 bp, whereas C3 host type isolates had allele sizes of 366 bp, 374 bp, or 378 bp.  All 

isolates from the unknown host group (PR) had an allele size of 402 bp.  Moreover, during 

the development phase, we detected a short microsatellite (AT repeat motif) in the Sh05 

flanking region having two alleles within the initial screening set.  To investigate this repeat, 

we sequenced the Sh05 locus in one to six representative isolates for each of the seven Sh05 

alleles identified in this study.  We found that in all cases this small microsatellite contained 

a copy number of 4 for C3 host type isolates and the unknown PR group, and 3 copies in C4 

host type isolates.  From this screening we also discovered a 9 bp deletion in two C4 host 

type isolates, indicating additional verification is required for use of this locus in population 

studies.  These two factors explained how the allele size differences were not divisible by 4. 

We detected 24 multilocus haplotypes among the 150 isolates, but found none were 

shared among the seven population samples (Table 3).  These populations exhibited a range 

of gene diversity (0.000 to 0.397) and number of private alleles (0 to 11), suggesting that 

forces such as gene flow and drift may differ among host type clades or sampling locations.  

Among the four population samples having more than one polymorphic locus, analysis of LD 
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by Arlequin detected a single locus pair (Sh10 and Sh14) to be in LD (P = 0.017) within 

population NC-2; however, after correction with the Holm-Bonferroni (Holm 1979) and 

Benjamini-Hochberg (Benjamini & Hochberg 1995) methods to control the familywise error 

and false discovery rates, respectively, using ‘p.adjust’ function in the R package stats, this 

LD was not significant (P = 0.596).  Thirteen and nine percent of isolates had missing data at 

Sh05 and Sh10, respectively, whereas values for all other loci ranged from 0% to 6%.  We 

are currently employing the microsatellite markers developed in this study to investigate the 

population genetic structure of S. homoeocarpa on a global scale. 
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Table 2.1.  Microsatellite markers developed for Sclerotinia homoeocarpa. 
Locus Motif Primer Sequence (5’–3’) MPR Label [Primer] Acc. No.  
Sh01 (ATC)8 F: CTTCTCCACTCAAACTAC 4 6FAM 0.5  KC753182 
  R: TCAGGCGGTTAATTCTGT     
Sh02 (TTC)11 F: AAGGTAAAGCACAACAGATA 2 6FAM 0.4  KC753183 
  R: TACGGAATGAATGAATAAAT     
Sh03 F: TCGCAAGAATCTGGTCTCAA 2 6FAM 0.4  KC753184 
 

(CTT)4CTCCTT 
(CAT)3CTTCTCCTT R: GGAGAAGATGGAGAAGCCG     

Sh04 F: CGATTCCAAAATACACCCAAG 3 6FAM 0.4  KC753185 
 

(ATGG)4(GTGG(ATGG)2)2 
GTGG(ATGG)4 R: TGGACACGACTCTCTGAAGG     

Sh05 (ATAC)24 F: GGCTAGGAGATGGTGTTGCT 5 6FAM 0.6  KC753186 
  R: GGGGGAGAATGGAGGTGT     
Sh06 (CTC)6 F: TAGAAGGTCAGCAATGTG 4 HEX 0.6  KC753187 
  R: AGATTCAGCAACAAATAAAT     
Sh07 F: CGATTTTGGAAAGTGGCTTG 2 6FAM 0.4  KC753188 
 

(GATT)4CATT(GATT)3 
(CATTGATT)2 R: CGGAATGAGGTTTGTGAGGT     

Sh08 F: GGAGTTTGTTTGGGTGTTGG 1 HEX 0.4  KC753189 
 

(GGT)2AGTTGT 
(GGT)4 R: CACAATCTCAGTCCGCATCA     

Sh09 (CT)9 F: GAAGCCGCTGCTGTAGATAA 1 HEX 0.4  KC753190 
  R: TTCTTTTGCTTTCGTGGATG     
Sh10 AGGAAG(AGG)6 F: CCACGCAAGAAATTGTAGAGG 1 HEX 0.4  KC753191 
  R: TTGGAATTGGCTTTGGATGT     
Sh11 (CAA)7 F: ACAGCAACCATACACGCAAG 1 HEX 0.4  KC753192 
  R: CGAGTCGTTGTTCCATTTCA     
Sh12 (ACTC)6 F: TTGCCGCACGAAAGAATCACAT 3 HEX 0.1  KC753193 
  R: GGGACAACAACAACGCTGGTAAC     
Sh13 ATCC(ATC)13 F: TGGTCAAAGTCAACATCTCGT 3 NED 0.4  KC753194 
  R: TAAATGCCGTCCGTGGTA     
Sh14 (AT)9 F: TTTTCGTATCGGGAGGTGTC 4 NED 0.2  KC753195 
  R: GCAAGTCAAAGTGTATTTAG     

Motif from amplicon sequencing of MB-01; MPR, multiplex reaction; [Primer], reaction concentration of primer in µM. 
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Table 2.2.  Locus-specific summary statistics for 14 microsatellite markers developed for 
Sclerotinia homoeocarpa. 

h / S.E. (Na)  h (Na)  
Locus 

Range 
(bp) All C3 C4 PR 

% 
missing 

Sh01 125-155 0.183 / 0.122 (6) 0.480 (2) 0.602 (5) 0.000 (1) 1 
Sh02 472-502 0.183 / 0.092 (5) 0.000 (1) 0.561 (3) 0.000 (1) 2 
Sh03 212-221 0.257 / 0.094 (4) 0.000 (1) 0.672 (4) 0.000 (1) 3 
Sh04 239-271 0.163 / 0.108 (6) 0.000 (1) 0.693 (5) 0.000 (1) 1 
Sh05 312-400 0.228 / 0.085 (7) 0.640 (3) 0.381 (3) 0.000 (1) 13 
Sh06 153-159 0.135 / 0.087 (3) 0.480 (2) 0.000 (1) 0.000 (1) 3 
Sh07 543-567 0.166 / 0.085 (4) 0.480 (2) 0.111 (2) 0.000 (1) 2 
Sh08 221-233 0.157 / 0.076 (4) 0.000 (1) 0.304 (3) 0.000 (1) 0 
Sh09 274-294 0.138 / 0.089 (4) 0.320 (2) 0.727 (4) 0.000 (1) 0 
Sh10 488-512 0.254 / 0.124 (6) 0.000 (1) 0.764 (6) 0.000 (1) 9 
Sh11 569-581 0.175 / 0.086 (5) 0.000 (1) 0.578 (4) 0.000 (1) 6 
Sh12 403-411 0.095 / 0.066 (3) 0.000 (1) 0.111 (2) 0.000 (1) 5 
Sh13 154-184 0.122 / 0.079 (4) 0.000 (1) 0.304 (3) 0.000 (1) 0 
Sh14 214-236 0.361 / 0.131 (7) 0.320 (2) 0.810 (6) 0.500 (2) 4 
All loci - 0.187 / 0.025 (4.9) 0.194 (1.5) 0.473 (3.6) 0.036 (1.1) 4 

Range of observed amplicon sizes; h, gene diversity; S.E., standard error of h; Na, number of alleles; All, h 
calculated for all isolates over sampling populations; C3, isolates belonging to C3 host type clade (populations IT, 
NC-1, UK); C4, isolates belonging to C4 host type clade (populations HI, NC-2, NC-3); PR, population from Puerto 
Rico of unclear association; % missing, percentage of isolates evaluated with missing data; All loci, averages over 
all loci. 
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Table 2.3.  Summary statistics and linkage analysis of 14 microsatellite markers within 7 
sampling populations of S. homoeocarpa. 
Population Clade n MLH Np h (S.E.) NPP Alq 
HI C4 20 8 9 0.396 (0.064) 66 0 
IT C3 9 1 0 0.000 (0.000) N/A N/A 
NC-1 C3 33 2 1 0.143 (0.063) 6 0 
NC-2 C4 11 6 11 0.301 (0.073) 36 1 
NC-3 C4 33 2 2 0.036 (0.036) N/A N/A 
PR unknown 26 3 5 0.397 (0.048) 66 0 
UK C3 18 2 1 0.036 (0.036) N/A N/A 

Populations: Hawai’i (HI), Italy (IT), North Carolina (NC), Puerto Rico (PR), and United Kingdom (UK); 
Clade, isolates form two distinct clades that are associated with the photosynthetic pathway of the host grass 
(C3 or C4), but 25 of 26 isolates from PR do not associate with either clade; n, number of isolates evaluated; 
MLH, number of multilocus haplotypes; Np, number of private alleles; h, gene diversity; S.E., standard error; 
NPP, number of polymorphic locus pairs; Alq, number of pairs in disequilibrium according to Arlequin; N/A, 
not available due to having fewer than two polymorphic loci. 
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3. CHARACTERIZATION OF THE MATING-TYPE LOCUS IN SELECTED 
RUTSTROEMIACEAE AND DISTRIBUTION OF MATING-TYPES IN 

SCLEROTINIA HOMOEOCARPA POPULATIONS 

Abstract 

Sclerotinia homoeocarpa F.T. Bennett is a filamentous member of Ascomycota that 

causes dollar spot, the most economically important disease of turfgrass in the world.  

Production of fertile apothecia by S. homoeocarpa from the United Kingdom has been 

reported in selected instances, but most other isolates of the pathogen worldwide are 

apparently sterile.  Knowledge of the genetic basis of mating within the Rutstroemiaceae and 

the distribution of mating-types of S. homoeocarpa is limited.  We sequenced and 

characterized the mating-type (MAT) locus of several recently-collected ‘modern’ strains 

causing dollar spot, historical type strains used to describe the fungus, and selected close 

relatives of the pathogen, and also developed a multiplex PCR assay to screen 1,019 modern 

isolates for mating-type.  The modern strains have a heterothallic MAT locus organization as 

expected, suggesting these strains are required to encounter an individual of the opposite 

mating type to sexually reproduce.  However, while three of four historical type strains were 

reported to be self-fertile from single-ascospore cultures, we found that only one of these 

four had a homothallic MAT locus organization.  The MAT locus of this homothallic strain 

was nearly identical to two strains of Rutstroemia cuniculi.  A strain of R. paludosa and of P. 

henningsianum appeared to contain both idiomorphic segments, but closing the gap between 

these segments was not successful.  Inverted repeats located at idiomorphic break points 

could possibly explain the transition between homothallism and heterothallism.  Isolates from 

two populations recently collected from the United Kingdom associated more closely with 
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the historical type strains, contained the MAT1-2-1 gene, but lacked the gene of unknown 

identity that is present in the MAT1-2 idiomorph.  Some modern isolates collected from 

southern California and Italy contained both MAT idiomorphs, providing additional evidence 

that S. homoeocarpa can maintain stable heterokaryons in nature.  Clone-corrected mating-

type distributions with modern S. homoeocarpa populations showed few deviations from an 

equal ratio when analyzed on a sample location or regional scale, but the interpretation of 

that result is unclear due to a high level of clonality.  Results from this study contribute to 

knowledge about mating systems in fungi and enhance our understanding of the evolution 

and biology of an important plant pathogen. 
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Introduction 

Sclerotinia homoeocarpa F.T. Bennett causes dollar spot, a severe disease of 

turfgrass.  While originally placed in the genus Sclerotinia, S. homoeocarpa does not produce 

a true sclerotium (Baldwin and Newell, 1992; Fenstermacher, 1980; Jackson, 1973; Novak 

and Kohn, 1991) and was excluded from the genus (Whetzel, 1946) based on the narrowed 

definition by Whetzel (Whetzel, 1945).  Since this exclusion, it has been clearly shown that 

S. homoeocarpa and related fungi that produce an “indeterminate platelike substratal stroma” 

belong to the Rutstroemiaceae, a family erected to accommodate the distinction from true 

Sclerotiniaceae genera that produce a “determinate tuberlike sclerotium” (Carbone and Kohn, 

1993; Holst-Jensen et al., 1997; Kohn and Grenville, 1989a; b; Novak and Kohn, 1991).  

However, reclassification of S. homoeocarpa has been difficult because recent efforts to 

induce sexual reproduction among isolates causing modern epidemics of dollar spot in North 

America have yielded only sterile apothecia (Bennett, 1937; Fenstermacher, 1970; 1980; 

Orshinsky and Boland, 2011).  In addition, no other spore types or sporulating structures 

have been reported in North America.  Characterization of the mating system of S. 

homoeocarpa could lead to the production of fertile apothecia and add a formal description 

of the teleomorph.   

In most filamentous Ascomycota, mating is genetically controlled by the regulatory 

transcription factors MAT1-1-1, which contains an α domain, and MAT1-2-1, which is a 

member of the high-mobility group (HMG) family of DNA-binding proteins (Debuchy et al., 

2010).  These mating-type (MAT) genes are characteristically found at a single genomic locus 
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(MAT) and generally flanked by the DNA lyase (APN2) and/or cytoskeleton assembly (SLA2) 

genes (e.g., Amselem et al., 2011; Woudenberg et al., 2012; Zaffarano et al., 2010).  Species 

with a homothallic MAT locus organization contain both MAT1-1-1 and MAT1-2-1 at the 

MAT locus, and are capable of self-fertility (Debuchy et al., 2010).  In contrast, individuals of 

species with a heterothallic organization contain only one of the two MAT genes and 

generally must outcross with an individual of the opposite mating type (Debuchy et al., 

2010).  Instead of alleles, the term idiomorph is used to describe the portion of the 

heterothallic MAT locus specific to each mating type due to their dissimilar organization and 

evolutionary histories (Metzenberg and Glass, 1990).  For simplicity, in this paper we use 

‘homothallic’ and ‘heterothallic’ to refer to the genetic organization of the MAT locus and not 

its fertility phenotype because the latter is not investigated in the present paper. 

In the original description of S. homoeocarpa, Bennett identified three ‘strains’ of the 

pathogen, two obtained from single locations in the United Kingdom that readily produced 

fertile apothecia, conidiophores, and/or microconidia, and one obtained from Australia, North 

America, or the United Kingdom that produced only sterile apothecia, and in two cases from 

the United Kingdom, microconidia (Bennett, 1937).  Single ascospore colonies of the former 

two strains were identified as being self-fertile, indicating these strains may be homothallic.  

Two subsequent reports originating from the Sports Turf Research Institute (STRI) in the 

United Kingdom described production of fertile apothecia in the field or after culture 

incubation in the lab (Baldwin and Newell, 1992; Jackson, 1973).  However, the lack of 

sexual fertility among modern North American isolates might suggest that these strains are 
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not homothallic or that they contain a dysfunctional mating system.  Recent hints that 

modern isolates of the dollar spot pathogen are strongly divergent from the original three 

type strains (Taylor et al., 2009) allows for the possibility that these two distinct lineages 

have different mating systems.  Given the coexistence of heterothallism and homothallism in 

the closely related genera Botrytis and Sclerotinia within the Sclerotiniaceae (Ekins et al., 

2006; Groves and Elliott, 1961; Uhm and Fujii, 1983), detection and characterization of both 

mating systems in Rutstroemiaceae species can improve understanding of the evolution of 

sex in these allied families. 

Sclerotinia homoeocarpa is the most economically important pathogen of turfgrass 

worldwide due to its wide host range, activity in a wide range of conditions, and its 

cosmopolitan distribution (Smiley et al., 2005; Vargas, 2005; Walsh et al., 1999).  

Management of dollar spot is becoming increasingly challenging partly due to the 

widespread development of fungicide-insensitive S. homoeocarpa populations (Jo et al., 

2006; Koch et al., 2009; Putman et al., 2010).  Analysis of molecular profiles of S. 

homoeocarpa samples from Ontario suggested the possibility that both clonal and sexual 

reproduction had occurred (Hsiang and Mahuku, 1999).  However, strong evidence for 

sexual reproduction remains lacking, and it is unknown if sexual reproduction plays a role in 

resistance development or response of the pathogen to other management practices.  

Determining the genetic basis of mating within worldwide populations of S. homoeocarpa 

would advance knowledge of the pathogen’s basic population biology.  Our objectives in this 

research were to: i) characterize the MAT locus in S. homoeocarpa, type strains identified as 
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Sclerotinia homoeocarpa, and select Rutstroemiaceae species; ii) develop a screening 

protocol for mating-type determination of S. homoeocarpa; and iii) determine the distribution 

of MAT genes among select worldwide populations of the pathogen.  We hypothesize that 

modern S. homoeocarpa and the non-sporulating type isolate have a heterothallic MAT locus 

organization and that the distribution of S. homoeocarpa mating types is unequal at sampling 

locations, reflecting rare sexual reproduction.  In addition, we hypothesize that the two self-

fertile type isolates identified as S. homoeocarpa have a homothallic MAT locus organization.   
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Materials and Methods 

Samples 

Turfgrass exhibiting dollar spot symptoms were collected between 2003 and 2011.  A 

symptomatic leaf blade was collected with a pair of forceps from the edge of approximately 

20 to 50 arbitrarily selected individual infection centers within approximately 20 m x 20 m 

areas of turf.  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 then stored at 

4oC until isolations were performed.  Symptomatic tissues were surface disinfested by 

swirling in 0.6% sodium hypochlorite solution for 1 minute.  Leaf blades were next dried by 

pressing the leaf tissue against a paper towel, and then placed on potato dextrose agar (PDA; 

Difco. Sparks, MD) amended with 50 mg L-1 each of tetracycline, chloramphenicol, and 

streptomycin (PDA+++).  After two days, mycelial colonies of S. homoeocarpa were 

identified based on comparison with known isolates of the pathogen and transferred to a fresh 

PDA+++ plate.  After incubation for 1 to 2 days, hyphal tip transfers to PDA+++ containing 

sterilized filter paper were performed using a scalpel under a dissecting microscope.  For 

some populations, dried leaf blades were placed on water agar amended with 50 mg L-1 each 

of penicillin and streptomycin (AWA), and hyphal tip transfers were performed directly from 

AWA onto PDA with filter paper.  Once the fungus had infested the filter paper and began to 

form a stroma, the filter paper was placed in coin envelopes and dried in a biosafety hood for 

at least 24 hours.  Envelopes were stored at -80oC. 
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Representatives of the three strains described by Bennett (ATCC 10942 to 10944) 

were obtained from the American Type Culture Collection.  The strain described by Jackson 

(IMI 167641) was obtained from the Centre for Agricultural Bioscience International.  In 

addition, we collected two populations of a fungus causing dollar spot from the United 

Kingdom that associate with historical strains at some loci.  Therefore, a representative from 

these populations was included in the locus characterization portion of this study.  Isolates of 

select Rutstroemiaceae species were kindly provided by T. Schumacher or obtained from the 

ATCC. 

DNA Extraction 

Genomic DNA was extracted from isolates used in the initial MAT locus 

characterization steps (Table 3.1) using the Easy-DNA Kit (Invitrogen, Carlsbad, CA) with 

the following modifications to protocol #3.  Isolates were grown on cellophane-covered 

PDA, and mycelium was harvested by scraping with a scalpel.  Solutions A and B, and 

chloroform, were added at half the recommended volume.  Following addition of glass beads 

and Solution A, cell lysis was performed with a MiniBeadbeater-16 (BioSpec Products, Inc., 

Bartlesville, OK) for 3 min and disc vortex (Digital Mini Vortexer, Fisher) for 2 min.  In the 

initial precipitation step, mussel glycogen was added to ethanol to a final concentration of 5 

µg mL-1.  Residual ethanol was removed by a short spin in a DNA110 SpeedVac (Savant 

Instruments, Inc., Farmingdale, NY).  Following DNA precipitation, the pellet was 

resuspended in 50 µL TE buffer and incubated overnight at 4oC.  RNase was added to a final 

concentration of 100 µg mL-1 and samples were incubated at 37oC for 45 min.  DNA quantity 
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and purity was assessed with Nanodrop (model ND-1000, software v3.8.1), and working 

DNA solutions of 50 ng µL-1 sterile water were prepared.  This protocol was also used to 

extract DNA for some of the populations used for screening.   

A 96 well plate protocol was used for subsequent populations (Table 3.2).  Isolates 

were grown on cellophane-covered PDA, and approximately 40 mg of tissue was harvested 

with a scalpel and placed in 1.5 mL microcentrifuge tubes.  Tubes were left uncapped in a 

running biosafety hood for approximately 48 hours to dry tissue.  Dried tissue was stored at -

20oC until enough samples were accumulated for extraction.  Extraction of DNA was 

performed with the DNeasy 96 Plant Kit (Qiagen) with the following modifications to the 

‘frozen plant tissue’ protocol.  No liquid nitrogen was used because tissue was dried, and in 

step #18 300 µL of supernatant was transferred.  Two plates were extracted at a time, and 

multichannel pipetting order of columns across the plates was alternated at each step.  

Suitability of the extracted DNA for PCR was tested by amplifying the ITS region. 

Locus Sequencing 

We identified the MAT locus in silico from a draft genome sequence of S. 

homoeocarpa isolate MB-01, which was sequenced to 70X coverage and assembled at the J. 

Craig Venter Institute, using tBLASTx searches with MAT gene, APN2, and SLA2 transcripts 

from the genomes of Botrytis cinerea isolates 05.10 and T4 and Sclerotinia sclerotiorum 

isolate 1980.  To directly sequence the MAT1-1 idiomorph in MB-01 and other isolates, we 

aligned regions of MB-01 with homology to the MAT1-1-1 and MAT1-1-5 genes, and the 

flanking APN2 and SLA2 genes, with those of B. cinerea 05.10 and S. sclerotiorum 1980.  
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We designed several primers (Table 3.3) in conserved segments of each of these gene 

regions from multiple alignments in CLC Main Workbench v6.9, and selected the optimal 

primer pair based on PCR reactions with an annealing temperature gradient against a 

representative S. homoeocarpa isolate and a suspected MAT1-1 type isolate.  Isolate MB-01 

was obtained from the C3 host creeping bentgrass, but S. homoeocarpa populations typically 

associated with C4 grasses represent a distinct genetic lineage.  We amplified the MAT locus 

of MB-01 and the C4 host-type isolate EUS-4-8 in three overlapping fragments.  Amplified 

fragments were subjected to Sanger sequencing using the amplification primers and internal 

sequencing primers designed at sufficient intervals.   

To sequence the suspected MAT1-2 idiomorph in S. homoeocarpa isolates negative 

for MAT1-1, we aligned the MAT1-2-1 and MAT1-2-4 genes of B. cinerea T4 and S. 

sclerotiorum 1980 and designed primers in conserved regions of these genes.  However, 

attempts to amplify overlapping fragments from suspected MAT1-2 isolates using various 

combinations of these primers and the APN2 and SLA2 primers were not successful.  

Therefore, we amplified the entire MAT locus in these isolates as a single fragment with 

Platinum Taq High Fidelity (Life Technologies, cat. no. 11304-011) using primers anchored 

in APN2 and SLA2.  These primers were used in the initial sequencing runs, then two sets of 

new sequencing primers were successively designed at approximately 800 bp intervals from 

each end of the amplified fragment.  To generate more product for sequencing, the second set 

of sequencing primers was used to amplify a smaller fragment.  A third set of sequencing 

primers was used for complete coverage of the fragment. 
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Because we could not amplify the MAT locus of the S. homoeocarpa type strains and 

the other Rutstroemiaceae in a single fragment using protocol described above, we amplified 

and sequenced fragments within the N- and C-terminal regions of APN2 and SLA2, 

respectively, of these strains.  Additional forward primers were designed in conserved 

regions of APN2 that were used to amplify the entire MAT locus from ATCC 10942, ATCC 

10943, IMI 167641, and UK-7-17.  Sequencing of these strains was performed in successive 

steps as previously described, but new sequencing primers were designed in positions 

conserved among modern S. homoeocarpa isolates and the type strains.   

  Although the MAT locus could not be amplified as a single fragment from 

ATCC10944, P. henningsianum, R. cuniculi, and R. paludosa, we detected both MAT1-1-1 

and MAT1-2-1 in these isolates by amplifying small fragments within these genes.  To 

elucidate the organization of the MAT locus within these putative homothallic strains, we 

used the new, conserved primers to amplify fragments among APN2, SLA2, and the four 

MAT genes based on their orientation in isolates having a heterothallic MAT locus 

organization.  Protocols were developed for amplification of fragments spanning portions of 

the following regions: APN2 to MAT1-2-1; MAT1-2-1 to MAT1-2-x; MAT1-2-1 to SLA2; 

APN2 to MAT1-1-5; MAT1-1-5 to MAT1-1-1; MAT1-1-1 to SLA2; and MAT1-2-1 to MAT1-1-

5.  In addition to the internal fragments of APN2 and SLA2, cycling conditions for these 

seven fragments were initial denaturation at 94oC for 2 min, 35 cycles consisting of 

denaturation at 94oC for 15 s, final extension at 72oC for 5 min, and hold at 4oC or 10oC.  

Details for the annealing and extension steps, and the fragment sizes and primers are detailed 
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in Table 3.4.  Except for the MAT1-2-1 to SLA2 fragment, reaction mixtures for the 

aforementioned eight fragments (including APN2 and SLA2) had a volume of 18 µL and 

contained 1.0X of 10X KCl buffer (Bioline),1.5 mM MgCl2 (Bioline), 0.1 µg/µL bovine 

serum albimum (New England Biolabs), 0.5 mM total dNTPs (Bioline), 0.3 µM primer 

(each), 0.54 U Taq (Bioline), and 1 µL of 50 ng/µL template DNA.  The reaction mixture for 

the MAT1-2-1 to SLA2 fragment was identical except for a total of 1.7 mM MgCl2 and 0.7 

mM total dNTPs.   

The entire locus (APN2 to SLA2) was amplified with the following cycling 

conditions: initial denaturation (94oC for 1 min); 40 cycles of denaturation (94oC for 15 s), 

annealing (50oC for 45 s), and extension (68oC for 7 min); final extension (68oC for 10 min); 

hold (4oC).  Reaction mixtures for the whole locus were 25 µL in volume and contained 0.9X 

of 10X High Fidelity buffer, 1.5 mM MgSO4, 0.1 µg/µL bovine serum albimum, 0.8 mM 

total dNTPs, 0.2 µM of primers MLO_576F and MLW_2730R, 0.75 U Platinum Taq, and 

1.0 µL of 50 ng/µL template DNA.   

 Amplifications were performed in a Mastercycler ep gradient S thermalcycler 

(Eppendorf), generally with the ‘sim tube’ option enabled, which facilitates temperature 

precision based on the volume and number of samples.  Amplicons were visualized on 0.8%, 

1%, or 1.5% agarose gels with 5 µL ethidium bromide 100 mL-1 gel and initially purified 

using the QIAquick PCR Purification Kit (Qiagen).  Later, PCR products were purified with 

ExoSAP-IT (Affymetrix), using 0.75, 1.0, or 1.5 µL enzyme mixture 5 µL-1 reaction product 

and thermalcycler incubation at 37oC for 30 min with a 20 min deactivation step at 80oC.  
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Amplicon sequencing was performed with the BigDye v3.1 chemistry on a 3730xl DNA 

Analyzer capillary system (Applied Biosystems) at the Duke University Institute for 

Genomic Sciences and Policy (Durham, NC).  Reads were assembled de novo or using a 

reference when necessary in CLC Main Workbench, and the beginning and ends of reads 

were trimmed to the last and first ambiguous nucleotide, respectively.  A homopolymer run 

(T10CT4) located in the 3’ flanking region of the C4 host-type S. homoeocarpa isolates EUS-

4-8 and HI-3-W-T20 reduced sequence quality for one of the sequencing primers in 3 and 2 

duplicate reads, respectively.  Because the error caused a frameshift contraction by 1 bp, a 

total of 2 and 3 bp, respectively, were manually changed in the consensus sequence within 

the 163 and 384 bp regions, respectively, for which sequencing coverage was made up of 

only this primer. 

In silico Analyses 

To detect the presence of possible repetitive elements in the MAT locus of the 

samples in our study, we first used RepeatModeler v1.0.4 to construct de novo repeat 

libraries from B. cinerea 05.10, S. sclerotiorum 1980, and S. homoeocarpa MB-01.  These 

libraries were concatenated with fungal repeats from RepBase (22 April 2013).  We 

annotated the coding and intron positions of the S. homoeocarpa and other Rutstroemiaceae 

samples using predictions from FGENESH v2.6 and GeneMark-ES 3.0.  We used the 

available FGENESH model that was trained on S. sclerotiorum, and for GeneMark we 

constructed training sets from masked genomic sequences of B. cinerea 05.10 and S. 

sclerotiorum 1980.  Protein domains were identified with searches of the full Pfam database 
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v27.0 from within CLC Main Workbench.  Alignment of locus sequences in CLC Main 

Workbench and BLASTn searches were performed to identify regions of similarity among 

the isolates, and also the positions delimiting the conserved flanking region and idiomorphic 

sequence (flanking end and start points).   

Detection and Distribution of Mating Types 

We developed multiplex screening protocols to enable rapid mating-type 

determination of S. homoeocarpa isolates.  The first protocol targeted MAT1-1-1 and MAT1-

2-1.  Because we found a putative novel MAT gene in the MAT1-2 idiomorph, we designed a 

second multiplex protocol targeting this putative gene (MAT1-2-x) and MAT1-1-5.  

Sequences predicted by FGENESH were aligned for each of the four genes, and numerous 

primers were designed in conserved regions that flanked putative introns.  Primers were first 

tested for their ability to amplify the target gene in simplex in PCR reactions with an 

annealing temperature gradient against a representative C3 and C4 host-type S. homoeocarpa 

isolate of the appropriate mating type.  Next, various combinations of usable primers 

targeting MAT1-1-1 and MAT1-2-1 or MAT1-1-5 and MAT1-2-x were similarly evaluated 

against representative C3 and C4 host-type isolates of each mating type.  The first 

combinations that amplified single bands with high yield were selected for use.  The 

effectiveness of these protocols was evaluated in a screen against isolates representing known 

diversity of S. homoeocarpa in our collection.  Then, the forward primer in each pair was 

directly labeled with NED, and these two protocols were included into a multiplex protocol 

used to genotype S. homoeocarpa at 14 microsatellite loci (Molecular et al., 2013).  The 
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protocols targeting the MAT1-1-1/MAT1-2-1 and the MAT1-1-5/MAT1-2-x genes were 

amplified in multiplex with reactions #3 and #2, respectively, of the genotyping protocol.  

Fragment analysis was performed on a 3730xl DNA Analyzer at the Duke Institute for 

Genomics Science and Policy (Durham, NC) with the ROX1000 size standard, and peaks 

were sized and binned with GeneMapper v1.8 (SoftGenetics LLC, State College, PA).  

Multilocus haplotypes were first identified with Arlequin v3.5.1.3 then refined manually due 

to the presence of missing data from microsatellite loci.  The clone-corrected ratio of mating 

types was determined from MySQL database searches, and the ratio of mating types at each 

location or within each region was analyzed for deviation from 1:1 by a two-tailed binomial 

test with continuity correction (Hutson, 2006), which avoids values of P > 1.0.  Due to clear 

genetic structure between C3 and C4 host type isolates (Liberti et al., 2012; Taylor, 2010), 

mating type distributions were analyzed separately for these two groups on a region-wide 

basis and for locations at which both C3 and C4 host type isolates were collected.  At some 

locations, a single isolate among those genotyped belonged to the opposite host type from the 

rest of the sample.  These isolates were excluded from this study.   

Expression Analysis 

Total RNA was extracted with the PureLink RNA Mini Kit (Life Technologies) with 

the following modifications to the Plant Tissues protocol.  After 4 days of incubation, 

mycelium was harvested as described for genomic DNA.  After addition of lysis buffer, 

samples were run on the BeadBeater for 4 min and the Disc Vortex for 2 min.  On-column 

treatment with the PureLink DNase set (Life Technologies, cat. no. 12185-010) was 
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performed.  Following the wash steps, an additional centrifugation step was added to ensure 

removal of ethanol.  Elution of total RNA was performed with three rounds of 1 min 

incubation with water and centrifuging for 2 min, for a total of 250 µL sterile water. 

Due to excessive genomic DNA contamination, total RNA was subjected to lithium 

chloride fractionation.  LiCl was added to the RNA solution to a final concentration of 2 M, 

and tubes were gently vortexed then placed in a freezer at -20oC for 1 hr.  Tubes were then 

centrifuged for 15 min and the supernatant was discarded by pipette.  The pellet was washed 

by adding 100 µL cold 80% ethanol and gently vortexing.  After centrifuging for 5 min, 

ethanol was decanted by pipette and the pellet was dried in a Speed Vac.  The single stranded 

RNA (ssRNA) fraction was resuspended in 50 µL nuclease-free water, and RNA was 

quantified using Nanodrop after incubation overnight at 4oC.  Because DNA contamination 

was still encountered, ssRNA was subjected to treatment with amplification grade DNase I 

(Life Technologies, cat. no. 18068-015) according to the manufacturer’s instructions.  

Oligo dT-primed cDNA was synthesized from DNase-treated ssRNA using the Tetro 

cDNA synthesis kit (Bioline, cat. no. BIO-65043) according to the manufacturer’s 

instructions.  A parallel set of samples was processed without the addition of reverse 

transcriptase to serve as negative controls.  We first tested the cDNA library by amplifying 

portions of the beta-tubulin, calmodulin, and SLA2 transcripts.  Various combinations of the 

primers designed above for multiplex detection were then evaluated for detection of the four 

putative MAT transcripts of S. homoeocarpa.  Evaluation was performed using a 
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representative C3 and C4 host type isolate of the appropriate mating type in PCR reactions 

with an annealing temperature gradient.  
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Results 

Locus Sequencing 

The mating type locus and portions of the flanking APN2 and SLA2 genes were 

sequenced for 13 isolates of S. homoeocarpa and closely related Rutstroemiaceae species.  

The MAT1-1 idiomorph for all isolates in this study contained the putative genes MAT1-1-5 

and MAT1-1-1, which contains an alpha domain, both transcribed in the same and opposite 

direction as APN2 and SLA2, respectively (Figure 3.2).  Except for UK-7-17, the MAT1-2 

idiomorphs contained the putative genes MAT1-2-1, which contains an HMG domain and is 

transcribed in the reverse direction relative to APN2, and the forward-transcribed gene of 

unclear history MAT1-2-x.  

Except for UK-7-17 (1,293 bp), MAT1-2 idiomorphs of heterothallic isolates in this 

study ranged from 2,362 to 2,596 bp in length.  UK-7-17 contained a 1,069 bp deletion with 

respect to other strains that included all but 4 bp of the C-terminus of MAT1-2-x and 126 bp 

of sequence upstream of its start codon.  PCR reactions targeting the MAT1-2-1 to SLA2 and 

MAT1-2-1 to MAT1-2-x were performed to confirm that a total of 15 additional strains from 

UK-7 and 5 strains from the second site, UK-8, also lacked MAT1-2-x.  The deletion includes 

and terminates at the string of three adenine bases immediately adjacent to and upstream of 

the transcription start site for MAT1-2-1 as identified by FGENESH (Figure 3.3).  The region 

between MAT1-2-1 and MAT1-2-x contains additional indels.  Isolates ATCC 10944, ATCC 

18472, ATCC 18473, and ATCC 14846, 608.1, IT-1-TF9, and HI-3-W-T20 contain a 19 or 

25 bp deletion relative to ATCC 10942 and IMI 167641, which in turn contain a 246 bp indel 
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relative to the former isolates.  In both of these cases, the deletion in the former set of isolates 

is located 3 bp downstream of the predicted transcriptional start site of the latter isolates.   

The MAT1-1 idiomorph was between 3,080 and 3,169 bp in length among 

heterothallic isolates in this study.  Several indels are located in the promoter region of 

MAT1-1-1.  ATCC 14846 possesses an 82 bp deletion relative to other strains that 

encompasses the predicted transcriptional start site of MAT1-1-1 for ATCC 10943, ATCC 

10944, and EUS-4-8.  A 19 bp deletion in ATCC 10944 relative to ATCC 10943 includes the 

latter’s MAT1-1-1 transcriptional start site.   

Although the respective idiomorphic segments are similar overall between isolates in 

this study with heterothallic and homothallic MAT locus organizations, the 3’ end of MAT1-2 

and 5’ end of MAT1-1 were approximately 629 and 248 bp longer, respectively, in 

heterothallic isolates compared to ATCC 10944, ATCC 18472, and ATCC 18473 (Figure 

3.2).  In these three isolates this sequence is the promoter region for both MAT1-2-x and 

MAT1-1-5, and is comprised of 127 and 146 bp of promoter region sequence, respectively, 

and 62 bp of more sequence (Figure 3.4).   

While ATCC 14846 and 608.1 possessed at least portions of both idiomorphic 

segments, we could not amplify between these two segments despite repeated attempts with 

additional primer combinations and the longer-range Platinum and RANGER polymerases.  

If it is assumed that this failure is due to a large gap between the idiomorphs, given the 

reaction conditions the gap between MAT1-2-x and MAT1-1-5 is at least 8 kbp, or at least 7.7 

kbp longer than that in ATCC 10944, ATCC 18472, and ATCC 18473.  Unlike these three 
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isolates, however, ATCC 14846 and 608.1 contain the full MAT1-2 idiomorph as found in 

heterothallic strains in this study (Figure 3.2).  The full-length MAT1-2 sequence was 

obtained unexpectedly when testing primers located in the conserved flanking region just 

outside the 3’ flanking-idiomorph break point (proximal to SLA2) yielded a short product 

similar to what would be expected for an isolate heterothallic for MAT1-2.    

In silico Analyses 

Using the fungal RepBase repeat library and de novo repeats from B. cinerea, S. 

sclerotiorum, and S. homoeocarpa, RepeatMasker did not detect any repeats or low 

complexity regions in any of the sequences in our study.  Gene predictions differed slightly 

between FGENESH and GeneMark.hmm for some isolates.  Disagreements included length 

differences of 6 to 81 bp, and the lack of introns, initial exons, or final exons in some 

FGENESH predictions.  For example, FGENESH did not predict the intron located in the 

center of the HMG domain of MAT1-2-1, but this intron is consistent among other 

Ascomycetes.  In addition, in some isolates FGENESH predicted several short ORFs located 

in the conserved flanking region.  Due to these differences, predictions were combined into 

consensus annotations that were similar among the isolates in this study (Table 3.5).  

Predictions for MAT1-1-5, MAT1-1-1, and MAT1-2-1 were longer for modern S. 

homoeocarpa compared to historical strains and the Rutstroemiaceae isolates examined.  For 

MAT1-1-5 and MAT1-2-1, disruptions of the stop codon by substitutions and a frameshift-

causing deletion, respectively, accounted for almost all of the additional length.   The 

frameshift deletion was also found in the truncated portion of MAT1-2-1 in the MAT1-1 
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isolates EUS-4-8 and MB-01.  For ATCC 10943, the stop codons for MAT1-1-5 and the 

truncated portion of MAT1-2-1 were disrupted and intact, respectively.  However, ATCC 

10943 possessed a premature stop codon located in the QQQDL motif of MAT1-2-1, located 

in an otherwise variable region, that is conserved between the Rutstroemiaceae and 

Sclerotiniaceae isolates examined in this study (Figure 3.5).  Within each prediction method, 

intron predictions were generally consistent among the isolates for MAT1-1-5, MAT1-1-1, 

and MAT1-2-1, but a second intron was predicted within MAT1-2-x for ATCC 10944, ATCC 

18472, ATCC 18473, ATCC 14846, and 608.1.   

The break between the conserved flanking region and idiomorph sequence was 

estimated visually from multiple alignments.  To discriminate the break point and to examine 

its features, we aligned the 5’ (proximal to APN2) break point with the reverse complement 

of the 3’ break point (Woudenberg et al., 2012).  A common motif located just inside the 

flanking region was identified, and two additional motifs were located approximately 20 and 

43 bp distal from this position relative to the idiomorph sequence (Figure 3.6). To identify 

features that could account for the transition from a homothallic to heterothallic MAT locus 

organization, the region where the idiomorphic segments of ATCC 10944, ATCC 18472, and 

ATCC 18473 join in the middle of the MAT locus were examined with the appropriate 

regions of ATCC 10942 or ATCC 10943 as was done for the flanking break points.  The 

position containing inverted repeat 1 (CTTGTCnnT) found in the flanking regions aligned 

well with the respective reverse complement sequence of the end and beginning of the 

MAT1-2 and MAT1-1 idiomorphic segments, respectively (Figure 3.7).  However, this motif 
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was not completely conserved in the idiomorph join ends and did not align well when 

combined with the conserved flanking sequence from the other isolates. 

The region joining the MAT1-1 and MAT1-2 idiomorphic segments in ATCC 10944, 

ATCC 18472, and ATCC 18473 contained additional features.  Self-self BLASTn searches 

of these isolates revealed two short fragments located within MAT1-2-1 (25 bp) or the alpha 

domain of MAT1-1-1 (23 bp) that were repeated in the 62 bp segment joining the two 

idiomorphic segments (Figure 3.4).  These repeats are direct; the former was an exact match, 

and the latter differed at 3 nucleotides.  Secondly, the heterothallic ATCC 10942 and ATCC 

10943 contain short and nearly identical motifs in the region where homology to the 

idiomorphic segments end (Figure 3.4).  At the 5’ side this motif is TCAAATT, whereas at 

the 3’ side the motif is TACA-GCAG in ATCC 10943 and TACATGGAG in ATCC 10942.  

In addition to being located in the same positions as where homology between the 

heterothallic idiomorphs and homothallic idiomorphic segments end, the motifs are spaced 

apart by approximately the same length of sequence in ATCC 10942 (55 bp) and ATCC 

10943 (58 bp) as the 62 bp in ATCC 10944, ATCC 18472, and ATCC 18473.   

The conserved flanking region proximal to APN2 contained a portion of the C-

terminal end of MAT1-2-1.  This truncation occurred in the same position for ATCC 10943, 

MB-10, and EUS-4-8, but the length of MAT1-2-1 sequence in the flanking region differed 

due to the aforementioned stop codon disruptions.  To compare the position of truncation 

between B. cinerea and the S. homoeocarpa strains, we translated the appropriate reading 

frame of the truncated versions of MAT1-2-1 in these three isolates and aligned them with 
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full-length amino acid sequences from isolates containing the MAT1-2 idiomorph.  The 

truncation occurred further up the MAT1-2-1 reading frame in S. homoeocarpa, ‘leaving’ 

approximately 26 more aa of MAT1-2-1 in the flanking region compared to B. cinerea 

(Figure 3.5).  In contrast to B. cinerea, no gene features were detected in the 3’ flanking 

region adjacent to SLA2. 

Detection and Distribution of Mating Types 

Two multiplex protocols were developed: the first amplified a 667 or 456 bp 

fragment from the MAT1-1-1 and MAT1-2-1 genes, respectively, and the second amplified a 

526 or 431-432 bp fragment of the MAT1-1-5 or MAT1-2-x genes, respectively (Figure 3.1).  

Primers for the former protocol were added individually for each reaction because premixing 

the primers negatively impacted yield.  Of the 1,019 isolates genotyped for mating type 

distribution analyses, for 254 only one of the two expected idiomorph genes was detected 

using the multiplex fragment analysis protocol.  The undetected gene was MAT1-1-1 or 

MAT1-2-1 in 105 or 75 of the 140 MAT1-1 or 115 MAT1-2 isolates, respectively (data not 

shown).  In general, the average peak height of the microsatellite loci amplified with the 

MAT1-1-1/MAT1-2-1 genes was 76% or 63% lower for isolates with a missing MAT1-1-1 or 

MAT1-2-1 compared to isolates for which both genes were detected (data not shown), 

suggesting that this multiplex reaction is prone to low yield.  While the multiplex protocols 

performed well overall for modern S. homoeocarpa strains, they were not usable for the 

historical strains or the Rutstroemiaceae species used in this study. 
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Although numerically skewed in some cases, the continuity-corrected binomial test 

detected few departures from a statistically equal clone-corrected ratio of MAT1-1:MAT1-2 at 

the global, regional, or sample site scales (Table 3.6, Table 3.7).  Locations for which a 

departure from an equal ratio are most likely are the C4 host type populations AR-3 from 

Argentina (P = 0.0654) and VN-1-W from Vietnam (P = 0.0703).  When considered as a 

region, however, the 4:12 MAT1-1:MAT1-2 ratio in Southeast Asia is possibly a statistically 

significant departure from 1:1 (P = 0.0490).  While the ratios at many locations did not 

significantly deviate from 1:1, sample sizes were very low.  The total number of haplotypes 

at a site exceeded four for only 2 of 23 C3 and 5 of 19 C4 host type sample site populations.  

In addition to the C3 and C4 host type isolate groups, a third group was identified 

from the microsatellite genotyping data that did not clearly associate with either of the former 

two groups.  Of these 41 isolates, 23 were obtained from site MY-1 in Malaysia, one from 

HI-2 in Hawai’i, four from site VN-1 in Vietnam, and 14 from SA-3 in South Africa.  These 

isolates were clone corrected into four, one, one, and one haplotypes, respectively, and all 

except the SA-3 haplotype possessed the MAT1-2 idiomorph.  Additionally, several isolates 

clearly belonging to the C3 or C4 host type isolate groups appeared to contain genes from 

both idiomorphs.  This was observed for 20 isolates from the C4 populations WUS-3 and 

WUS-5 that all belonged to a single haplotype and two C3 host type isolates from IT-1, each 

having a different haplotype.  To examine the MAT locus organization of these strains, a 

representative from WUS-3 was included in the locus organization experiments in this study.  

Various fragments joining the idiomorph and the flanking housekeeping genes were 
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amplified identically to heterothallic strains, confirming that this and likely the other isolates 

possess both MAT idiomorphs (Figure 3.1). 

Expression Analysis 

We detected constitutive expression of both SLA2 and MAT1-2-1 under the standard 

culture conditions employed in this study.  Sequencing confirmed the identity of these 

fragments and the position and sizes of the introns they contained.  However, we were unable 

to detect transcripts for MAT1-1-5, MAT1-1-1, or MAT1-2-x despite repeated attempts using 

various primer combinations.  In some cases we attempted a second round of amplification 

using purified PCR product as template, but only non-target products were recovered. 
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Discussion 

We provide an analysis of the MAT locus of the both historical and modern strains of 

the destructive turfgrass pathogen S. homoeocarpa and some of its close relatives in the 

Rutstroemiaceae.  The fertility of historical type strains found in the United Kingdom and the 

apparent sterility of modern strains found throughout the world has caused confusion about 

the taxonomy and biology of the dollar spot pathogen.  Here, our results only partially shed 

light on this historical discrepancy.  One of the historical type strains (ATCC 10944) 

submitted by Bennett (1937) possesses a homothallic MAT locus organization, which readily 

explains one of the three isolates’ production of fertile apothecia from single ascospore 

cultures (i.e., self-fertility).  While one of the other two Bennett strains was also self-fertile, 

the two remaining strains (ATCC 10942 and 10943) and the Jackson strain IMI 167641 

(Jackson, 1973) are heterothallic at the MAT locus for the MAT1-2, MAT1-1, and MAT1-2 

idiomorphs, respectively.  This result suggests that factor(s) outside the MAT locus may be 

responsible for the self-fertility of some of these strains. 

The confusion surrounding the historical conflict is compounded because there is no 

information to identify the correspondence of the three original culture repository strains 

submitted by Bennett to the three described in the publication (Bennett, 1937).  While the 

three strains were submitted to CBS in 1937 concurrent to the publication (Bennett, 1937), no 

details are provided in the publication or the strains’ metadata to distinguish the strains.  

However, several lines of evidence could provide clues for their identity.  First are the 

similarities between ATCC 10942 and IMI 167641.  In our study, these two strains were 
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100% identical over the entire MAT locus and the ITS region (data not shown).  In addition, 

Jackson noted that his strain is most similar to the ascigerous strain described by Bennett 

with respect to the apothecia size, lack of conidia production, and production of 

microconidia, although the asci and ascospores of his strain were closer in size to the perfect 

strain (Jackson, 1973).  ATCC 10942 was originally submitted to CBS as 310.37 (Table 3.1), 

which is the second number in the sequence of the three in Bennett’s submission.  In 

agreement, the ascigerous strain is the second of the three strains described by Bennett 

(1937).  Of the two remaining strains, ATCC 10944 is the most likely candidate for the 

perfect strain.  We found it to have a homothallic MAT locus organization, and it is the first 

strain introduced by Bennett and takes the first number (309.37) in the sequence of CBS 

culture designations.  In addition, in our study, ATCC 10944 is 99.97% and 99.82% identical 

to ATCC 18472 at the MAT locus and ITS, respectively.  While ATCC 18472 has previously 

reported to be self-fertile (Elliott, 1967), the reported dimensions of the apothecia, asci, and 

ascospores of this strain differ from Bennett’s perfect strain, indicating that the two strains 

may not be as closely related as suggested by nucleotide sequences at these two loci.  Finally, 

unpublished data from a dissertation provides the same identities for the three Bennett strains 

(Powell, 1998), but the origin of that information is unknown.   

The suggestion that there may be multiple biological or evolutionary entities that 

cause dollar spot symptoms (Baldwin and Newell, 1992; Jackson, 1973) may relax the 

identity conflict between historical and modern strains.  Here, we show that the organization 

of the MAT locus differs among only a few strains with different mating systems that were 
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isolated from turf affected with dollar spot in the United Kingdom, and putatively closely 

related fungi.  Factors other than geographic origin support the multiple entity hypothesis.  

The perfect and ascigerous Bennett strains were each obtained from one of two fields used 

for the game of lawn bowls (Bennett, 1937).  Historically, these fields were established by 

transplanting sea-marsh grass from along the Irish Sea coast of Lancashire and Cumberland 

(now part of Cumbria) in northwest England (Smith, 1955).  While sea-marsh turf is 

comprised of both Agrostis spp. and Festuca spp., dollar spot symptoms are more severe on 

Festuca rubra L. ssp. rubra.  In the United Kingdom, the interest in dollar spot has long 

focused on its occurrence on these fine-leaf Festuca spp., whereas it is a minor concern on 

other Festuca spp. (e.g., F. rubra ssp. commutata Gaud.) and Agrostis spp. (Smith, 1955).  

Similarly, the subsequent reports of fertile apothecia production were derived from 

dollar spot-infested F. rubra ssp. rubra in natural sea-marsh turf or in experimental plots 

(Baldwin and Newell, 1992; Jackson, 1973) in or near STRI in Bingley.  While Baldwin and 

Newell (1992) also observed apothecia within plots of F. rubra ssp. commutata, disease 

symptoms were less severe.  Our isolation in 2008 of a putatively similar fungus from an 

unknown subspecies of F. rubra at two locations (UK-7 and UK-8) along the coast of 

southwestern England agrees with this trend.  Furthermore, the areas from which the isolates 

from UK-7 and UK-8 were obtained are characterized by low or no maintenance inputs.  

Two of the isolates representing Bennett’s sterile strain were obtained from similar 

situations, one of which was isolated “from an experimental fescue plot in Bingley” (Bennett, 

1937), presumably from STRI.  In contrast, isolates from populations recently sampled from 



72 
 
 

 

 

locations worldwide—including some in the United Kingdom—were obtained from a wide 

range of grasses that generally receive a higher level of maintenance inputs.  Our multiplex 

assay readily determined the mating type of these isolates, but the assay was unsuccessful 

when applied to the potentially divergent group of isolates from locations UK-7 and UK-8.  

While appearing divergent, the phylogenetic boundaries between these putative groups are 

unclear (Beirn et al., in preparation), which could suggest these groups are currently 

undergoing divergence or have only recently diverged.  Given the variability in the MAT 

locus, and the unresolved differences in mating behavior and host preference, further 

research in this system could enhance our understanding of the evolution of both virulence 

and sex in a fungus while also contributing knowledge that could lead to improved 

management of this economically important plant pathogen.   

To aid with this future work, we present PCR protocols that may be used to rapidly 

determine the organization of the MAT locus of these fungi and possibly close relatives.  

Given the unclear generic boundaries within the Rutstroemiaceae, however, the maximum 

level of divergence to which our protocols will be useful is unknown.  Attempts to develop 

these protocols for isolates of R. firma and R. bolaris (Holst-Jensen et al., 1997) were not 

successful, which might suggest R. firma and R. bolaris are strongly divergent from the 

isolates characterized in our study.  The protocols used to amplify fragments within the 

housekeeping genes APN2 and SLA2 may be useful to more distantly related fungi, however, 

due to the higher level of conservation anecdotally observed in SLA2.   
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We also developed protocols to determine the distribution of mating types within 

modern S. homoeocarpa that we successfully applied to a large sample obtained from various 

hosts and locations worldwide.  Knowledge of mating type is important to understanding the 

population biology of heterothallic fungi in the Ascomycota.  Contrary to reports of sterility 

in modern S. homoeocarpa strains, our analysis of clone-corrected mating type distributions 

showed few deviations from the 1:1 ratio that is expected for a fungus with a bipolar mating 

system that is undergoing sexual reproduction.  However, the low number of haplotypes we 

observed at most individual sampling locations casts doubt on the reliability of these mating 

type distributions to infer the occurrence of sexual reproduction.  It is possible the relatively 

small areas we sampled are not completely representative of a given location, but except for 

Jo et al. (2008), there is little information available on the spatial population genetic structure 

of S. homoeocarpa on a local scale.  While we also found few departures when sample 

locations were pooled on a regional basis, it is possible that such a grouping is not an 

appropriate approximation of a population because inter-location movement has not occurred 

or is highly unlikely.  As mentioned previously, production of sexual spores or asexual 

conidia has not been observed in modern isolates of S. homoeocarpa.  Moreover, the 

potential of the fungus to survive and be disseminated on mechanical equipment or foot 

traffic has not been evaluated to our knowledge.   

Results from our expression analyses could explain the sterility of modern S. 

homoeocarpa strains.  While only limited information is available on the function of mating 

type genes in filamentous Ascomycota, MAT1-1-1 and MAT1-2-1 are generally required for 
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mating, which is supported by their discovery in all Ascomycota to date (Debuchy et al., 

2010).  We found that MAT1-2-1 was constitutively expressed under the simple culture 

conditions in our study, but we did not detect a transcript derived from MAT1-1-1.  It is 

possible that these culture conditions were not conducive to expression of MAT1-1-1.  The 

reports of fertile apothecia production in S. homoeocarpa (Baldwin and Newell, 1992; 

Bennett, 1937; Jackson, 1973) and R. cuniculi (Elliott, 1967) have noted that culture 

conditions influence the presence, development, or dimensions of reproductive structures.  

Production observed by Bennett (1937) and Jackson (1973) could be related to ambient light 

conditions, as Jackson cultured his strains on a windowsill and Bennett noted month of year 

when describing his culturing experiments.  Similarly, Orshinsky and Boland (2011) found 

that light intensity and period influenced the development of sterile apothecia in modern S. 

homoeocarpa strains.  In addition, absorbic acid increased apothecia production when 

amended to the growth medium (Orshinsky and Boland, 2011).   

The anecdotal finding that production of sterile apothecia (Beirn et al., submitted; 

Orshinsky and Boland, 2011) was most prolific in MAT1-2 isolates agrees with the 

suggestion that the expression of MAT genes is important for fertility in S. homoeocarpa.  

We found variation in the promoter regions of the four MAT genes among the isolates in our 

study, including different locations of predicted transcription start sites.  Given the cursory 

level of our analysis, however, genetic factors accounting for the lack of expression of the 

other three mating type genes cannot be identified.  A comprehensive comparative genome-
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wide study of expression and transcription factors would be needed to understand these 

factors.   

The gross content and organization of the heterothallic MAT locus in our study is very 

similar to that of the sister family member B. cinerea (Amselem et al., 2011).  All four MAT 

genes are located in the same relative positions and orientations.  While both B. cinerea and 

MAT1-1 isolates in our study contain a truncated portion of MAT1-2-1 located in the 

conserved flanking region proximal to APN2, our finding that the truncation occurs in a 

different position suggests a lack of commonality.  If it is assumed that the common ancestor 

of the Rutstroemiaceae and Sclerotiniaceae was homothallic, the transition from this 

hypothetical ancestor to heterothallism could have occurred by different events.  In 

agreement with this assertion, the isolates in our study lack a truncated portion of MAT1-1-1 

in the 3’ flanking region that is found in B. cinerea.   

The gross organization of the MAT locus for ATCC 10944, ATCC 18472, and ATCC 

18473 presented here agrees exactly with that of a hypothetical, direct ancestor of B. cinerea 

proposed (Fig. 5 in Amselem et al., 2011) to explain the transition between the homothallic 

S. sclerotiorum and heterothallic B. cinerea, but it was unclear which, if any, features in B. 

cinerea could have facilitated these transitions.  In contrast, here we identify inverted motifs 

that could have facilitated the simple deletions that explain the transition from the 

homothallic ATCC 10944, ATCC 18472, and ATCC 18473 to the heterothallic isolates in 

our study.  The deletions could have occurred via formation of stem structures and excision 

of loops.  Following the deletions of one of the idiomorphic segments, however, an 
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additional 629 and 248 bp of sequence would need to be inserted to corresponding ends of 

the MAT1-2 and MAT1-1 idiomorphs, respectively, to form the complete heterothallic 

idiomorphs observed in this study.  An additional weakness with the simple deletion model is 

the ability of inverted motifs with the short length and level of dissimilarity we found to form 

stem structures with loops approximately 2.6 or 3.0 kbp long.   

The short 23 and 25 bp sequences found in MAT1-1-1 and MAT1-2-1 could represent 

another possible mechanism to explain the transition from the homothallic ATCC 10944, 

ATCC 18472, and ATCC 18473 to the heterothallic strains in our study.  These small 

sequence segments are adjacent to one another within the 62 bp segment joining the 

idiomorphic segments of ATCC 10944, ATCC 18472, and ATCC 18473.  Unequal crossing 

over between one of these segments and the corresponding region in the MAT1-1-1 or MAT1-

2-1 genes could account for deletion of a large portion of each idiomorph.  Such an event 

would ‘leave’ 570 and 807 bp of sequence in the MAT1-1 (5’ end) and MAT1-2 (3’ end) 

idiomorphs, respectively, that are not homologous and differ in size to the aforementioned 

629 bp and 248 bp of heterothallic-specific sequence we found in ATCC 10942 and ATCC 

10943, respectively.  Given that the inverted repeat motifs would be brought closer together 

in this hypothetical intermediate, the formation of stems with shorter (~570 or ~807 bp) loops 

might more readily lead to deletion compared to the aforementioned one-step deletion of 2.6 

and 3.0 kbp loops.  However, this model would still require the insertion of the 629 and 248 

bp of heterothallic-specific sequence at exactly those positions. 
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The evolution of homothallism from an ancestral heterothallic state has been 

hypothesized in many Ascomycota, including recently for S. sclerotiorum (Chitrampalam et 

al., 2013).  Data from our study is not in conflict with this suggestion, and could provide a 

more parsimonious explanation for the transition between homothallism and heterothallism 

compared to the homothallism origin models discussed above.  As shown in Figure 3.4, 

conserved motifs located in the 3’ and 5’ ends of the MAT1-2 and MAT1-1 idiomorphs of 

ATCC 10942 and ATCC 10943, respectively, could have facilitated an unequal crossing over 

event that resulted in the fusion of the two idiomorphs into the homothallic arrangement we 

observed in ATCC 10944, ATCC 18472, and ATCC 18473.  However, it is unclear if 

fragments of 8 and 9 bp spaced approximately 60 bp apart would provide sufficient stability 

for such an event.  Moreover, we are unsure how and in what order the fragments 

homologous to small portions of the MAT1-1-1 and MAT1-2-1 genes became incorporated 

into the 62 bp segment between these two break points in ATCC 10944, ATCC 18472, and 

ATCC 18473, and the origin of the remainder of this region is unclear.  There is no clear 

crossover event in this region.  Finally, this model does not explain the truncated portion of 

MAT1-2-1 located in the 5’ flanking region, which may be the result of an ancient transition 

from homothallism to heterothallism in a more distantly related ancestor.  The presence of a 

premature stop codon in the truncated portion of MAT1-2-1 in ATCC 10943 supports this 

possibility.  However, a more careful analysis is needed to identify the strength of 

pseudogene signatures and provide estimates of time since the transition. 
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Given that ATCC 14846 and 608.1 contain the full MAT1-2 idiomorph adjacent to 

APN2 and a partial MAT1-1 idiomorph adjacent to SLA2, and both in the same orientation as 

the other isolates, the reason behind our inability to completely sequence the locus in these 

isolates is unclear.  It is possible that these isolates have undergone a large-scale 

rearrangement that has retained these relationships but broken the orientation relationship 

between APN2 and SLA2.  Analyses of mating-type loci in some Ascomycota have failed to 

detect both flanking genes, including the powdery mildews.  Both the APN2 and SLA2 genes 

were detected in Erysiphe necator, but the only two genes that could be physically linked 

were MAT1-1-1 and SLA2 (Brewer et al., 2011).  Given the expanded genome size of the 

powdery mildews relative to other Leotiomycetes and the detection of a transposable element 

adjacent to some E. necator MAT genes, a large or rearranged MAT locus in E. necator is not 

surprising (Brewer et al., 2011).  If it is assumed that the flanking genes are in the expected 

relative orientation in ATCC 14846 and 608.1, it is possible that the region between the two 

idiomorphic segments is expanded.  Aside from E. necator, however, the MAT locus in 

Ascomycota species characterized to date generally are within a limited size range, and thus 

could possibly be constrained in size.  While we did not find any transposon-like elements in 

any isolate in this study, the presence of the aforementioned repeats in other isolates that 

could account for rearrangement allows for the possibility of such events in ATCC 14846 

and 608.1.  On the other hand, recombination is generally suppressed within the MAT locus, 

and we did not detect any obvious features in the intergenic or genic flanking regions that 
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would promote large scale rearrangements.  Additional methods would likely be required to 

completely sequence the MAT locus in these two strains.   
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Table 3.1  Single isolates used for characterization of the mating type locus. 
Isolate Organism1 Location Host Year Notes 
MB-01 Sclerotinia homoeocarpa Columbus, OH Agrostis stolonifera 2001  

EUS-4-8 Sclerotinia homoeocarpa Wilmington, NC Cynodon dactylon × 
transvaalensis 

2007 2 

IT-1-TF9 Sclerotinia homoeocarpa Avigliana, Italy Festuca rubra 2008 2 

HI-3-W-T20 Sclerotinia homoeocarpa Lanai, HI Paspalum vaginatum 2008 2 

WUS-3-2 Sclerotinia homoeocarpa Santa Ana, CA Cynodon dactylon × 
transvaalensis 

2010 2 

ATCC 10942 Sclerotinia homoeocarpa - - 1937 CBS 310.373 

ATCC 10943 Sclerotinia homoeocarpa - - 1937 CBS 311.373 

ATCC 10944 Sclerotinia homoeocarpa - - 1937 CBS 309.373 

IMI 167641 Sclerotinia homoeocarpa Bingley, United Kingdom Festuca sp. 1971 Jackson, 1973 
608.1 Poculum henningsianum Oslo, Norway Carex rostrata - Holst-Jensen et 

al., 1997 
ATCC 14846 Rutstroemia paludosa New York Symplocarpus 

foetidus 
1973 CBS 464.73 

ATCC 18472 Rutstroemia cuniculi United Kingdom rabbit pellet 1961 CBS 465.734 

ATCC 18473 Rutstroemia cuniculi United Kingdom rabbit pellet -  
      

Population     Number 
UK-7 Sclerotinia homoeocarpa Bude, United Kingdom Festuca sp. 2008 15 
UK-8 Sclerotinia homoeocarpa Poole, United Kingdom Festuca sp. 2008 5 

1 Despite uncertain taxonomy, isolates obtained from plants exhibiting dollar spot symptoms were designated as Sclerotinia 
homoeocarpa 

2 Isolate was arbitrarily selected from populations included in the mating type distribution analyses 
3 Although three strains are described in Bennett (1937), these identifications are not found in the culture repositories. The perfect 

and ascigerous strains originated in the United Kingdom 
4 Reference: Elliott, 1967 
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Table 3.2  Host and geographic distribution of Sclerotinia homoeocarpa population samples. 
  Region1 
Host Genus Host Type AF ASA CB EUR HI SAM US-E US-W Total 
  # Isolates (# populations/# locations) 
Agrostis Cool 61 (3/3) 62 (3/3)   13 (1/1) 19 (1/1) 30 (1/1) 46 (3/2) 231 (12/11) 
Festuca Cool    48 (4/4)     48 (4/4) 
Lolium Cool 8 (1/1)   13 (1/1)   25 (1/1)  46 (3/3) 
Poa Cool    76 (2/5)   11 (1/1)  87 (8/6) 
Axonopus Warm  30 (1/2)       30 (2/2) 
Cynodon Warm  57 (3/2)  24 (2/1)  81 (4/3) 67 (3/3) 70 (4/4) 299 (17/13) 
Digitaria Warm   23 (1/1) 9 (1/1)   18 (1/1)  50 (3/3) 
Kyllinga Warm  24 (1/1)       24 (1/1) 
Paspalum Warm  31 (2/2)   73 (5/3) 50 (4/3)   154 (11/8) 
Pennisetum Warm        17 (1/1) 17 (1/1) 
Zoysia Warm  23 (1/1)     10 (1/1)  33 (2/2) 
 Total 69 (4/3) 227 (11/6) 23 (1/1) 170 (10/8) 86 (6/3) 150 (9/5) 161 (8/6) 133 (8/5) 1019 (62/37) 

1 AF, Africa; CB, Caribbean; EUR, Europe; HI, Hawai’i; SAM, South America; SEA, Southeast Asia; US-E, eastern United States; US-W, western 
United States 
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Table 3.3  List of primers used for amplification or sequencing of the mating type locus. 
   Use  
Primer1 Sequence Location Amp Seq 
APN2g_1925R TTCCATTCCACTCACTACTCC APN2 x x 
APN2s_287F GGCCAGCTCTATTTCTAC APN2 x x 
M1_879R GTTAGTTGGAGGGTTGAAG MAT1-1-1 x  
M15m_1173R TCATCTAAATCCACCGCA MAT1-1-5 x  
M15m_648F TACCGTTTTTTCATCCCA MAT1-1-5 x x 
M1f2_4314R GGCGTGTTATCCTAGATT MAT1-1-5 x x 
M1f2_4444R AACTGTGATGATATTGTCC MAT1-1-5 x x 
M1f2_5048F ATGTTGGTACTGTAGGAGG MAT1-1-1 x x 
M1Hs_2890F GTGGTATCAAGCAATTTTAGG MAT1-1-1 x x 
M1m_170F TTTACAATGCTACACGCC MAT1-1-1 x  
M23m_183F AGAGGAAGAAGATCAAAC MAT1-2-x x  
M23m_244F ACTTTCCTTCCTCTATCAA MAT1-2-x  x 
M23m_534R TTCTTTCAAAACTCTGCG MAT1-2-x  x 
M23m_614R TGACACCAGAAAGCAAAC MAT1-2-x x  
M23m_828R TATCATCAAACTCTGCCA MAT1-2-x x x 
M2m_375F TGCGAGGAGAGTATTTGT MAT1-2-1 x  
M2m_436F ACGTTTCTTGTATTTTTCGC MAT1-2-1 x x 
M2m_830R AATGCTTTTACCTGTGTTTGG MAT1-2-1 x  
M2o_3749R CAGGTCCAATTCCGAAATCA MAT1-2-x  x 
M2o_3828F GGTGAAAATAGGAAGATGCGAG MAT1-2-x  x 
M2o_4432F GATGAGACGGCGAGGGTT MAT1-2-x  x 
ML1A_1651R GATCAACAGGAATGATACCAA MAT1-1-1 x x 
ML1B_1401F ATACCACATATCGGCGAC MAT1-1-5 x x 
MLO_576F CACCAAGATGCGAACACAA APN2 x  
MLO_615F TCACAAGGAAACAAGGCATCAA APN2 x x 
MLW_2730R GATGATGAAGGAGAAGATTACG SLA2 x x 
MOHg_2381R AACCAGGGGGCATCACAG MAT1-1-5  x 
MOHs_2329R AGAAGCGATAGAAAGGCA MAT1-1-5 x x 
Mseq_1o-3349R TTTTGTTCTGCTCGTCCAT MAT1-1-5  x 
Mseq_1o-4902F TGATGGCAGGTTGGTGGA MAT1-1-1  x 
Mseq_2o-2911F GTCGGTGGCATGAGAAAT MAT1-2-1  x 
Mseq_3-445R TCAGCCAAAGTACCTCTT 3' flank  x 
Mseq_5-2601F ACATCAGTATCATCTTCG MAT1-2-1 x x 
Mseq_f3-6320R CAGTGTTAAATGAGCAAAAA 3' flank  x 
Mseq_f3-6722R TCCCACACTGCTTATTTCT 3' flank  x 
Mseq_f5-2396F GAGGCAAGTTGAAGATGGAGAAG 5' flank  x 
Mseq_f5-2904F GCCTCGCTCTTGGTCGCTA MAT1-2-12 x x 
SLA2_1447R TTGATGATGCTCTTTACG SLA2 x x 
SLA2_222F ATATCTTTCTCATCTCACCC SLA2 x x 
SLA2_628F CCATCAGCGGTCTCAATCAA SLA2  x 

1 Last letter of primer name refers to forward or reverse, with forward defined as the direction of APN2 
transcription 

2 Mseq_f5-2904F binds within the truncated portion of MAT1-2-1 that is located in the flanking region 
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Table 3.4  Thermalcycling programs and reaction conditions for amplifying various 
segments of the mating type locus. 
    Cycle  
Target Size Forward Reverse Anneal Extend 
    oC (mm:ss)  
APN2 755-764 APN2s_287F APN2g_1925R 51 (0:40) 72 (1:30) 
SLA2 1226-1229 SLA2_222F SLA2_1447R 51 (0:40) 72 (1:30) 
APN2_MAT1-2-1 1803-1884 MLO_576F M2m_830R 56 (0:40) 72 (5:00) 
MAT1-2-1_MAT1-2-x 2213-2448 Mseq_f5-2904F M23m_828R 56 (0:40) 72 (5:00) 
MAT1-2-1_SLA2 2928-4303 M2m_436F MLW_2730R 56 (0:40) 72 (5:00) 
APN2_MAT1-1-5 2688-5055 MLO_615F M1f2_4444R 53 (0:40) 72 (2:30) 
MAT1-1-5_MAT1-1-1 1362-1450 M15m_648F ML1A_1651R 53 (0:40) 72 (2:30) 
MAT1-1-1_SLA2 2487-2533 M1f2_5048F MLW_2730R 52 (0:40) 72 (5:00) 
MAT1-2-1_MAT1-1-5 3266 Mseq_5-2601F M1f2_4314R 52 (0:40) 72 (5:00) 
MAT1-1-1/MAT1-2-1 667 M1m_170F M1_879R 57 (0:40) 72 (1:00) 
 456 M2m_375F M2m_830R   
MAT1-1-5/MAT1-2-x 526 M15m_648F M15m_1173R 57 (0:40) 72 (1:00) 
 431-432 M23m_183F M23m_614R   
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Table 3.5  Lengths of putative genes and introns present in the mating type locus of selected Rutstroemiaceae. 
 Putative Gene1  Predicted Introns 
Isolate MAT1-2-1 MAT1-2-x MAT1-1-5 MAT1-1-1  MAT1-2-1 MAT1-2-x MAT1-1-5 MAT1-1-1 
 bp (aa)  # (bp) 
MB-01 - (-) - (-) 1237 (354) 1124 (357)  - (-) - (-) 3 (58,61,56) 1 (53) 
EUS-4-8 - (-) - (-) 1237 (354) 1124 (357)  - (-) - (-) 3 (58,61,56) 1 (53) 
IT-1-TF9 1258 (386) 911 (268) - (-) - (-)  2 (51,492) 2 (54,53) - (-) - (-) 
HI-3-W-T20 1249 (383) 881 (268) - (-) - (-)  2 (51,492) 2 (53,53) - (-) - (-) 
ATCC 10942 1195 (365) 947 (280) - (-) - (-)  2 (51,49) 2 (54,53) - (-) - (-) 
ATCC 10943 - (-) - (-) 1227 (352) 1120 (356)  - (-) - (-) 3 (543,61,56) 1 (53) 
ATCC 10944 1194 (365) 941 (297) 1212 (347) 1108 (352)  2 (51,483) 1 (503) 3 (543,61,56) 1 (52) 
IMI 167641 1195 (365) 947 (280) - (-) - (-)  2 (51,49) 2 (54,53) - (-) - (-) 
UK-7-17 1195 (365) - (-) - (-) - (-)  2 (51,49) - (-) - (-) - (-) 
608.1 1194 (365) 920 (290) 555 (-)4 1108 (352)  2 (51,48) 1 (50) 2 (n/a,61,56)4 1 (52) 
ATCC 14846 1194 (365) 920 (290) 554 (-)4 1108 (352)  2 (51,48) 1 (50) 2 (n/a,61,56)4 1 (52) 
ATCC 18472 1194 (365) 941 (297) 1212 (347) 1108 (352)  2 (51,483) 1 (503) 3 (543,61,56) 1 (52) 
ATCC 18473 1194 (365) 941 (297) 1212 (347) 1108 (352)  2 (51,483) 1 (503) 3 (543,61,56) 1 (52) 

1 Consensus gene and intron predictions were developed from FGENESH v2.6 (based on Sclerotinia sclerotiorum model) and GeneMark.hmm 
v3.3 (based on Botrytis cinerea and S. sclerotiorum models from GeneMark-ES v2.3c beta) 

2 Intron confirmed by RT-PCR 
3 Intron predicted by GeneMark.hmm only 
4 The full-length sequence of MAT1-1-5 is not available for ATCC 14846 and 608.1 
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Table 3.6  Clone-corrected distribution of mating-types among populations of C3 
host type Sclerotinia homoeocarpa isolates. 

Location Site1 MAT1-1 MAT1-2 Total Binomial2 
  # Haplotypes (# isolates)3 P value 

Africa SA-1 0 (0) 2 (22) 2 (22) 0.2500 
 SA-2 0 (0) 1 (23) 1 (23) 0.5000 
 SA-3-C 1 (2) 0 (0) 1 (2) 0.5000 
 Combined 1 (2) 3 (45) 4 (47) 0.3750 
      Caribbean CB-1 0 (0) 2 (23) 2 (23) 0.2500 
      Europe IT-1 1 (11) 3 (39) 5 (52) 0.3750 
 IT-2 0 (0) 1 (9) 1 (9) 0.5000 
 UK-1 1 (25) 0 (0) 1 (25) 0.5000 
 UK-2 1 (19) 0 (0) 1 (19) 0.5000 
 UK-3 0 (0) 1 (21) 1 (21) 0.5000 
 UK-4 0 (0) 2 (15) 2 (15) 0.2500 
 UK-5 0 (0) 1 (15) 1 (15) 0.5000 
 UK-6 0 (0) 2 (14) 2 (14) 0.2500 
 Combined 2 (55) 5 (113) 8 (170) 0.2891 
      Hawai’i HI-3-C 1 (3) 3 (24) 4 (27) 0.3750 
S. America AR-4 0 (0) 3 (19) 3 (19) 0.1250 
      Southeast Asia MY-1-C 2 (32) 1 (17) 3 (49) 0.6250 
 PH-1 2 (14) 0 (0) 2 (14) 0.2500 
 VN-1-C 1 (13) 0 (0) 1 (13) 0.5000 
 Combined 5 (59) 1 (17) 6 (76) 0.1250 
      Eastern U.S. EUS-2 1 (11) 0 (0) 1 (11) 0.5000 
 EUS-3 1 (27) 1 (3) 2 (30) 1.0000 
 EUS-6 5 (37) 1 (6) 6 (43) 0.1250 
 Combined 5 (75) 1 (9) 6 (84) 0.1250 
      Western U.S. WUS-1 1 (20) 1 (1) 2 (21) 1.0000 
 WUS-2-C 2 (14) 1 (3) 3 (17) 0.6250 
 WUS-4 3 (28) 1 (21) 4 (49) 0.3750 
 Combined 4 (62) 1 (25) 5 (87) 0.2188 
      Total  11 (256) 10 (275) 22 (533) 0.8318 

1 C3 host type isolates obtained from different areas and/or hosts in the same sample site (e.g., 
golf course) were pooled 

2 Two-tailed binomial test with the simple continuity correction, which precludes P > 1.0 
3 Marginal values may not equal the sum of components due to shared haplotypes or because 

isolates having both idiomorphs were omitted from this table 
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Table 3.7  Clone-corrected distribution of mating-types among populations of C4 host 
type Sclerotinia homoeocarpa isolates. 

Location Site1 MAT1-1 MAT1-2 Total Binomial2 
  # Haplotypes (# isolates)3 P value 

Africa SA-3-W 2 (8) 0 (0) 2 (8) 0.2500 
      
Hawai’i HI-1 0 (0) 3 (15) 3 (15) 0.1250 
 HI-2 2 (6) 2 (9) 4 (15) 1.0000 
 HI-3-W 3 (8) 3 (20) 6 (28) 1.0000 
 Combined 4 (14) 6 (44) 10 (58) 0.5488 
      
S. America AR-1 0 (0) 1 (15) 1 (15) 0.5000 
 AR-2 1 (15) 2 (23) 3 (38) 0.6250 
 AR-3 2 (2) 8 (38) 10 (40) 0.0654 
 AR-5 2 (10) 2 (28) 4 (38) 1.0000 
 Combined 4 (27) 9 (104) 13 (131) 0.1796 
      
Southeast Asia MY-2 0 (0) 2 (41) 2 (41) 0.2500 
 PH-2 1 (1) 2 (20) 3 (21) 0.6250 
 TH-1 2 (23) 2 (23) 4 (46) 1.0000 
 VN-1-W 1 (1) 6 (15) 7 (16) 0.0703 
 Combined 4 (25) 12 (99) 16 (124) 0.0490 
      
Eastern U.S. EUS-1 3 (12) 3 (8) 5 (20) 1.0000 
 EUS-3 2 (5) 3 (5) 5 (10) 0.6875 
 EUS-4 2 (29) 0 (0) 2 (29) 0.2500 
 EUS-5 0 (0) 2 (18) 2 (18) 0.2500 
 Combined 7 (46) 6 (31) 12 (77) 0.7905 
      
Western U.S. WUS-2-W 2 (9) 0 (0) 2 (9) 0.2500 
 WUS-3 3 (15) 1 (2) 4 (24) 0.3750 
 Combined 5 (24) 1 (2) 6 (46) 0.1250 
      
Total  25 (144) 33 (280) 57 (444) 0.2976 

1 C3 host type isolates obtained from different areas and/or hosts in the same sample site (e.g., golf course) 
were pooled 

2 Two-tailed binomial test with the simple continuity correction, which precludes P > 1.0 
3 Marginal values may not equal the sum of components due to shared haplotypes or because isolates having 

both idiomorphs were omitted from this table 
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Figure 3.1  Amplification of various fragments used to characterize MAT locus and detect 
mating types in Sclerotinia homoeocarpa and related Rutstroemiaceae. 
A) within APN2; B) from APN2 to MAT1-2-1; C) from MAT1-2-1 to SLA2; D) from MAT1-
2-x to MAT1-1-5; E) APN2-like to MAT1-1-5; F) MAT1-1-5 to MAT1-1-1; G) MAT1-1-1 to 
SLA2-like; H) within SLA2-like; I) multiplex detection of MAT1-1-1 and MAT1-2-1; and J) 
multiplex detection of MAT1-1-5 and the putative MAT1-2-x.  Samples of Sclerotinia 
homoeocarpa are 1) MB-01; 2) EUS-4-8; 3) IT-1-TF9; 4) HI-3-W-T20; 5) mixture of MB-01 
and IT-1-TF9; 6) mixture of EUS-4-8 and HI-3-W-T20; 7) WUS-3-2; 8) UK-7-17; 9) ATCC 
10942; 10) ATCC 10943; 11) ATCC 10944; 12) IMI 167641.  Remaining samples are 13) 
Poculum henningsianum 608.1; 14) Rutstroemia paludosa ATCC 14846; and R. cuniculi 15) 
ATCC 18472 and 16) ATCC 18473. 
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Figure 3.2  Schematic of the mating-type locus of Sclerotinia homoeocarpa and select 
Rutstroemiaceae species.   
Only one isolate from each of the following sets is presented here due to high levels of 
similarity within each set: i) ATCC 10944, ATCC 18472, and ATCC 18473; ii) ATCC 
10943, MB-01 and EUS-4-8; iii) ATCC 14846 and 608.1; iv) ATCC 10942, IMI 167641, IT-
1-TF9 and HI-3-W-T20.  Predicted gene features are depicted as boxes, and are located 
outside or inside the circle circumference to indicate transcription in the forward or reverse 
directions, respectively, relative to the direction of the APN2-like gene.  The conserved 
flanking regions are shaded with enlarged grey boxes.  Ribbons indicate regions of similarity 
determined from BLASTn searches and/or visual inspection of alignments.  Some pairwise 
regions were omitted and existing ribbons were made semi-transparent for purposes of 
clarity.  Blue lines refer to inverted repeats located in the flanking region bordering 
idiomorphic sequence.  Orange lines refer to short fragments of identity as detected by 
BLASTn.  Tags refer to the following features: A) lack of the full sequence length of both 
idiomorphs in ATCC 10944; B) the presence of 248 bp of MAT1-1 idiomorphic sequence 
specific to heterothallic strains; C) 629 bp specific to heterothallic MAT1-2 strains and also 
ATCC 14846 and 608.1; and D) MAT1-2-x is deleted in UK-7-17. 
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Figure 3.3  Alignment schematic of the intergenic region between the MAT1-2-1 and MAT1-2-x genes in Sclerotinia homoeocarpa 
and closely related Rutstroemiaceae.   
Blue arrows refer to consensus gene annotations and point in the direction of transcription.  Green features refer to the 
transcription start sites (TSS) as predicted by FGENESH v2.6 based on the S. sclerotiorum model.  Due to their near identical 
sequence, only one isolate from the following sets are included: i) ATCC 10944, ATCC 18472, ATCC 18473; ii) ATCC 10942 
and IMI 167641; iii) ATCC 14846 and 608.1.   
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Figure 3.4  Alignment of the region between the idiomorphic segments of the homothallic ATCC 10944, ATCC 18472, and 
ATCC 18473 with the corresponding regions of ATCC 10942, ATCC 10943, and ATCC 14846 and the short segments of identity 
to their MAT1-1-1 and MAT1-2-1 genes. 
The segment ends were estimated visually from alignments, and the 5’ and 3’ ends were confirmed by reverse complement 
alignment with the 3’ and 5’ flanking-idiomorph break points, respectively.  The short segments were identified by a self-self 
BLASTn search.   
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Figure 3.5  Alignment of the C-terminal end of MAT1-2-1. 
Sequences for ATCC 10943, MB-01, EUS-4-8, and B. cinerea 05.10 are translations from the truncated portions of MAT1-2-1 
found in the conserved flanking region.  Residue text is colored by polarity and different residues are shaded red.  For isolates in 
this study, protein sequences were derived from consensus predictions between FGENESH v2.6 (based on Sclerotinia 
sclerotiorum model) and GeneMark.hmm v3.3 (based on Botrytis cinerea and S. sclerotiorum models from GeneMark-ES v2.3c 
beta).  Sequences for S. sclerotiorum (SS1P_04006.3) and B. cinerea 05.10 were accessed from the Broad Institute databases, and 
B. cinerea T4 (BofuT4_T160320.1) from the Institut National de la Recherche Agronomique (INRA) database.  Only one isolate 
within the following sets are included due to identical sequence within this region: i) ATCC 10944, ATCC 18472, ATCC 18473; 
ii) ATCC 14846 and 608.1; iii) ATCC 10942 and IMI 167641. 
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Figure 3.6  Annotated MUSCLE alignment of the end of the APN2-proximal flanking region (5’) with the reverse complement 
(RC) of the SLA2-proximal flanking region (3’). 
Yellow annotations indicate the MAT1-2-1 gene as determined from FGENESH and GeneMark.  Brown annotations refer to the 
estimated positions of the idiomorphic break point and the truncated portion of MAT1-2-1 were determined from previous multiple 
alignments.  The identified inverted repeat motifs are indicated by red features on the last sequence.  Primer Mseq_f3-6320R is 
located in the flanking region just outside the 3’ break point and was used to amplify the full MAT1-2 idiomorph in ATCC 14846 
and 608.1. 
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Figure 3.7  Annotated alignments of inverted motifs bordering the idiomorphic segments and the MAT locus flanking region in 
ATCC 10944, ATCC 18472, and ATCC 18473. 
A) 5’ flanking-idiomorph break point (proximal to SLA2) with the reverse complement of the 5’ end of the MAT1-1 idiomorphic 
segment in ATCC 10944, ATCC 18472, and ATCC 18473, and the corresponding region in ATCC 10943; and B) the 3’ end of the 
MAT1-2 idiomorphic segment in ATCC 10944, ATCC 18472, and ATCC 18473 and the corresponding region in ATCC 10942 
with the reverse complement (RC) of the 3’ break point (proximal to SLA2).  The idiomorphic segment ends were estimated 
visually from alignments, and the inverted repeats were identified by alignment of the 5’ break point with the RC of the 3’ break 
point of all isolates in the study.  MAT1-2-1 was annotated from FGENESH and GeneMark predictions.   
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4. POPULATION GENETIC STRUCTURE OF SCLEROTINIA 
HOMOEOCARPA FROM VARIOUS TURFGRASS HOSTS WORLDWIDE 

Abstract 

Sclerotinia homoeocarpa is an important pathogen of nearly all grass species that are 

commonly cultivated as turfgrass throughout the world, but the population biology of this 

fungus is poorly understood.  Here, we used 14 microsatellite loci to investigate population 

genetic structure, migration, and recombination among 1,170 isolates of S. homoeocarpa 

obtained from 13 and 1 grass and sedge genera, respectively, from a total of 79 locations 

distributed among 5 continents and Oceania.  We found that almost all isolates in our sample 

clearly clustered with the hypothesized groups associated with either C3 or C4 

photosynthetic hosts.  An additional level of weak but significant population structure was 

observed within the C4 isolate clade between mating-types and between isolates obtained 

from Cynodon or Paspalum hosts.  A total of 42% of 634 C3 clade isolates were represented 

by one of two haplotypes, both of which was sampled in all but one region in our sample.  In 

addition, weak geographic structure within C4 clade isolates was found at the regional level.  

Analysis of clone-corrected mating-type distributions showed few deviations from an equal 

ratio regardless of clade, but linkage equilibrium was more commonly detected at C3 clade 

locations compared to C4 locations.  Results from this research suggest that S. homoeocarpa 

has undergone long distance dissemination followed by clonal amplification, with the 

possibility of sexual reproduction in select cases.  Investigations into sources of inoculum 

and the possible dispersal of S. homoeocarpa on seed or vegetatively propagated material 

could halt the spread of this economically important pathogen. 
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Introduction 

Sclerotinia homoeocarpa F.T. Bennett is a filamentous member of the Ascomycota 

and causes dollar spot, the most economically damaging disease of turfgrass (Vargas, 2005; 

Walsh et al., 1999).  Reasons for the significance of dollar spot include the possibility of 

severe damage under a range of conditions, increasing limitations of chemical control options 

due to non-target effect concerns and development of S. homoeocarpa populations with 

reduced fungicide sensitivity (Bishop et al., 2008; Brownback and Latin, 2002; Detweiler et 

al., 1983; Doney and Vincelli, 1993; Goldenberg and Cole, 1973; Golembiewski et al., 1995; 

Hsiang et al., 2007; Hsiang et al., 1997; Jo et al., 2008a; Jo et al., 2006; Koch et al., 2009; 

Miller et al., 2002; Mocioni et al., 2001; Ok et al., 2011; Popko et al., 2012; Tredway, 2005; 

Warren et al., 1974), and the widespread use of highly susceptible host germplasm.  

The pathogen causing dollar spot does not belong in Sclerotinia or any genus within 

the Sclerotiniaceae (Whetzel, 1945; 1946).  Instead, the pathogen associates most closely 

with the related Rutstroemiaceae family (Carbone and Kohn, 1993; Holst-Jensen et al., 1997; 

Jackson, 1973; Kohn and Grenville, 1989a; b; Novak and Kohn, 1991), in part because its 

vegetative resting structure is an indeterminate substratal stroma and not a determinant 

sclerotium (Baldwin and Newell, 1992; Fenstermacher, 1980; Jackson, 1973; Novak and 

Kohn, 1991).  Including the initial description (Bennett, 1937), observations of a fertile 

teleomorph and/or asexual spore production from fungi causing dollar spot are limited to 

select locations in the United Kingdom (Baldwin and Newell, 1992; Jackson, 1973).  To our 

knowledge, dollar spot is endemic to all regions of the world that contain substantial areas of 
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turfgrasses.  Reclassification has been hampered because efforts to produce a fertile 

teleomorph using isolates from around the world have been unsuccessful (Beirn et al., 

submitted; Bennett, 1937; Fenstermacher, 1980; Orshinsky and Boland, 2011).  Observations 

of asexual conidia produced by dollar spot-causing fungi are similarly limited to the 

aforementioned select reports.  Given the lack of conidia production and limited portion of 

overwintering inoculum that is comprised of stroma (Fenstermacher, 1980), it is possible S. 

homoeocarpa has undergone or is undergoing human-mediated dispersal.  In agreement with 

the original proposal by Bennett (1937), subsequent studies have concluded that the pathogen 

is disseminated by founder events followed by clonal propagation (DeVries et al., 2008; 

Hsiang and Mahuku, 1999; Powell and Vargas, 2001; Viji et al., 2004), but these studies 

were limited to local samples obtained from eastern North America.  Knowledge of the 

population genetic structure of S. homoeocarpa on global and regional scales could provide 

direction for efforts to identify sources of inoculum and mechanisms of dispersal.   

Sclerotinia homoeocarpa has a wide host range and affects all species that are 

commonly cultivated as turfgrasses.  Studies having very limited samples have reported 

disassociation between S. homoeocarpa isolates from grasses with the C3 or C4 

photosynthetic pathway (Raina et al., 1997; Viji et al., 2004).  Furthermore, there are reports 

of a relatively high level of diversity within isolates obtained from C4 grasses (Ruiz et al., 

2006; Sonoda, 1989) compared to that typically seen among isolates obtained from C3 

grasses (Deng et al., 2002; DeVries et al., 2008; Hsiang and Ma, 2001; Hsiang and Mahuku, 

1999; Jo et al., 2008a; Jo et al., 2008b; Powell and Vargas, 2001; Raina et al., 1997; Viji et 
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al., 2004).  In recent studies using samples from Europe, the Caribbean, Hawai’i, and the 

eastern United States (Taylor, 2010) or Florida (Liberti et al., 2012), methods including 

multilocus sequence typing and mycelial compatibility have shown clear division between S. 

homoeocarpa typically isolated from C3 or C4 grasses, and a higher level of diversity within 

the latter group.  These groups of S. homoeocarpa are hereafter referred to as the C3 or C4 

isolate clades, respectively.  However, additional breadth and depth of host and geographic 

sampling are needed to ascertain the population structure of S. homoeocarpa on a worldwide 

scale.   

While S. homoeocarpa endemic to most regions worldwide has not been observed to 

produce a fertile teleomorph, reports and observations of diversity in S. homoeocarpa are not 

completely consistent with a fungus not undergoing sex and not producing asexual conidia.  

A study using marker profiles has reported some level of linkage equilibrium within some 

populations of S. homoeocarpa, which could suggest a possible occurrence of sexual 

reproduction (Hsiang and Ma, 2001; Hsiang and Mahuku, 1999).  Other observations, 

including mycelial compatibility and fungicide sensitivity diversity, could be explained by 

the occurrence of sexual reproduction some time in the past or at limited geographic 

locations.  While applicable to the C3 isolate clade, the higher level of diversity within the 

C4 isolate clade, especially with respect to mycelial compatibility groups, strongly suggests 

at least a history of sex.  However, most studies on genetic diversity and nearly all efforts to 

produce a fertile teleomorph have focused on the C3 isolate clade.  Finally, the genetic 

diversity and relationships among isolates used in these efforts have been limited or 
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unknown.  Because the relatedness of paired strains has been shown to play a role in the 

fertility of some Asocmycota, it is possible that paired S. homoeocarpa strains had an 

improper amount of genetic relatedness.  Discovery of genetically dissimilar isolates or 

populations showing signatures of sex could facilitate fertile teleomorph production.  

Overall, however, identifying the possible occurrence of reproduction within S. homoeocarpa 

from C3 and C4 hosts worldwide would improve our understanding of the biology of this 

pathogen and could lead to improved management of dollar spot disease.   

Here, we performed mating-type determination and genotyping at 14 microsatellite 

loci to infer patterns of population structure, migration, and reproduction of S. homoeocarpa 

obtained from various C3 and C4 turfgrass hosts worldwide. 
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Materials and Methods 

Samples 

Turfgrass exhibiting dollar spot symptoms were collected between 2003 and 2011.  

Most isolates in this study were collected as ‘population’ samples, in which a symptomatic 

leaf blade was collected with a pair of forceps from the edge of approximately 20 to 50 

arbitrarily selected individual infection centers within approximately 20 m x 20 m areas of 

turf.  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 then stored at 4oC 

until isolations were performed.  Symptomatic tissues were surface disinfested by swirling in 

0.6% sodium hypochlorite solution for 1 minute.  Leaf blades were next dried by pressing the 

leaf tissue against a paper towel, and then placed on potato dextrose agar (PDA; Difco. 

Sparks, MD) amended with 50 mg L-1 each of tetracycline, chloramphenicol, and 

streptomycin (PDA+++).  After two days, mycelial colonies of S. homoeocarpa were 

identified based on comparison with known isolates of the pathogen and transferred to a fresh 

PDA+++ plate.  After incubation for 1 to 2 days, hyphal tip transfers to PDA+++ containing 

sterilized filter paper were performed using a scalpel under a dissecting microscope.  For 

some populations, dried leaf blades were placed on water agar amended with 50 mg L-1 each 

of penicillin and streptomycin (AWA), and hyphal tip transfers were performed directly from 

AWA onto PDA with filter paper.  Once the fungus had infested the filter paper and began to 

form a stroma, the filter paper was placed in coin envelopes and dried in a biosafety hood for 

at least 24 hours.  Envelopes were stored at -80oC.  In addition to ‘population’ samples, some 
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‘individual’ isolates that were not obtained from large population samples were arbitrarily 

selected from sample sets used for other studies, or other single isolates of interest.  In 

general, these samples were isolated and stored similar to the above description. 

DNA Extraction 

Initially, genomic DNA was extracted from some arbitrarily selected isolates and 

populations using the Easy-DNA Kit (Invitrogen, Carlsbad, CA) with the following 

modifications to protocol #3.  Isolates were grown on cellophane-covered PDA, and 

mycelium was harvested by scraping with a scalpel.  Solutions A and B, and chloroform, 

were added at half the recommended volume.  Following addition of glass beads and 

Solution A, cell lysis was performed with a MiniBeadbeater-16 (BioSpec Products, Inc., 

Bartlesville, OK) for 3 min and disc vortex (Digital Mini Vortexer, Fisher) for 2 min.  In the 

initial precipitation step, mussel glycogen was added to ethanol to a final concentration of 5 

µg mL-1.  Residual ethanol was removed by a short spin in a DNA110 SpeedVac (Savant 

Instruments, Inc., Farmingdale, NY).  Following DNA precipitation, the pellet was 

resuspended in 50 µL TE buffer and incubated overnight at 4oC.  RNase was added to a final 

concentration of 100 µg mL-1 and samples were incubated at 37oC for 45 min.  DNA quantity 

and purity was assessed with Nanodrop (model ND-1000, software v3.8.1), and working 

DNA solutions of 50 ng µL-1 sterile water were prepared.  

A 96 well plate protocol was used for subsequent populations.  Populations to be 

genotyped were selected to maximize coverage of geographic origin and host type or genus, 

with specific interest in sampling locations from which we obtained a population from both a 



106 
 
 

 

 

C3 and a C4 host.  If our collection consisted of more than 24 isolates from a population to 

be genotyped, the isolates used were randomly selected using the random number generator 

in Microsoft Excel 2008.  Isolates were grown on cellophane-covered PDA, and 

approximately 40 mg of tissue was harvested with a scalpel and placed in 1.5 mL 

microcentrifuge tubes.  Tubes were left uncapped in a running biosafety hood for 

approximately 48 hours to dry tissue.  Dried tissue was stored at -20oC until enough samples 

were accumulated for extraction.  Extraction of DNA was performed with the DNeasy 96 

Plant Kit (Qiagen) with the following modifications to the ‘frozen plant tissue’ protocol.  No 

liquid nitrogen was used because tissue was dried, and in step #18 300 µL of supernatant was 

transferred.  Two plates were extracted at a time, and multichannel pipetting order of 

columns across the plates was alternated at each step.  Suitability of the extracted DNA for 

PCR was tested by amplifying the ITS region. 

Genotyping and Data Handling 

Isolates were genotyped at 14 microsatellite loci (Molecular et al., 2013) and for 

mating type as described in the previous chapters.  For isolates extracted using the Easy-

DNA kit, four isolates were included in each plate to serve as standards.  Due to poor yield, 

some or all of the genotyping reactions was repeated for some of these isolates.  Most 

isolates extracted using the 96 well plate protocol were genotyped with two or three blank 

tubes to serve as negative controls.   

Fragment analysis was performed on a 3730xl DNA Analyzer at the Duke Institute 

for Genomics Science and Policy (Durham, NC) with the ROX1000 size standard, and peaks 
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were sized and binned with GeneMapper v1.8 (SoftGenetics LLC, State College, PA).  

Mating types were determined by the detection of fragments from at least one of the two 

genes present in each heterothallic idiomorph.  Fragment analysis data for isolates having no 

called mating-type peaks or peaks from both mating types were examined visually.   

For the most of the isolates extracted using the Easy-DNA protocol, peaks for locus 

Sh01 were broad and difficult to score.  A redesigned reverse primer that produced a longer 

fragment was incorporated into the genotyping protocol to improve results for this locus. 

Different isolates from the same sampling locations that were identical at all other loci were 

compared to alleles determined by the original primer, and in all cases the size difference was 

as expected based on the redesigned primer.  

In the marker development phase, we detected a second, dinucleotide microsatellite in 

the flanking region of the tetranucleotide marker Sh05 (Molecular et al., 2013).  Additional 

sequencing of representative isolates for each allele of the tetranucleotide Sh05 confirmed 

that a different dinucleotide allele was fixed within the C3 or C4 isolate clades.  In addition, 

the alleles of the tetranucleotide repeat were fixed within certain ranges and separated by 

sizable gaps.  C4 clade isolates had allele sizes of 312, 316, or 324 bp, C3 clade isolates had 

allele sizes of 366, 374, or 378 bp, and isolates not belonging to either clade had a 402 bp 

allele.  Therefore, raw genotype data were adjusted to eliminate the confounding influence of 

the second repeat to more accurately represent the microsatellite allele for this marker.  In the 

larger sample in this study, the gaps between allele sizes ranges was also evident.  Allele 
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sizes between 342 and 402 inclusive were subtracted by 2.  However, allele 444 was not 

adjusted because size differences to the smallest range of alleles was divisible by 4.  

Arlequin v3.5.1.3 was used to infer haplotype definitions using the ‘infer from 

distance matrix option.’  This method is insensitive to missing data and reflects a semi-strict 

definition of haplotypes due to the apparent low diversity and high clonality in our overall 

dataset.  The haplotype definitions were curated using MySQL searches to ensure that the 

isolate used for the haplotype definition has the fewest number of missing loci among all 

haplotype representatives and that isolates within a haplotype were identical at all loci.  

These microsatellite haplotype definitions corrected over the entire dataset are hereafter 

referred to as haplotypes.  To associate genetic population structure with other factors such as 

geography and host, we made clone corrected datasets that accounted for the extra level(s) of 

hierarchy formed by these additional factors.  These factors included the sampling location, 

sample region, the mating type idiomorph, the host genus, or combinations thereof.  Pooling 

was performed to combine subgroups with low sample sizes to better summarize the data 

and/or to satisfy sample size requirements for downstream analyses.  Isolates representing 

these additional factors were added as haplotype definitions in the additional datasets, and the 

definitions were curated as described above.  For example, a multilocus microsatellite 

haplotype identified above that was found in isolates from both Cynodon and Paspalum 

would be expanded into two haplotypes, one for each host, in the dataset corrected for host 

genus. 
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Discriminant Analysis of Principal Components 

Alleles for Sh05, Sh06, and Sh12 appeared to be fixed within isolate clades.  MySQL 

database searches were used to hypothesize an isolate’s identity with either the C3 or C4 

isolate clades using alleles 156 and 159 versus 153 for Sh06 or 407 or 403 for Sh12, 

respectively.  The Sh05 alleles for C3 and C4 fell in a range of 356-444 and 312-340, 

respectively.  Isolates violating rules for Sh06 and Sh12, i.e. having alleles 153 and 407, 

respectively, were placed into a third ‘unknown’ clade.  To validate these isolate clade 

assignments, the haplotype dataset was subjected to Discriminant Analysis of Principal 

Components (DAPC) in the R package adegenet (v1.3-9) (Jombart, 2008; Jombart and 

Ahmed, 2011; Jombart et al., 2010; Pearson, 1901).  DAPC is a two-step process that begins 

with transformation by principal component analysis (PCA) and ends with discriminant 

analysis (DA).  Because the DA step minimizes within-group variation to summarize 

between-group variation, individuals need to be assigned to groups before this step.  We 

assigned these designations for DAPC analysis in two ways.  First, the generic clustering 

method k-means was performed on data transformed by PCA as a de novo approach.  Ten 

replicate runs of the find.clusters function were executed at 10,000 iterations (n.iter) per run 

with 20 starting centroids (n.start).  Runs were summarized using Bayesian information 

criterion (BIC), which was plotted over the replicate runs to identify appropriate value(s) of k 

to describe the data.  For the single find.clusters run used to initialize DAPC, 200 PCAs 

(n.pca) were retained and grouped into 5 k-means clusters (n.clust).  In the second approach, 

the aforementioned initial hypothesis was used as the a priori group assignment.  For the 
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discriminant analysis (DA) step, 18 and 28 principal components and 4 and 2 discriminant 

functions were saved for the de novo and a priori methods, respectively.  The posterior group 

assignments ($assign) and posterior membership probabilities ($posterior) for each method 

were exported and examined to objectively make isolate clade assignments.   

For exploratory analyses and to inform directions for subsequent analysis, a total of 8 

datasets clone corrected for additional factors as described above were subjected to DAPC.  

Each dataset was initialized using the a priori factors or using 5 or 8 k-means clusters, 

because evaluation by BIC from find.clusters identified that out data might also be well 

described by 8 clusters.  Plots were examined visually to identify factors that associated well 

with population genetic structure.  Based on these exploratory steps (Figure 4.1), two 

additional datasets were retained for further analyses: a dataset clone-corrected for isolate 

clade and sampling location (“cldpop”), and a second for isolate clade, mating type, and the 

host genus of origin (“hstmat”).  For the hstmat dataset, all C3 isolate clade members were 

pooled into a single group regardless of host of origin because no host-associated 

substructure was detected.  Due to low sample sizes, C4 isolate clade members were pooled 

into four host groups (Cynodon, Paspalum, Zoysia, and Other), and members of the UKN 

clade were pooled into a single group.   

Model-Based Clustering 

The three retained datasets (haplotype, cldpop, and hstmat) were subjected to model-

based clustering analysis using the Bayesian clustering program STRUCTURE v2.3.4 

(Falush et al., 2007; Pritchard et al., 2000).  Because we wished to examine the possibility of 
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admixture and initial exploratory analyses detected weak population structure for some 

factors, all STRUCTURE analyses were performed with admixture (NOADMIX = 0) and the 

correlated allele frequency model (FREQSCORR = 1) (Falush et al., 2003).  To infer the 

number of K populations that best describes the data with this method, we analyzed the 

haplotype dataset in 12 replicate STRUCTURE runs at each of K = 1 to 12, with each run 

consisting of 50,000 burn-in steps following by 400,000 sampling steps.  Inference of the 

optimal K value was performed with the ΔK method (Evanno et al., 2005) as implemented in 

STRUCTURE HARVESTER (Earl and vonHoldt, 2011).  Replicate runs were summarized 

with CLUMPP (Jakobsson and Rosenberg, 2007).   

The cldpop and hstmat datasets were also analyzed with STRUCTURE using the 

‘admixture and correlated allele frequency’ model as mentioned above.  To evaluate the 

association of geographic, host, and mating-type factors with population genetic structure, a 

second analysis of these datasets was performed with the ‘admixture, correlated allele 

frequency, and population information’ model.  The latter portion of the model refers to 

enabling the population information prior (LOCPRIOR = 1), which allows for an a priori 

population assignment to assist clustering if it is informative (Hubisz et al., 2009).  For the 

cldpop dataset, the factor used for assignment was a parameter concatenating the isolate 

clade with the geographical region of origin, with all isolates initially assigned to the 

unknown clade forming one group regardless of geographic origin, for a total of 18 

populations.  Two factors were analyzed separately for the hstmat dataset: the first was an 

isolate clade-mating type factor for n = 8 populations, and the second was the factor 
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combining isolate clade and host genus from with the isolates were obtained as described for 

DAPC above (C3 clade isolates, C4 isolates from Cynodon, C4 isolates from Paspalum, C4 

isolates from Zoysia, C4 isolates from other genera, Unknown group isolates).  Run lengths, 

parsing of results with STRUCTURE HARVESTER, and summary with CLUMPP was as 

previously described for the haplotype dataset, but for the cldpop and hstmat datasets 16 

replicate runs were performed at K = 4 or K = 5 only.   

Summary Analyses 

Summary statistics were calculated using GenAlEx v6.5 (Peakall and Smouse, 2006; 

2012).  Also using GenAlEx, diversity was partitioned among groups using Shannon’s 

information indices (Shannon, 1948a; b; Sherwin, 2010; Sherwin et al., 2006) and analyses 

of molecular variance (AMOVA) (Excoffier et al., 1992; Michalakis and Excoffier, 1996).  

The significance of these values for both methods was tested against the null hypothesis of 

no differentiation using 9,999 permutations of individuals among groups.  The number of 

migrants Nm estimated from each of these analyses was also reported.  The index of 

association (IA) and its scaled version (rD) were calculated in the R package poppr, and the 

significance of these values was evaluated using 999 permutations.  A matrix of Bruvo’s 

distance was calculated using poppr and visualized using the R package pheatmap.   
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Results 

Genotyping and Data Handling 

A total of 286 and 1,005 isolates that were extracted by the Easy-DNA and 96 well 

plate protocols, respectively, passed calibration and quality control in GeneMarker.  Alleles, 

raw fragment analysis data, and isolate metadata were stored in a MySQL database.  A total 

of 48 called peaks across the 14 microsatellite and four MAT loci we observed within the 17 

sample blanks from 10 genotyping plates.  Therefore, 77 alleles from the same plate having 

the same allele and a peak height similar or less than the blank peak were trimmed.  A third 

of the called peaks were for loci Sh01 and Sh05, leading to trimming of 10 and 38 alleles, 

respectively.  In addition, the 20 (approximately 1.5%) and 10 alleles with the lowest peak 

heights at each microsatellite and MAT locus, respectively, were trimmed from the dataset.  

Among the small subset of 47 isolates from the Easy-DNA protocol that were genotyped 

twice, the error rate was 0.4%.  Also within this set, the overall rate at which one of the two 

duplicates had a missing allele was 10.4%, with rates higher for Sh05 (25.5%), Sh09 (19.1%), 

Sh10 (31.9%), Sh11 (34.0%), and MAT1-1-1 (19.1%).  After removing duplicates and 

isolates with more than 3 missing microsatellite loci, a total of 1,170 isolates were retained 

for population genetic analysis (Table 4.1).   

Isolate Clade 

A total of 32, 78, and 9 haplotypes were initially hypothesized to belong to the C3, 

C4, and unknown clades, respectively.  These groups were unambiguously discriminated by 

and in agreement with the DAPC analysis initialized with these a priori groups (Figure 4.1, 
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bottom left).  For the de novo k-means method, haplotypes initially belonging to the C3 or C4 

clades were assigned exclusive of each other to 1 or 4 clusters, respectively (Figure 4.1, top 

left).  Isolates hypothesized to belong to the unknown group had inferred membership 

probabilities of 89% and 11% to one of the C4 clusters and the C3 cluster, respectively.  This 

C4 cluster contained 13 haplotypes initially hypothesized as C4 isolate clade members.  

While the a priori method agreed with the assignment of these haplotypes to the C4 isolate 

clade, k-means at both 5 and 8 clusters showed that these haplotypes associated closely with 

the unknown group, distinct from the C4 isolate clade.   

Analyses using Shannon’s indices and AMOVA revealed strong and significant 

differentiation between these three clades.  The level of differentiation was inferred to be 

near completion (Φ’PT = 0.900) between the C3 and C4 isolate clades (Table 4.2).  Of the 

three comparisons, differentiation was lowest between the C4 and Unknown clades.  

Diversity was higher overall and at most loci within the C4 compared to the C3 clade.  The 

C3 clade contained 1.9 effective alleles per locus and only 6 private alleles in total (Table 

4.3).  In addition to locus Sh12 that was used to discriminate the groups, the C3 isolate clade 

was fixed for one allele at two loci (Sh08 and Sh11) and contained very low diversity at Sh03 

(h = 0.061) and Sh10 (h = 0.219)  (Table 4.4).  Therefore, only 9 loci would be effective for 

further discrimination within the C3 isolate clade.  To evaluate the bias in discriminating 

groups based on two loci, the haplotype dataset excluding Sh06 and Sh12 was analyzed using 

DAPC.  Except for two haplotypes assigned to the unknown clade in the initial hypothesis, 
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analysis using both the a priori group assignment and the k-means methods with the 

remaining 12 loci agreed with analyses of the 14 locus dataset. 

We found the association between C3 and C4 clade isolates of S. homoeocarpa with 

the originating host type to generally hold true in our sample set.  However, a total of 174 

(27%) of C3 and 18 (4%) of C4 clade isolates were obtained from grass hosts with the C4 

and C3 photosynthetic pathways, respectively.  Of the 174 former isolates, 94 were obtained 

from C4 host grasses that were weeds within locations that primarily manage C3 grasses.  

Only six of 174 C3 clade and four of 18 C4 clade isolates were obtained from the 

intentionally-managed ‘opposite’ host type, in which the rest of the isolates in the sample 

population belonged to the opposite isolate clade.  Thirty-five of the 174 C3 isolates were 

obtained from Axonopus compressus or a Kyllinga sp. at site MY-1 in Malaysia, and the 

remaining 14 of the 18 C4 isolates were obtained from site VN-1 in Vietnam and SA-3 in 

South Africa.  Also obtained from these three sites were all but 6 of the 47 isolates assigned 

to the unknown clade. 

Haplotype Identification and Distribution 

The isolate to haplotype ratio was 19.8:1, 6.3:1, and 5.2:1 for the C3, C4, and 

unknown isolate clades, respectively.  Within the C4 isolate clade, four haplotypes 

collectively representing 10% of the 489 isolates were identified in more than one region of 

our sample (Figure 4.2).  In contrast, 466 (74%) of all C3 isolate clade members in this study 

belonged to one of eight haplotypes that were identified on more than one region.  Two of 

these haplotypes were found in all regions except the Caribbean and represented 22% and 
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21% of all C3 clade isolates.  In addition to the among-region distribution, haplotypes for C3 

clade isolates were distributed among sampling locations within regions.  Of the 466 isolates 

with multi-region haplotypes, 352 belonged to a haplotype that was sampled from at least 

one other location within its region.  Outside of these eight multi-region haplotypes, an 

additional three haplotypes representing 11% of C3 clade isolates were sampled from more 

than one location within a region.  While few C4 isolate clade haplotypes were found in more 

than one region, several haplotypes where sampled from more than one sampling location.  

Excluding the multi-region haplotypes above, which were found at only one location within 

each region, a total of 39% of C4 clade isolates belonged to one of 12 haplotypes that were 

sampled from more than one location within each region.   

Population Structure 

Results from STRUCTURE HARVESTER showed a major peak of ΔK =2031 at K = 

2 and a secondary peak (ΔK = 302) at K = 4.  Because the major peak at K = 2 likely reflects 

the structure between C3 and C4 isolate clades clearly observed in DAPC analysis, we 

focused on results from K = 4 and also K = 5 to compare results from STRUCTURE and 

DAPC.  Cluster assignment for DAPC k-means at k = 5 and 8 and STRUCTURE analysis at 

K = 5 agreed very closely for the haplotype dataset (Figure 4.3).  Like DAPC, STRUCTURE 

detected the association with the unknown clade of 13 haplotypes originally hypothesized to 

belong to the C4 isolate clade.  Of the 29 isolates represented by these haplotypes, 15 were 

obtained from a VN-1 from which 4 of the unknown isolates were obtained, and 10 were 

obtained from sites SA-2 and SA-3 in South Africa.  K-means in DAPC inferred a distinct 
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cluster mainly comprised of isolates from Cynodon in the eastern United States and a 

population from Zoysia in Thailand.  However, STRUCTURE inferred the majority of the 

ancestry of this group to that of another C4 cluster, and the remainder to a fifth minor cluster 

that has appreciable ancestry proportions the eight haplotypes associated with the unknown 

group.   

Analysis of the hstmat dataset revealed genetic structure is partially associated with 

the major groups of host plants from which isolates of S. homoeocarpa in this study were 

obtained (Figure 4.4).  Weak (sHUA = 0.145, Φ’PT = 0.308) but statistically significant 

differentiation was observed between C4 clade isolates obtained from Cynodon or Paspalum, 

whereas most other comparisons were less significant (0.002 < (P < H0) < 0.226) (Table 

4.2).  From clustering analyses, most of the 38 C4 clade haplotypes obtained from Cynodon 

belonged to a single cluster (‘K1’) that had little representation among C4 clade haplotypes 

from other hosts (Figure 4.5).  The DAPC k-means analysis assigned 19 of the 38 Cynodon 

haplotypes but only 7 of 58 C4 haplotypes from other hosts to K1.  Of these seven, four were 

duplicate multilocus haplotypes that were obtained from one of the other three C4 genus 

groups in addition to Cynodon.   

In contrast to the haplotype a priori DAPC analysis using isolate clade, the hstmat a 

priori assignment to host genus group was less absolute, but still informative and in general 

agreement with de novo DAPC and STRUCTURE clustering (Figure 4.5).  For the 

STRUCTURE analysis using the population information prior, however, the host genus 

group did not add information to inference of population structure at K = 4 or 5 (data not 
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shown).  About 64% or 65% of the genetic makeup of the Cynodon haplotypes was inferred 

to belong to K1 by DAPC a priori and STRUCTURE analysis, respectively, whereas for the 

other C4 host genus groups the range of these values was 10% to 32% and 13% to 46%, 

respectively.  A similar trend was observed for the 29 haplotypes sampled from Paspalum, 

18 of which were assigned to one genetic cluster (‘K2’) by DAPC k-means at k = 5.  The 

proportion of membership to K2 of Paspalum haplotypes was inferred to be 66% or 60% by 

DAPC a priori and STRUCTURE analysis, respectively.   

While associated with haplotypes from Paspalum, K2 was comprised predominately 

of haplotypes containing the MAT1-2 mating type idiomorph.  Of the 50 MAT1-2 C4 

haplotypes, 29 isolates or 79% proportional membership were inferred to belong to K2 by 

DAPC k-means or a priori analysis, respectively.  In general, a priori DAPC analysis using 

the isolate clade-mating type factor suggested that genetic structure is associated with mating 

type.  Of the 139 haplotypes in this dataset, the posterior group assigned disagreed with the 

prior clade-MAT classification for a total of 23 haplotypes.  STRUCTURE inferred that K1 

and K2 comprised 50% and 54% of the genetic makeup of C4 MAT1-1 and MAT1-2 

haplotypes, respectively, with the remaining percentage distributed among other clusters.  

Differentiation analyses quantified the structure between C4 MAT1-1 and MAT1-2 as very 

weak but strongly significant (Table 4.2).  Genetic structure within C3 clade isolates was 

detected at DAPC k-means for k = 8 but not for DAPC or STRUCTURE at k = 5 (Figure 

4.5).  However, this structure was not associated with mating type even though mating type 

appeared to be informative in the a priori DAPC analysis.  In addition, Shannon’s indices 
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and AMOVA determined that this structure is very weak and not very unlikely compared to 

random chance (Table 4.2).  Similar to the genus group factor, the clade-MAT factor used 

with the prior population information model in STRUCTURE was not informative for 

clustering.   

In general, population structure was only weakly associated with geography.  Only a 

few individual sampling locations showed structure distinct from the bulk of the isolates in 

this study (Figure 4.6, right column).  These locations included MY-1 in Malaysia and SA-3 

in South Africa (top right panel) and a group of several populations from Argentina and one 

from the Western United States.  Geographic structure among C4 clade isolates was observed 

when locations were grouped into regions, most clearly between isolates from Southeast Asia 

and South America (Figure 4.6, left column). 

Analysis of Reproduction 

When combined according to host genus group, the two-tailed binomial test revealed 

that only the Paspalum and Unknown groups significantly depart from an equal ratio of 

clone-corrected mating types (Table 4.5).  However, the null hypothesis of sexual 

reproduction was rejected for all groups by analysis of linkage equilibrium.  These analyses 

were also performed for each sampling location.  In general, the number of haplotypes and in 

some cases the number of polymorphisms available to analyze was low, and the null 

hypothesis of equal mating type ratios was not rejected at any of the locations presented for 

either C3 (Table 4.6) or C4 (Table 4.7) clade isolates.  However, there was not enough 

evidence to reject the presence of linkage equilibrium in isolates from at least four of the C3 
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locations for which enough polymorphism was present (Table 4.6).  In contrast, linkage 

equilibrium was strongly rejected at most C4 clade locations (Table 4.7).   

Both mating-type idiomorphs were identified in a total of 22 isolates: 20 C4 clade 

isolates sampled from one of two locations in southern California, all represented by the 

same haplotype, and two C3 clade isolates from Italy, one of which has a haplotype unique in 

our sample while the other belongs to one of the two worldwide-distributed haplotypes.  In 

addition, all but one of both C3 and C4 haplotypes contained isolates all having the same 

MAT idiomorph.  These haplotypes were sampled from sites EUS-6 and EUS-1 in the eastern 

United States.  Linkage equilibrium could not be rejected at these locations, although only 

the C3 haplotype’s MAT1-2 isolates were sampled from that location.   
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Discussion 

Our population genetic analysis of the cosmopolitan turfgrass pathogen S. 

homoeocarpa shows distinct patterns of structure among hosts and strongly suggests that this 

fungus has undergone human-mediated dissemination over long distances.  As expected, we 

detected strong population genetic structure in our sample set that was associated with host 

plants possessing either the C3 or C4 photosynthetic pathways.  Despite use of 

microsatellites that are polymorphic within C3 clade isolates, however, very little population 

structure and diversity was detected within a worldwide sample of this group of isolates.  

Indeed, our study could not provide evidence to reject that nearly three-quarters of all C3 

clade isolates have a putative clone that was sampled from another region of the world. 

Results from our work support conclusions from several previous studies using 

limited sample sets of C3 clade isolates that S. homoeocarpa propagates by clonal 

amplification following founder events.  Our finding that only eight haplotypes represented 

three-quarters of C3 clade isolates, two of which were found in 7 of 8 regions and represent 

42% of this isolate group, suggests that this pattern has occurred on a worldwide scale and 

with very closely related and/or putatively identical genotypes of S. homoeocarpa.  However, 

the mechanism of this dissemination is not known.  Spore production by S. homoeocarpa has 

been observed only rarely, and only among a group of strains from the United Kingdom that 

appear to be distinct and distantly related to the isolates evaluated in this study.  Vegetative 

resting structures such as sclerotia serve as important dispersal and survival propagules for 

numerous fungi, including several pathogens of turfgrass.  Compared to a determinate 
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sclerotium, however, the substratal stroma produced by S. homoeocarpa appears ill-suited for 

dispersal.  In addition, it is unclear if stroma production is required to survive the harsh 

winters common to northern North America (Fenstermacher, 1980).  Taken together, these 

trends suggest that a propagule of S. homoeocarpa is not solely responsible for 

dissemination.   

Isolates obtained from creeping bentgrass (Agrostis stolonifera L.) at 28 locations 

comprised 245 of the 272 isolates we genotyped from Agrostis spp.  Creeping bentgrass is 

highly desired for golf course putting greens due to its fine leaf texture, high shoot density, 

stoloniferous (above-ground lateral stem) growth habit, and thatch production.  During the 

early development of the golf industry in Europe, putting greens were established using seed 

grown in Germany of selections of various Agrostis spp. from Europe.  In the early 1900s, 

material referred to as “south German bent,” which probably was a mixture consisting mostly 

of colonial bentgrass (A. capillaris) with small proportions of velvet bentgrass (A. canina) 

and A. stolonifera, was used to establish golf course turf in the United States.  Selections 

from this vegetatively-propagated material made up the first improved varieties (‘C’-class) 

used in the United States.  Then, a seeded variety developed from random crosses of some of 

these selections, ‘Penncross,’ was released from Pennsylvania State University in 1955.  

‘Penncross’ became highly successful, was widely established, initiated a string of highly 

successful cultivars from that breeding program, and remains an industry standard throughout 

the world.  Along with cultivars from other programs including Rutgers University, these 

cultivars are highly desired for establishment of golf course putting greens in most climates 
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and regions of the world.  However, to our knowledge, worldwide seed production of all of 

these widely-deployed A. stolonifera cultivars is limited to a few areas in the Willamette 

Valley in the Pacific Northwestern U.S. state of Oregon.  Therefore, we propose seed-borne 

movement as a possible mechanism that has caused or is causing dissemination of C3 clade 

isolates around the world.  In agreement with this proposal, S. homoeocarpa has been 

successfully isolated from and detected using culture-independent PCR within A. stolonifera 

seed (Rioux et al., 2013). 

Perennial ryegrass (Lolium perenne L.) and Kentucky bluegrass (Poa pratensis L.) 

are C3 grasses commonly grown on lawns, landscapes, and lawn-like areas of golf courses in 

the temperate regions of the world.  Like for A. stolonifera, certain cultivars of L. perenne 

and P. pratensis that were developed in the United States are also desired worldwide.  Unlike 

A. stolonifera, however, production of seed of these grasses is not limited to Oregon and 

includes neighboring areas such as Idaho and Washington and other regions such as 

Minnesota in the Upper Midwest.  Moreover, Poa annua L., from which we obtained 102 

isolates in this study, is generally considered a weed or managed in place but its germplasm 

and seed is not formally cultivated or distributed.  In fact, Poa annua is most commonly a 

weed of A. stolonifera in areas of golf courses such as putting greens and fairways that 

receive higher maintenance inputs.  Therefore, our inability to detect structure within C3 

clade isolates that was associated with the host species of origin could suggest that S. 

homoeocarpa is disseminated by movement of A. stolonifera seed and then disperses to 

neighboring grass species, especially P. annua, within locations.  However, our sample size 
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of C3 clade S. homoeocarpa isolates from grasses other than A. stolonifera or P. annua at 

locations outside the United States was limited.  While we genotyped an appreciable number 

of isolates obtained from Festuca spp. in the United Kingdom, Festuca spp. native to the 

United Kingdom have long been used as turf for a variety of purposes.   

In contrast to the C3 isolate clade, diversity was higher among C4 clade isolates.  

While we identified only a limited number that shared haplotypes across regions, we 

observed only weak geographic population structure, suggesting isolates are more closely 

related to those from other regions compared to their geographic neighbors.  In addition, we 

observed genetic structure between C4 clade isolates obtained from Cynodon or Paspalum 

spp. that could also be explained by the origin, dissemination, and deployment of host 

germplasm.  Hybrid bermudagrass (Cynodon dactylon × transvaalensis) and seashore 

paspalum (Paspalum vaginatum) are species widely used in golf courses, athletic fields, 

lawns, and landscapes in many subtropical and tropical regions of the world.  Like A 

stolonifera, many of the improved varieties of C. dactylon × transvaalensis that are desired 

for turf are derived from a single breeding program at the University of Georgia, but unlike 

A. stolonifera, deployment of these varieties is concentrated in North and South America and 

the Caribbean compared to other regions.  In contrast, while varieties of P. vaginatum 

developed at the University of Georgia are popular around the world, the use of ‘local 

varieties’ or landraces is more common compared to C. dactylon × transvaalensis and is 

especially noted in Hawai’i, South America, and Southeast Asia among the regions in our 

sample.   
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Most varieties of most C4 grasses including C. dactylon × transvaalensis and P. 

vaginatum are vegetatively propagated from horizontal stems, establishment of which is a 

multi-step process.  Vegetative material is often not obtained directly from the source but is 

first increased at a local facility, which could lead to a regional-based pattern of structure if it 

is assumed that S. homoeocarpa is disseminated on this material.  This suggestion is 

supported by our finding of a limited number of C4 clade haplotypes that were sampled from 

more than one location within a region and that represent a large percentage of C4 clade 

isolates, whereas few haplotypes were identified across regions.  The survival of S. 

homoeocarpa on the propagative material of C4 grasses has not been investigated to our 

knowledge.  Therefore, due to the differences in geographic distribution of these species and 

varieties, the dissemination of S. homoeocarpa on the propagative material of C4 grasses 

could have caused the signals of population structure to be weakly associated with 

geographic region of origin and host genus.  However, the sample sizes for local or U.S.-

derived varieties of Cynodon and Paspalum in our study do not allow for a full factorial 

comparison among isolates from these groups.  Overall, identification and characterization of 

source populations of S. homoeocarpa, population genetic analysis with methods allowing 

greater depth of historical inference, and confirmation that inoculum residing on propagation 

material can cause dollar spot epidemics and lead to the establishment of S. homoeocarpa at 

a given location warrant investigation. 

In addition to our use of microsatellite markers, our ability to make inferences about 

the origin of S. homoeocarpa and the clades thereof is limited because our genotyped sample 
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and our non-genotyped collection of ~3,500 additional isolates is almost entirely devoid of a 

wild sample.  One of the samples presented here was obtained from a possible naturalized 

stand of a species of the C4 genus Digitaria (crabgrass) within the El Yunque National 

Forest in Puerto Rico.  However, the isolates at this location were not unusual, as we 

identified two haplotypes (representing 23 isolates) and one haplotype from this location that 

associate strongly with the C3 and C4 isolate clades, respectively.  Furthermore, the area was 

a scenic outlook that was likely artificially established and probably experiences significant 

tourist traffic.  Thus, it is likely that the S. homoeocarpa we sampled at this location does not 

represent a wild population and was transported at establishment or from human visitors.  As 

for seed, the survival of S. homoeocarpa in infested plant material and/or soil and its 

subsequent transportation via foot traffic is possible but has not been investigated to our 

knowledge.    

Another possible candidate for a wild population is a sample of dollar spot-causing 

isolates obtained from an unknown subspecies of fine-leaf fescue (Festuca rubra L.) in an 

unmanaged field along the coast of southwest England in Cornwall.  A similar sample was 

obtained from a low maintenance field of F. rubra on the property of a golf course in 

Dorsett, along the southern England coast.  However, microsatellite genotyping of these 

isolates failed, and their morphology, ITS sequence analysis (data not shown), and a larger 

phylogenetic analysis (Beirn et al., in preparation) suggest they are more closely related to 

the historical type strains used to first describe S. homoeocarpa.  Dollar spot in general, and 

these historical type strains in particular (Bennett, 1937; Jackson, 1973), have long been 
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associated with fine-leaf fescue grass in the United Kingdom of sea-marsh origin (Jackson, 

1973; Smith, 1955).  This ‘sea-marsh grass’, which is composed of mixtures of Agrostis and 

Festuca spp. and can be found along the Irish Sea coasts of Lancashire and Cumberland (now 

part of Cumbria) in northwest England, was cut as sod and was the preferred source for 

establishing areas of fine turf for purposes that include the game of lawn bowls.  Two of the 

three strains of S. homoeocarpa used to describe the fungus were obtained from bowling 

greens in England (Bennett, 1937).  Thus, while our collection of historical-like isolates is 

limited to these two locations in Cornwall and Dorset, anecdotal reports, trends in the 

literature, and results from this study suggest that there is a deeper level of structure or 

divergence in fungi causing dollar spot between ‘modern’ strains from various hosts 

worldwide and ‘historical’ strains from natural, unmanaged, or low maintenance areas in the 

United Kingdom.  Additional sampling and use of SNPs or sequence analysis of coding loci 

would be needed to understand the evolutionary histories and relationships of these groups.   

Also from the Dorset location we obtained an additional six S. homoeocarpa isolates 

from P. annua in a managed area of the golf course.  Two of these belong to the C3 isolate 

clade, but contain an allele at Sh01 private to this sample.  The remaining four contain the 

same private allele, and additional allele private to this location at Sh14, and were assigned to 

the unknown clade.  Only at one location each in Malaysia (4 haplotypes, 23 isolates), South 

Africa (1 haplotype, 14 isolates), and Vietnam (1 haplotype, 4 isolates) did we sample more 

than one isolate belonging to the unknown clade.  Except for one of the samples from 

Kyllinga at this Malaysia location, all were sampled from first (‘Penncross’) or later (‘A4’ or 
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‘T1’) generations of A. stolonifera cultivars.  The two remaining unknown clade members 

included a singleton isolate from Japan and an isolate among a C4 clade population at a site 

in Hawai’i.  While we collectively describe these isolates as belonging to the unknown clade, 

they were so assigned because they did not clearly associate with either the C3 or C4 clades.  

This group does not appear to represent a homogeneous population (see top-right corner of 

top-right panel in Figure 4.6).  The significance of these unknown members and their deeper 

relationship with the historical, C3, and C4 clades remains unclear, but this group could 

represent more recent relatives of modern strains or a newly emerging lineage and thus 

would be useful to include in further population or phylogenetic studies of dollar spot-

causing fungi.   

The force causing structure and apparent divergence between the C3 and C4 isolate 

clades is unclear.  While S. homoeocarpa is known to have a wide host range, it is possible 

that these two clades of the pathogen have undergone some degree of host specialization that 

has resulted in a portion of virulence and/or host defense being specific to the two host 

groups.  A virulence penalty for isolates inoculated on the opposite host type has been 

anecdotally reported, but this penalty was small and isolates retained a significant proportion 

of virulence.  The low frequency with which we sampled isolates (9 locations) from the 

opposite host type could be interpreted as the consequence of a slight fitness penalty on the 

opposite host type.  In general, only a single isolate from a given population sample belonged 

to the ‘wrong’ isolate clade.  Given our lack of knowledge about the magnitude of this fitness 
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penalty and of the epidemiology of dollar spot, the expected outcome of competition for host 

between members of these two isolate clades is unclear. 

Despite the appearance of competition, at 6 sampling locations we obtained only C3 

clade isolates (total of 94) from C4 hosts that were growing as weeds in an area dominated 

by C3 grasses.  In addition, samples from the C4 grass Paspalum conjugatum at a site in 

Hawai’i and from the C4 hosts Axonopus compressus (grass) or Kyllinga (sedge) at a site in 

Malaysia totaled 50 C3 clade isolates and no C4 clade isolates.  These results could suggest 

that S. homoeocarpa can be a successful pathogen on the opposite host type in the absence of 

competition.  In general we did not sample an appreciable portion of C4 clade isolates from a 

C3 host.  However, this result could be a sampling artifact because we had both motive and 

ample opportunity to sample dollar spot from C4 host grasses growing as weeds within 

stands of C3 grasses, but not for C3 grass weeds among established C4 hosts.   

Factors unrelated to host-pathogen interactions could account for the population 

structure of S. homoeocarpa between C3 and C4 grasses.  Most obviously, the two clades of 

S. homoeocarpa could have growth, survival, and/or infection optima that are aligned to the 

temperature these grasses are typically cultivated in.  Additionally, the two clades could be 

better adapted to respective extremes of cold and heat or sunlight.  Another possible factor is 

related to the evolution of C4 photosynthesis, the multiple occurrences of which were 

associated more with expansion into drier environments than rising temperatures (Edwards et 

al., 2010; Edwards and Smith, 2010).  In contrast, C3 grasses are often associated with wetter 

climates.  These grasses are managed in accordance with their evolution, with C3 grasses 
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generally receiving more irrigation compared to C4 grasses.  Therefore, these two clades of 

S. homoeocarpa could have differentiated in response to the contrasting soil environments.  

However, it has been shown that dollar spot symptoms of C3 grasses and presumably caused 

by C3 clade isolates are more severe when soil moisture is reduced (McDonald et al., 2006).  

Thus, the C3 isolate clade could represent a clonal lineage of the C4 clade or its ancestor that 

is better adapted to conditions such as harsh winters and irrigation but nonetheless retains 

elements of a hypothetical preference for dry soil.   

While we did not test for changes in effective population size, the observed 

population structure for the C3 clade could represent that of a clonal lineage only recently 

beginning expansion following a bottleneck.  This bottleneck could have occurred due to the 

limited germplasm sources and/or limited geographic areas of seed production of C3 grasses.  

If it is assumed that seed is the primary source for C3 clade-caused epidemics, the 

‘introduction’ of S. homoeocarpa in this process could have been by only a small founder 

population.  However, to our knowledge dollar spot was already established around the world 

prior to the initiation of formalized turf breeding.  For example, in addition to the 

aforementioned two strains obtained from the United Kingdom that were first used to 

describe the fungus, a third strain was comprised of isolates obtained from both Australia and 

the United States in addition to sites in the United Kingdom (Bennett, 1937).  As is 

apparently the case for the modern group of isolates, all strains in the third Bennett group 

were sterile.  While not identified as such, we presume that the three strains submitted by 

Bennett to the culture collection at CBS each represent one of the strains described in his 
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paper.  All three culture strains associate more closely with each other than with the modern 

group, but because there was only one representative from each strain, the identity of all 

isolates of the sterile strain obtained from Australia, the United Kingdom, and the United 

States remains unclear. 

Reports of sexual reproduction in fungi causing dollar spot are limited to United 

Kingdom and appear to be consistent with the historical-type strains of S. homoeocarpa.  

Given the low level of genetic diversity within the C3 clade and the higher level of diversity 

within the C4 clade, especially with respect to mycelial compatibility groups, we expected 

evidence for sexual reproduction was more likely to be found within the C4 clade.  The 

stronger population structure found between mating types in C4 compared to C3 clade 

isolates support the suggestion of more prevalent or more recent occurrence of sexual 

reproduction within the C3 clade.  This finding is surprising given the numerous futile efforts 

to produce a fertile teleomorph.  However, these efforts have largely used isolates from North 

America, whereas most of the C3 locations we identified as having evidence of sexual 

reproduction are located outside of the United States.  Fertility of isolates or environmental 

conditions at these locations may be optimal for S. homoeocarpa to mate.  More generally, 

evidence suggesting sexual reproduction at a few specific locations is surprising given the 

lack of observed substructure within the C3 clade.  Therefore, the combination of sexual 

reproduction and lack of structure between these locations and others could suggest that sex 

is rare or that this measure of linkage equilibrium is biased.  Regardless, results from this 
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study suggest that sexual reproduction could have occurred, and future study is warranted to 

understand the implications of this finding with respect to management of dollar spot disease.  
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Table 4.1.  Host and geographic distribution of Sclerotinia homoeocarpa samples in this study. 
 Region1 
Host Genus 

Host 
Type AF ASA CB EUR HI SAM US-E US-W Total 

  # Isolates (# populations/# locations)2 
Agrostis Cool 61 (3/3) 67 (3/4)  4 (0/2) 13 (1/1) 23 (1/2) 58 (1/16) 46 (2/2) 272 (11/30) 
Festuca Cool    54 (4/5)     54 (4/5) 
Lolium Cool 8 (1/1) 1 (0/1)  13 (1/1)   26 (1/2)  48 (3/5) 
Poa Cool    84 (2/7)  7 (0/1) 21 (1/9)  112 (3/17) 
Axonopus Warm  30 (1/2)       30 (1/2) 
Bouteloua Warm       3 (0/1)  3 (0/1) 
Cynodon Warm 2 (0/1) 58 (2/3)  24 (1/1)  84 (3/4) 85 (3/9) 72 (4/4) 325 (13/22) 
Digitaria Warm   24 (1/1) 9 (1/1)   20 (1/3)  53 (3/5) 
Eremochloa Warm       1 (0/1)  1 (0/1) 
Kyllinga Warm  24 (1/1)       24 (1/1) 
Paspalum Warm  31 (2/2) 4 (0/1)  73 (3/3) 54 (3/3) 5 (0/3)  167 (8/12) 
Pennisetum Warm        17 (1/1) 17 (1/1) 
Stenotaphrum Warm       3 (0/2)  3 (0/2) 
Zoysia Warm  24 (1/2)     11 (1/2)  35 (2/4) 
Unknown     3 (0/2)   23 (0/7)  26 (0/9) 
 Total 71 (3/3) 235 (6/7) 28 (1/2) 191 (7/13) 86 (3/3) 168 (5/6) 256 (6/40) 135 (5/5) 1170 (36/79) 

1 AF, Africa; ASA, Southeast Asia and Japan; CB, Caribbean; EUR, Europe; HI, Hawai’i; SAM, South America; US-E, eastern United States; US-W, 
western United States 

2 Populations, sampling populations from a defined host species and management regime for which at least 8 isolates were genotyped; Locations, the site 
or golf course for populations, or the county-level size area for individual, non-population isolates 



140 
 
 

 

 

Table 4.2.  Analysis of differentiation in Sclerotinia homoeocarpa among isolate clades, mating types, and C4 host genus groups. 
      Shannon3  AMOVA4 

Clade1 Factor No.2 Clade Factor No. sHA sHUA P < H0 Nm  Φ’PT P < H0 Nm 
C3  32 C4  78 1.030 0.416 0.000 0.134  0.900 0.000 0.643 
C3  32 UKN  9 0.701 0.302 0.000 0.254  0.745 0.000 0.782 
C4  78 UKN  9 1.189 0.134 0.000 1.286  0.568 0.000 1.805 

              
C3 MAT1-1 16 C3 MAT1-2 16 0.523 0.056 0.022 7.312  0.086 0.039 8.720 
C4 MAT1-1 45 C4 MAT1-2 50 1.098 0.098 0.000 2.421  0.183 0.000 5.840 

              
C4 Cynodon 38 C4 Paspalum 29 1.011 0.145 0.000 1.101  0.308 0.000 3.057 
C4 Cynodon 38 C4 Other 19 1.026 0.086 0.007 3.165  0.123 0.012 8.971 
C4 Paspalum 29 C4 Other 19 1.090 0.072 0.210 4.449  0.021 0.226 55.893 
C4 Cynodon 38 C4 Zoysia 10 0.933 0.067 0.050 5.221  0.160 0.012 6.199 
C4 Paspalum 29 C4 Zoysia 10 0.992 0.130 0.002 1.371  0.248 0.002 3.858 
C4 Other 19 C4 Zoysia 10 1.015 0.145 0.025 1.103  0.193 0.017 5.576 

1 C3, isolates belonging to the clade typically associated with C3 photosynthetic grasses; C4, isolates belonging to C4 isolate clade; Unknown, isolates of 
unclear association 

2 Number of multilocus haplotypes.  Haplotypes with more than one mating type or obtained from more than one host genus group were 
duplicated to represent all mating types or hosts 

3 Differentiation was evaluated using Shannon information indices in GenAlEx v6.5. sHA, allele information index, represents the average of 
within-group diversity; sHUA, mutual information index, represents between-population differentiation; Nm, number of haploid migrants 
estimated from sHUA.  The probability of the data was tested against H0: sHUA = 0 (no population differentiation) using 9999 permutations 

4 Analysis of molecular variance (AMOVA) was performed in GenAlEx. Φ’PT, estimation of genetic differentiation standardized for diversity; 
Nm, number of migrants estimated from Φ’PT. The probability of the data was tested against H0: Φ’PT = 0 (no population differentiation) using 
9999 permutations 
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Table 4.3.  Statistics for number of alleles in the haplotype dataset summarized by locus and isolate clade. 
Na

1  Ne  Np 
Locus All2 C3 C4 Ukn  All C3 C4 Ukn  C3 C4 Ukn 
Sh01 11 4 10 6  4.2 2.2 4.9 5.4  0 4 0 
Sh02 9 4 7 4  2.7 1.9 3.9 2.3  1 2 0 
Sh03 6 2 6 2  2.2 1.1 4.3 1.3  0 4 0 
Sh04 7 3 6 5  2.6 2.0 2.4 3.5  0 1 0 
Sh05 14 8 11 3  3.4 4.9 3.1 2.1  2 5 0 
Sh06 3 2 1 2  1.3 1.8 1.0 1.2  1 0 0 
Sh07 5 3 3 3  1.9 2.1 1.2 2.5  1 1 0 
Sh08 7 1 5 5  2.9 1.0 3.7 3.9  0 2 3 
Sh09 8 2 7 4  3.0 2.0 3.8 3.2  0 4 1 
Sh10 10 2 10 4  2.9 1.3 5.5 2.1  0 6 0 
Sh11 5 1 5 2  2.1 1.0 3.2 2.0  0 3 0 
Sh12 4 1 1 3  1.5 1.0 1.0 2.5  0 1 2 
Sh13 8 3 7 3  2.4 1.5 3.1 2.5  1 3 0 
Sh14 8 4 7 4  2.5 1.9 2.7 3.0  0 2 0 
All loci 7.5 2.9 6.1 3.6  2.5 1.8 3.1 2.7  0.4 2.7 0.4 

1 Na, number of alleles; Ne, number of effective alleles; Np, number of private alleles 
2 All, average over all loci; C3, isolates belonging to the clade typically associated with C3 photosynthetic grasses; C4, 

isolates belonging to C4 isolate clade; Ukn, isolates do not clearly associate with C3 or C4 
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Table 4.4.  Gene diversity and unbiased gene diversity statistics for the haplotype dataset summarized 
by locus and isolate clade. 

h / S.E.1 uh / S.E. h / uh 
Locus All2 All C3 C4 Ukn 
Sh01 0.721  (0.085) 0.776  (0.112) 0.551  (0.569) 0.796  (0.807) 0.816  (0.952) 
Sh02 0.593  (0.080) 0.628  (0.077) 0.471  (0.487) 0.744  (0.754) 0.563  (0.643) 
Sh03 0.349  (0.214) 0.364  (0.214) 0.061  (0.063) 0.768  (0.778) 0.219  (0.250) 
Sh04 0.595  (0.066) 0.632  (0.090) 0.490  (0.506) 0.577  (0.585) 0.716  (0.806) 
Sh05 0.669  (0.077) 0.707  (0.063) 0.797  (0.824) 0.680  (0.690) 0.531  (0.607) 
Sh06 0.209  (0.124) 0.222  (0.128) 0.430  (0.444) 0.000  (0.000) 0.198  (0.222) 
Sh07 0.423  (0.140) 0.454  (0.157) 0.531  (0.548) 0.145  (0.147) 0.593  (0.667) 
Sh08 0.490  (0.245) 0.524  (0.264) 0.000  (0.000) 0.730  (0.740) 0.741  (0.833) 
Sh09 0.643  (0.074) 0.680  (0.083) 0.498  (0.514) 0.739  (0.749) 0.691  (0.778) 
Sh10 0.518  (0.173) 0.546  (0.175) 0.219  (0.226) 0.817  (0.828) 0.519  (0.583) 
Sh11 0.394  (0.205) 0.418  (0.213) 0.000  (0.000) 0.689  (0.698) 0.494  (0.556) 
Sh12 0.198  (0.198) 0.222  (0.222) 0.000  (0.000) 0.000  (0.000) 0.593  (0.667) 
Sh13 0.534  (0.106) 0.566  (0.113) 0.329  (0.340) 0.681  (0.690) 0.593  (0.667) 
Sh14 0.588  (0.062) 0.623  (0.078) 0.464  (0.480) 0.632  (0.640) 0.667  (0.750) 
All loci 0.495  (0.040) 0.526  (0.043) 0.346  (0.357) 0.571  (0.579) 0.567  (0.641) 

1 h, gene diversity; S.E., standard error; uh, unbiased gene diversity 
2 All, values over all loci; C3, isolates belonging to the clade typically associated with C3 photosynthetic grasses; C4, 

isolates belonging to C4 isolate clade; Ukn, isolates do not clearly associate with C3 or C4 
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Table 4.5.  Analysis of mating type distribution and linkage equilibrium of Sclerotinia homoeocarpa by host genus group. 
Clade1 Host2 MAT1-1 MAT1-2 Total Binomial4 Ia

5  rD  
  # Haplotypes (# isolates)3 P < H0 Value P < H0 Value P < H0 

C3 Various 16 (299) 16 (333) 32 (634) 1.0000 0.676 0.001 0.061 0.001 
          

C4 Cynodon 22 (111) 15 (139) 36 (270) 0.2559 1.901 0.001 0.169 0.001 
 Paspalum 9 (19) 20 (131) 29 (150) 0.0428 2.314 0.001 0.214 0.001 
 Zoysia 4 (22) 6 (13) 10 (35) 0.5488 1.210 0.001 0.118 0.001 
 Other 10 (16) 9 (18) 19 (34) 0.8238 2.549 0.001 0.236 0.001 
 All 37 (168) 42 (301) 78 (489) 0.5764 1.725 0.001 0.152 0.001 
          

Unknown Various 1 (14) 8 (33) 9 (47) 0.0215 4.210 0.001 0.332 0.001 
          

Total  54 (481) 66 (667) 119 (1170) 0.2753 2.710 0.001 0.211 0.001 
1 C3, isolates belonging to the clade typically associated with C3 photosynthetic grasses; C4, isolates belonging to C4 isolate clade; Unknown, 

isolates of unclear association 
2 Isolates belonging to the C3 clade and the Unknown group were pooled regardless of host 
3 Marginal values may not equal sum of components due to shared haplotypes, or because isolates that contain both mating-type idiomorphs are 

not presented separately but included in ‘All’ 
4 A two-tailed binomial test with continuity correction evaluated the ratio of mating types under H0 = equal ratio. 
5 Linkage equilibrium was evaluated in the R package poppr by calculation of the index of association (IA) and its counterpart corrected for 

number of loci (rD).  Significance was evaluated against H0 = sexual reproduction using 999 permutations.   
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Table 4.6.  Analysis of mating type distribution and linkage equilibrium of C3 clade Sclerotinia homoeocarpa at selected 
sampling locations. 

Region Location MAT1-1 MAT1-2 Total Binomial2 Ia
3  rD  

  # Haplotypes (# isolates)1 P < H0 Value P < H0 Value P < H0 
Caribbean CB-1 0 (0) 2 (23) 2 (23) 0.2500 - - - - 
Europe IT-1 1 (11) 3 (39) 5 (52) 0.3750 0.584 0.107 0.098 0.123 
 UK-4 0 (0) 2 (15) 2 (15) 0.2500 - - - - 
 UK-6 0 (0) 2 (14) 2 (14) 0.2500 - - - - 
Hawai’i HI-3-C 1 (3) 3 (24) 4 (27) 0.3750 1.000 0.041 0.334 0.038 
 PH-1 2 (14) 0 (0) 2 (14) 0.2500 - - - - 
Southeast Asia MY-1-C 2 (32) 1 (17) 3 (49) 0.6250 0.165 0.347 0.045 0.347 
S. America AR-4 0 (0) 3 (19) 3 (19) 0.1250 1.179 0.108 0.157 0.158 
Eastern U.S. EUS-3 1 (27) 1 (3) 2 (30) 1.0000 - - - - 
 EUS-6 5 (37) 1 (6) 6 (43) 0.1250 -0.355 0.855 -0.061 0.813 
Western U.S. WUS-1 1 (20) 1 (1) 2 (21) 1.0000 - - - - 
 WUS-2-C 2 (14) 1 (3) 3 (17) 0.6250 0.000 0.452 0.000 0.448 
 WUS-4 3 (28) 1 (21) 4 (49) 0.3750 1.000 0.057 0.334 0.048 

1 Marginal values may not equal sum of components due to shared haplotypes, or because isolates that contain both mating-type idiomorphs are 
not presented separately but included in ‘All’ 

2 A two-tailed binomial test with continuity correction evaluated the ratio of mating types under H0 = equal ratio. 
3 Linkage equilibrium was evaluated in the R package poppr by calculation of the index of association (IA) and its counterpart corrected for 

number of loci (rD).  Significance was evaluated against H0 = sexual reproduction using 999 permutations.  Locations with too few 
polymorphisms were not able to be evaluated for linkage analysis. 
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Table 4.7.  Analysis of mating type distribution and linkage equilibrium of C4 clade Sclerotinia homoeocarpa at 
selected sampling locations. 

Region Location MAT1-1 MAT1-2 Total Binomial2 Ia
3  rD  

  # Haplotypes (# isolates)1 P < H0 Value P < H0 Value P < H0 
Africa SA-3-W 2 (8) 0 (0) 2 (8) 0.2500 - - - - 
Eastern U.S. EUS-1 3 (12) 3 (8) 5 (20) 1.0000 0.217 0.252 0.023 0.266 
 EUS-4 2 (29) 0 (0) 2 (29) 0.2500 - - - - 
 EUS-3 2 (5) 3 (5) 5 (10) 0.6875 0.744 0.073 0.097 0.073 
 EUS-5 0 (0) 2 (18) 2 (18) 0.2500 - - - - 
Hawai’i HI-1 0 (0) 3 (15) 3 (15) 0.1250 2.281 0.025 0.470 0.061 
 HI-2 2 (6) 2 (9) 4 (15) 1.0000 4.334 0.001 0.497 0.001 
 HI-3-W 3 (8) 3 (20) 6 (28) 1.0000 2.975 0.001 0.300 0.001 
 VN-1-W 1 (1) 6 (15) 7 (16) 0.0703 2.029 0.001 0.211 0.001 
 TH-1 2 (23) 2 (23) 4 (46) 1.0000 6.758 0.001 0.853 0.001 
 PH-2 1 (1) 2 (20) 3 (21) 0.6250 3.181 0.016 0.525 0.008 
Southeast Asia MY-2 0 (0) 2 (41) 2 (41) 0.2500 - - - - 
 AR-2 1 (15) 2 (23) 3 (38) 0.6250 8.000 0.001 1.000 0.001 
 AR-3 2 (2) 8 (38) 10 (40) 0.0654 6.252 0.001 0.651 0.001 
 AR-5 2 (10) 2 (28) 4 (38) 1.0000 -0.364 0.745 -0.124 0.697 
Western U.S. WUS-2-W 2 (9) 0 (0) 2 (9) 0.2500 - - - - 
 WUS-3 3 (15) 1 (2) 4 (24) 0.3750 1.400 0.027 0.157 0.042 

1 Marginal values may not equal sum of components due to shared haplotypes, or because isolates that contain both mating-type idiomorphs are 
not presented separately but included in ‘All’ 

2 A two-tailed binomial test with continuity correction evaluated the ratio of mating types under H0 = equal ratio. 
3 Linkage equilibrium was evaluated in the R package poppr by calculation of the index of association (IA) and its counterpart corrected for 

number of loci (rD).  Significance was evaluated against H0 = sexual reproduction using 999 permutations.  Locations with too few 
polymorphisms were not able to be evaluated for linkage analysis. 
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Figure 4.1.  Discriminant analyses of principal components (DAPC) of Sclerotinia homoeocarpa isolate clade, host of origin, and 
mating type factors. 
Left column: the clone-corrected haplotype dataset identified by the host type isolate clades C3, C4, and unknown.  Center 
column: data also clone-corrected to include the genus or type of host plant from which the isolate was originally obtained. ‘C3 
Cool’ includes all isolates belonging to the C3 isolate clade.  C4 host genera represented in lower numbers were combined into 
‘Other.’  Right column: data also clone corrected for the mating type idiomorph detected (MAT1-1, MAT1-2, or both idiomorphs).  
Top row: Discriminant analysis (DA) initialized using the generic k-means clustering algorithm at k = 5.  Bottom row: DA 
initialized with predefined groups.  Ellipses represent inertia.  Screeplots depict eigenvalues of DA axes and shaded axes identify 
the two that are plotted. 
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Figure 4.2.  Clonality and worldwide haplotype distribution of Sclerotinia homoeocarpa. 
Each of 1,170 isolates is represented by an equal length of the circular axis.  Isolates are 
divided by isolate clade (white, C3; grey, unknown; black, C4) and geographic region of 
origin (AF, Africa; CB, Caribbean; EUR, Europe; HI, Hawai’i; JP, Japan; SAM, South 
America; ASA, Asia; EUS, eastern United States; WUS, western United States).  Ticks 
outside the circle (50, 100, 150) represent number of isolates.  Linking ribbons identify 
haplotypes found in more than one region, and their width is proportional to the number of 
isolates represented by that haplotype in that region.  Inside the circle, lines perpendicular to 
the circular axis identify blocks of isolates that share a haplotype (large numbers) that was 
found only within that region.  Hashes outside the circle refer to haplotypes represented by 
fewer than 5 isolates.  The track of color highlights inside the circular axis identify sample 
locations that are consistent between isolate clades. 
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Figure 4.3.  Population genetic structure of Sclerotinia homoeocarpa clone-corrected to 119 
haplotypes. 
Haplotypes represent equal segments along the central axis and are divided by isolate clade: 
C3 clade (white), haplotypes typically found on C3 photosynthetic grasses; C4 clade (black), 
from C4 grass hosts; Unknown (grey), a group of unclear host affiliation.  Ticks adjacent to 
this axis indicate number of haplotypes.  H: color track indicating the host the haplotype was 
obtained from: C3 (blue), C4 (red), or both (purple).  Three outer tracks are stacked barplots 
displaying inferred membership proportions of each haplotype.  DK5, DK8: discriminant 
analysis (DA) of principal components (DAPC) with the DA step initialized by k-means at k 
= 5 and 8, respectively.  SK5: summary of 12 replicate STRUCTURE runs using the 
‘admixture and correlated allele frequencies’ model at K = 5.   
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Figure 4.4.  Distance-based genetic structure of selected C4 clade isolates of Sclerotinia 
homoeocarpa associated with host and mating type factors. 
Haplotypes were clone corrected according to host and mating type factors.  Factors are 
immediately below the dendogram and refer to host genus group (top), mating type (middle), 
and the host type clade (bottom).  Host genus groups are: Cyn, Cynodon; Pasp, Paspalum; 
Cool, all C3 host type isolates; Warm, all other C4 host type isolates; and Zoy, Zoysia.  
Presented are all haplotypes for two of the major C4 clade groups (n = 76), and several C3, 
C4, and Unknown clade isolates (EUR-11, WUS-1-1, EUS-6-33, VN-1-W-9, EUS-3-26, SA-
3-W-2, UKN-5-1) as outgroups.  Heatmap and dendogram were constructed using Bruvo’s 
distance. 
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Figure 4.5.  Association of Sclerotinia homoeocarpa population genetic structure with 
original host and mating type. 
Haplotypes (n = 139) were clone-corrected for both host and mating type factors and 
represent equal portions of the central axis.  All C3 clade haplotypes (white block) and 
unknown isolates (grey block) were pooled regardless of original host.  C4 clade haplotypes 
are represented by black blocks.  MAT: color track indicating MAT1-1 (purple), MAT1-2 
(green), both (black) for C4 (dark shades) and C3 and unknown (light shades) isolate clades.  
DPM: discriminant analysis (DA) of principal components (DAPC) initialized using the 
isolate clade-mating type concatenated factor as a prior group assignment.  DPH: DAPC 
initialized using the host factor (e.g., Cool).  SK5: summary of 12 replicate STRUCTURE 
runs using the ‘admixture and correlated allele frequencies’ model at K = 5.  DK5, DK8: 
DAPC with the DA step initialized by k-means at k = 5 and 8, respectively. 
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Figure 4.6.  Discriminant analyses of principal components (DAPC) of the dataset clone-
corrected for the sampling location of Sclerotinia homoeocarpa isolates. 
Left column: data grouped by isolate clade (1, C3; 2, C4; UKN, Unknown) and geographic 
region (AF, Africa; ASA, Southeast Asia; CB, Caribbean; EUR, Europe; HI, Hawai’i; JP, 
Japan; SAM, South America; USE, eastern United States; USW, western United States).  
Ellipses represent inertia.  Right column: data grouped by isolate clade and sample location 
of origin.  The legend was omitted due to large numbers of populations, but the color (e.g., 
blue, red, purple) generally corresponds to the legend for regions in the left column.  Shades 
of individual colors indicate different locations within the region.  Darker and lighter shades 
generally indicate C3 and C4 clade isolates, respectively.  Lines connect points to the 
location’s center of inertia.  Discriminant analysis for the top left panel was initiated using 
the generic k-means clustering algorithm at k = 5, whereas all other panels were initiated with 
the predefined region or population. 


