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Abstract 
 

Fusarium spp. are ubiquitous, soilborne and seedborne pathogens that affect over 100 

economically important plant hosts annually, resulting in billions of dollars in economic 

losses. They cause a variety of plant disease symptoms including, crown, root, and 

stem rots, wilts, and foliar necrosis. Furthermore, they produce harmful mycotoxins that 

are detrimental to the health of animals and humans. Members of this genus have been 

isolated from diseased tissues of switchgrass. The objective is to correctly identify and 

classify Fusarium isolates to species using both classic phenotypic characterization and 

current genetic technologies of DNA extraction and polymerase chain reaction and 

create microsatellite loci that will give more insight into the genetic template of Fusarium 

species. This will enable us to better understand the role these fungi play in agriculture 

systems and how to control the pathogenic ones more effectively. Whole genome 

sequences were developed for four Fusarium species (F. equiseti, F. graminearum, F. 

oxysporum, and F. sporotrichioides) isolated from commercial switchgrass seed from 11 

geographic locations across the United States. From each genome, 15 dinucleotide and 

15 trinucleotide (n = 30) microsatellite loci were evaluated for amplification and 

polymorphism. An additional 30 microsatellite loci were developed for F. graminearum. 

The percentage amplification of the microsatellites from each species was 93% for F. 

equiseti, 42% for F. graminearum, 50% for F. oxysporum and 36% for F. 

sporotrichioides. The sample size of F. equiseti isolates was small (n = 6), therefore this 

species was not included in further study. Microsatellite loci from the Fusarium species 

were considered polymorphic if they yielded one clear peak and the base pair (bp) 

length difference among individual alleles was greater than 3 bp. Polymorphic 
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microsatellite loci were evaluated for cross amplification of F. graminearum, F. 

oxysporum, and F. sporotrichioides. Microsatellite loci Fg057 (from F. graminearum) 

and Fr006 (F. sporotrichioides) did not amplify products from F. oxysporum isolates, 

and Fo006 and Fo012 (from F. oxysporum) did not amplify against F. sporotrichioides. 

Fusarium oxysporum isolates were nonpathogenic endophytes of switchgrass, while 

isolates of F. graminearum and F. sporotrichioides were pathogenic on this host. 
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Chapter 1 Literature Review 

Switchgrass 

 General information 

Switchgrass (Panicum virgatum L.) is native to the U.S. It comprises the highest 

percentage of the three main native grasses, including big bluestem (Andropogon 

gerardii Vitman) and Indian grass (Sorghastrum nutans L. Nash), which are found in 

North American prairies (MOSER AND VOGEL 1995; VERMERRIS 2008). This perennial is 

found growing from 20˚ north latitude to 60˚ north latitude, ranging from Southern 

Canada, throughout the U.S. and into Central Mexico (Fig. 1) (LEWANDOWSKI et al. 2003; 

SMART et al. 2004; VOGEL 2004; PARRISH AND FIKE 2005). Two predominant taxonomic 

ecotypes of switchgrass exist: lowland and highland (PORTER 1966; BRUNKEN AND ESTES 

1975; GUNTER et al. 1996; SMART et al. 2004; VOGEL 2004; SANDERSON et al. 2012). 

Hultquist (1996) confirmed these taxonomic groups using chloroplast DNA. Lowland 

varieties are tall, and largely found in wet areas with mild winter temperatures. They 

have longer blue-green leaves and coarser stems. Highland varieties are short, produce 

less biomass than the lowland types, and are more tolerant of dry conditions (CASLER et 

al. 2007; SANDERSON et al. 2012). Healthy mature stands of switchgrass grow as a 

closed canopy system reaching over 3 m tall (GRAVERT et al. 2000; GRAVERT AND 

MUNKVOLD 2002) and distribute a substantial portion of photosynthetic products to 

sustain a sizable, active root system that is up to 80% of the total plant biomass (LIEBIG 

et al. 2005). High levels of resource allocation to root production has multiple benefits 

that include improved capacity to utilize water and nutrients from deeper soils, 
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augmented enrichment of soil associated with high inputs of soil carbon from root yield, 

amplified activity of microbial communities, and increased capacity of switchgrass to 

store and mobilize energy and nutrients needed to regrow following cutting or grazing 

(STOUT et al. 1988; KSZOS 2005). Research by Gebhart et al. (1994), Bransby et al. 

(1998), Garten and Wullschleger (2000), and Ma et al. (2000a; 2000b) indicated that 

switchgrass could reduce CO2 emissions and improve soil quality by carbon 

sequestration. Switchgrass is caespitose and possesses a dispersed panicle type seed 

head with two-flowered spikelets at the end of branches (SMART et al. 2004). One 

spikelet contains the fertile reproduction parts where seeds are formed, while the other 

spikelet holds the stamen. The lemma and palea are indurate and adhere tightly to the 

caryopsis. Conventional seeding and harvesting equipment can be used to easily 

integrate this grass into existing crop lands. (VOGEL 2002; LEWANDOWSKI et al. 2003). 

Soil tillage is only necessary in the first growing season, consequently there is a 

reduced risk of soil erosion (MA et al. 2000a). Traditionally the most important aspect is 

that switchgrass produces high latent biofuel returns leading the U.S. Department of 

Energy (DOE) to identify switchgrass as one of the main crops that could be dedicated 

to biofuel production (MCLAUGHLIN 1993; KSZOS 2005; VERMERRIS 2008). 

Economic uses 

Oil is the most important energy source traded globally, and is classified as a limited 

resource as there is a finite amount within the earth to be extracted for use (HAUGOM et 

al. 2016). Because scientists and policy makers are aware that oil will eventually 

become unavailable, and delivers negative environmental impacts, research has shifted 

to the use of other energy sources, like bioethanol, to supplement and eventually 
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replace the use of oil. The U.S. produces bioethanol mainly from corn grain, which will 

not be a sustainable long-term option as increasing demand for corn-based ethanol will 

have significant arable land requirements (SUN AND CHENG 2002). Increased use of corn 

for ethanol production will also result in higher corn prices needed for livestock feed, 

and could negatively affect exports of animal products (ELOBEID et al. 2007). 

Complementary biofuels are needed to supplement energy use and aid in clean burning 

alternatives that require less land and resource use. Switchgrass is currently planted on 

a moderate scale for hay, pasture, biofuel, and conservation practices as it has 

environmental benefits, and is adaptable in marginal croplands, needing very little 

management to thrive (VERMERRIS 2008; SANDERSON et al. 2012). Switchgrass can 

survive at a pH below 5 and above 7 when mature, and it can produce more than other 

warm-season grasses of the southern plains region under these conditions. Biomass 

can be processed into oxygenated and clean solids (bio-char, carbon fiber, bioplastics, 

and nanotubes), liquids (bioethanol, biodiesel, bio-oil, biobutanol, and biokerosene), and 

gases (biomethanol, biopropane, biosyngas, and biohydrogen) (DAGGETT et al. 2007; 

DEMIRBAS 2009; FILSON et al. 2011; RODDY 2012; JAIN et al. 2014; KIM et al. 2014a; KIM 

et al. 2014b; LEWIS et al. 2015; CHEN et al. 2016). In relation to biofuels, studies have 

considered the importance of high cellulose content for bioethanol production and low 

ash content for combustion systems (MCLAUGHLIN et al. 1999). Scientists continue to 

discover and develop new methods of utilizing switchgrass in the most efficient and 

effective ways. 
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 Pathogens of switchgrass 

Since the early 2000s several pathogens have been identified that are associated with 

switchgrass (Table 1). Among these pathogens are species of Fusarium. Members of 

the genus Fusarium are known for causing a variety of disease symptoms on various 

hosts, and are found globally (LESLIE AND SUMMERELL 2006). These fungi are becoming 

more understood through modern technological advances, but there is still much that is 

not known about them. 

Fusarium 

 Classification 

Link (1809) introduced the genus Fusarium as fungi having spindle or canoe shaped 

conidia” (LESLIE et al. 2008). Over 1,000 species have been identified since that time 

based on morphological taxonomy. Various efforts have been made to improve the way 

in which Fusarium species are classified. The Wollenweber and Reinking classification 

system (1935) contained 16 sections encompassing 65 species. Snyder and Hansen 

compiled Fusarium into nine species (1940). The Snyder and Hansen system was 

replaced by the Nelson et al. (1983b) system, in which the only species that remained 

unchanged from Snyder and Hansen's (1940) classification scheme were F. oxysporum 

and F. solani (Martius) Appel & Wollenweber emend. Snyder and Hansen. In 2006, 

Leslie and Summerell compiled 70 species of Fusarium; this was the first classification 

scheme for the genus to combine morphological and phylogenetic information. 

Classical taxonomy of species in the genus Fusarium is based on the structure and 

abundance of asexual reproductive structures (i.e. chlamydospores, microconidia, 
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macroconidia, and phialides) and on cultural characteristics (colony texture, 

pigmentation of mycelial mass, pigmentation of media, and cultural aroma) (BOOTH 

1971; NELSON et al. 1983b; FU et al. 1991; GORDON AND MARTYN 1997; EDEL et al. 2000; 

LORENS et al. 2006). Not all spore types are created by all species, and only 20% of 

Fusarium species have a known sexual cycle (MA et al. 2013). DNA sequencing 

technology has become a standard method for confirmation of morphological 

identification (TAYLOR et al. 2000; SITES AND MARSHALL 2004). Further complicating 

classification is that definitive morphology of Fusarium has seldom been studied in vivo, 

and the descriptions and illustrations now widely used are based almost entirely on in 

vitro observations. Many authors have concluded that species in this genus exhibit 

differing traits based on the media in which they are grown indicating probable 

differences between wild types and lab grown cultures (BOOTH 1971; NELSON et al. 

1983a; LESLIE et al. 2008). Further complications for classification arise as these fungi 

exist as various groups of endophytes (LESLIE et al. 1990), saprophytes (FRACCHIA et al. 

2000) and plant pathogens (CHANDRA et al. 2008a, 2008b) 

 Plant pathogens 

Windels (2000) estimated that Fusarium species are responsible for billions of dollars in 

losses every year due to lower crop yields and wastes from mycotoxin contamination. 

The American Phytopathological Society (www.apsnet.org/online/common/search.asp) 

has listed over 83 of 101 economically important plants that are susceptible to at least 

one Fusarium- associated disease (WULFF et al. 2011). Possible disease symptoms 

caused by members of Fusarium include root or stem rots, cankers, wilts, fruit or seed 

rots, and leaf diseases. These fungi are difficult to identify due to their pleomorphic 
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tendency and presence of both homothallic and heterothallic strains in the same 

species (BOOTH 1971). Fusaria are difficult to identify to species because of variation 

among isolates (SNYDER et al. 1940; GAUDET et al. 1989). Management of Fusarium 

diseases is difficult as they are both seedborne and soilborne and many strains have 

been reported as etiologic instruments of infections in humans (RICHARDSON AND LASS-

FLORL 2008). 

Human and animal health concerns 

Fusarium species are common contaminants of cereal crops and other human food 

sources worldwide (GELDERBLOM et al. 1988; HARRISON et al. 1990; ROTTER et al. 

1991a; TOLLESON et al. 1996; HAGLER et al. 2001; BOTTALICO AND PERRONE 2002; 

SNIJDERS 2004; SCHOLLENBERGER et al. 2005a; LESLIE et al. 2008; MARIN et al. 2012). 

Fusarium species produce over 20 harmful mycotoxins, such as beauvericin, fumonisin, 

zearalenone, and the most dominant mycotoxin, deoxynivalenol (DON), that affect the 

health of animals and humans causing allergic reactions, infections, and in severe 

cases of immune depressed patients, death (TRENHOLM et al. 1989; ROTTER et al. 

1991b; KWON-CHUNG AND BENNETT 1992; STERNBERG 1994; MCGINNIS et al. 1999; 

PONTON et al. 2000; BENNETT AND KLICH 2003; LESLIE et al. 2008; RICHARDSON AND LASS-

FLORL 2008; MARIN et al. 2012). Numerous species of Fusarium have been described 

as the cause of human keratomycosis, mycetoma, and onychomycosis (WINDELS 2000; 

RICHARDSON AND LASS-FLORL 2008; GURLAR et al. 2009). The term mycotoxin was 

devised in 1962 in London, England, when approximately 100,000 turkey poults died 

(BLOUT 1961; FORGACS 1962). Since their discovery, mycotoxins have been researched, 

with the focus on those that severely impact the health of plants, humans, and animals. 
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Pathogenic Fusarium species are categorized as plant pathogens, and both primary 

and secondary forms of vertebrate pathogens (SWEENEY AND DOBSON 1998). Primary 

pathogens affect individuals with healthy immune systems, while secondary or 

opportunistic pathogens take advantage of immuno-compromised systems, especially 

those with AIDS, and those recovering from chemotherapy and surgeries (BENNETT AND 

KLICH 2003). Fungal growth on vertebrates are classified as mycoses, while dietary, 

respiratory, dermal, and other exposures to toxic fungal metabolites produce 

mycotoxicoses (BENNETT AND KLICH 2003). Most mycotoxicoses result from eating 

contaminated foods, skin contact by infested substrates, and inhalation of fungal spores 

(SWEENEY AND DOBSON 1998; BENNETT AND KLICH 2003). Mycotoxins may cause a 

decrease in food consumption, lowered milk production, and a decrease in body weight 

gain at low levels of exposure (SWEENEY AND DOBSON 2000). Impaired resistance to 

infections, increased predisposition to stress, and reduced fertility are common at 

moderate levels of exposure, and high levels of contamination may produce disease, 

liver and kidney damage, edema, severe blood clotting and hemorrhaging, and altered 

digestion (SWEENEY AND DOBSON 1998; FINK-GREMMELS 1999; ZAIN 2011; NICHEA et al. 

2015). Many countries have instituted maximum allowable levels of mycotoxins in cereal 

products to protect human and animal welfare (ADAMS 1921; PUGH et al. 1933; SNYDER 

AND NASH 1968; SEAMAN 1982; SUTTON 1982; WANG et al. 1982; HART et al. 1984; 

SNIJDERS 1990; WINDELS 2000; ROSSI et al. 2001; HORBERG 2002; LANGEVIN et al. 2004; 

PAUL et al. 2004; PESTKA et al. 2004; SCHOLLENBERGER et al. 2005b; CULLER et al. 2007; 

DEL PONTE et al. 2007; ZHANG et al. 2009; NISHIO et al. 2010). Kuiper-Goodman (1998), 

a prominent researcher in risk assessment, positions mycotoxins higher than synthetic 
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contaminants, plant toxins, food additives, or pesticide residues in causing chronic 

dietary risks. The seriousness of these diseases is there are few, if any, ways to treat 

severe mycotoxin exposure. Fink-Gremmels (1999) described specific methods for 

management of mycotoxicoses in veterinary medicine, with evidence that selected 

strains of Lactobacillus effectively bind dietary mycotoxins (EL-NEZAMI et al. 1998; EL-

NEZAMI 2002). Because of the illnesses they can cause, mycotoxins T-2 and 

diacetoxyscirpenol (DAS) are on the USDA/CDC select agent list and require special 

permits for study in the U.S. (www.cdc.gov/od/sap/dpcs/saist/pdf). Species complexes 

of Fusarium that produce mycotoxins include Fusarium oxysporum, F. graminearum, F. 

solani, F. poae, and F. verticillioides (HERRON et al. 2015). The total number of people 

affected is thought to be less than the number of people affected by bacterial, 

protozoan, and viral infections, however, fungal diseases are still considered a serious 

international health problem (BENNETT AND KLICH 2003). Understanding the biology of 

the organism causing the disease is key to finding treatments and preventing exposure. 

The following Fusarium species were chosen for this study because of their known and 

potential impacts on human health and damage to many economically important crops 

including switchgrass. 

 Fusarium equiseti 

Fusarium equiseti is found globally as a soil saprophyte on rotting fruit and other 

decaying plant matter (BOOTH 1971; MARASAS et al. 1984; LESLIE AND SUMMERELL 2006). 

It serves as a weak pathogen and secondary invader of a wide range of crops and 

belongs to the Fusarium incarnatum — F. equiseti species complex, which contains 

over 28 strains of two species F. equiseti and F. incarnatum — F. semitectum — F. 
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pallidoroseum (O’DONNELL et al. 2009). Trichothecenes are known to be produced by 

over 24 different Fusarium species including F. equiseti (MARASAS et al. 1984; LOGRIECO 

et al. 1992; KOSIAK et al. 2005a; ADEJUMO et al. 2007). Trichothecenes are a group of 

mycotoxins that are highly toxic to both plants and animals as they are inhibitors of 

protein synthesis in eukaryotic cells by interfering with peptidyl transferase activity 

(MCLAUGHLIN et al. 1977; DESJARDINS et al. 1993; PRELUSKY 1994; PRELUSKY et al. 1994; 

BROWN et al. 2001). Dietary exposure to trichothecenes can increase susceptibility of a 

host to other microbial infections (PESTKA AND BONDY 1994). These mycotoxins are 

reported to cause acute to severe diseases based on a variety of factors including type 

of mycotoxin ingested, the amount ingested, frequency of ingestion, individual’s size, fat 

content, hydration level, and age among other variables (TRENHOLM et al. 1989). 

Several studies indicate intraspecific diversity among F. equiseti isolates (KRISTENSEN et 

al. 2005; JURADO et al. 2006a). Kosiak et al. (2005) reported two distinct groups, with 

morphological differences and variation in toxin production, from strains from Northern 

Europe. An introductory phylogenetic analysis on F. equiseti strains from Southern and 

Northern Europe also showed two distinct groupings, but toxigenic profiles were not 

analyzed in the study (JURADO et al. 2006a). There are currently no phylogenetic studies 

comparing North American strains of F. equiseti. Morphology of this species is difficult, 

as there are two distinct phenotypes. One type has macroconidia with a very long apical 

cell, while the other has a shorter less tapered apical cell. Mycelia range from white to 

yellow to peach in color, while sporodochia are cream to bright orange. This Fusarium 

species has not been reported produce polyphialides. Chemical and molecular 

approaches have all but replaced classical taxonomy when identifying this species as 
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technologies have advanced (NIRENBERG AND O'DONNELL 1998; O’DONNELL et al. 

1998a). 

 Fusarium graminearum 

Fusarium graminearum was first described by Petch (1936) from its teleomorph stage 

Gibberella zeae. It is the primary member of the F. graminearum complex, a grouping of 

fusaria that includes at least 20 Fusarium species that cause severe economic damage 

in wheat and cereal crops. It is the most common Fusarium species found in nature 

(CANCER 1993; BAI AND SHANER 1994; PARRY et al. 1995; WISNIEWSKA et al. 2011). 

Disease caused by F. graminearum is considerably linked with temperature and 

humidity (PUGH et al. 1933; ROSSI et al. 2001; EDWARDS 2004; LOGRIECO AND VISCONTI 

2004). Studies show that F. graminearum is the predominant pathogen causing 

disease, specifically Fusarium head blight (FHB) of wheat, under warmer, humid 

conditions in China, Canada, Australia, Central Europe and the U.S. Fusarium 

culmorum, F. avenaceum, F. sporotrichioides and F. langsethiae are found more 

frequently in cool and humid settings, and F. poae is found in warmer and drier areas 

(KIECANA AND PERKOWSKI 1998; ROSSI et al. 2001; XU AND NICHOLSON 2009). Fusarium 

graminearum is responsible for disease symptoms on a variety of hosts in including 

corn (SUTTON 1982), soybean (AGARWAL 1976), switchgrass (COLLINS 2016), and wheat 

(XUE et al. 2004). The pathogen is dispersed primarily by conidia that are carried by 

wind or splashed by water to new establishment sites (PAUL et al. 2004; XU AND 

NICHOLSON 2009). It has been shown to colonize debris of harvested wheat, corn and 

other rotation crops (HOFFER et al. 1918; ADAMS 1921; SNYDER AND NASH 1968; SEAMAN 
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1982; SUTTON 1982; COOK 1984; WICKLOW et al. 1987; ZHU AND FAN 1989; FERNANDEZ 

AND FERNANDEZ 1990; MILLER et al. 1998). 

Most of the mycotoxin studies are focused on the species that compose the FHB 

complex. Deoxynivalenol, nivalenol, zearalenone, T-2, and HT-2 mycotoxins are just a 

few products produced by F. graminearum (MARASAS et al. 1984; ROTTER et al. 1991a; 

BROWN et al. 2001; LOGRIECO et al. 2002). These toxins are translocated within the 

wheat head by the xylem and phloem and build up in cells. Deoxynivalenol may cause 

vomiting, diarrhea, fever, abortion, and other symptoms of severe poisoning in humans 

and animals (UENO 1977). It has been associated with anemia, immuno-suppression, 

and cancer (PRELUSKY 1994; PESTKA et al. 2004; SCHOLLENBERGER et al. 2005b). Many 

countries have developed health and safety plans that allow a maximum level of DON in 

cereal and cereal products to prevent human and animal mycotoxicoses (ARTHUR 1891; 

HOFFER et al. 1918; ADAMS 1921; PUGH et al. 1933; SNYDER AND NASH 1968; WARREN 

AND KOMMEDAHL 1973; SEAMAN 1982; SUTTON 1982; WANG et al. 1982; HART et al. 1984; 

ZHU AND FAN 1989; MATTHIES AND BUCHENAUER 2000; WINDELS 2000; LU et al. 2001; 

ROSSI et al. 2001; HORBERG 2002; PAUL et al. 2004; DEL PONTE et al. 2007; PAUL et al. 

2007; BUERSTMAYR et al. 2009). 

Fusarium graminearum has an optimal growth range of between 24˚C to 30˚C 

(WHEELER et al. 1991). Gibberella zeae, the sexual stage of F. graminearum, develops 

fruiting bodies on the mycelium and form ascospores, while macroconidia are formed 

asexually from the mycelia. Fusarium graminearum has been divided into at least 13 

different phylogenetic species (O’Donnell et al. 2004, 2008b; Starkey et al. 2007; Yli-

Mattila et al. 2009). The number of genes used to divide the 13 species is sizable, 
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however there is not a specific gene that can distinguish all species from one another 

(Yli-Mattila et al. 2009). It is important that DNA sequences be considered as a 

collection to more accurately divide species based on genetic characterization. This 

fungus is an important pathogen of switchgrass that can cause leaf spotting, stem 

streaking, seedling blight, root rot, stunting, and biomass reduction (COLLINS 2016). 

 Fusarium oxysporum 

Fusarium oxysporum Schlechtendahl emend. Snyder and Hansen is one of the most 

economically important members of the genus Fusarium. This species is found globally 

and contains strains that are pathogenic and nonpathogenic (GORDON AND MARTYN 

1997). It is part of a complex that contains numerous genetic lineages. (ARMSTRONG AND 

ARMSTRONG 1948; WILSON 1995; KISTLER 1997; O’DONNELL AND CIGELNIK 1997; BAAYEN 

et. al. 2000; O’DONNELL et al. 2000; O’DONNELL et al. 2008a). Over 150 host-specific 

forms of F. oxysporum, known as formae speciales, have been described to date, each 

with its own specific host or group of hosts (ARMSTRONG 1981; HAWKSWORTH et al. 1995; 

O’DONNELL et al. 1998b; O’DONNELL AND CIGELNIK 1999; BAAYEN et al. 2000; O’DONNELL 

et al. 2009; FOURIE et al. 2011; GHAG et al. 2015). The basis of host specificity in F. 

oxysporum is currently unknown (BAAYEN et al. 2000), therefore, individuals in a given 

formae speciales cannot be presumed closely related or evolved from a common 

ancestor (O’DONNELL et al. 1998b). The majority of the formae speciales designations 

for this species are pathologically useful, but not phylogenetically useful (GORDON AND 

MARTYN 1997). Available evidence suggests that monophyletic formae speciales are the 

exceptions among F. oxysporum (LESLIE AND SUMMERELL 2006) as most contain two or 

more races.  
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Fusarium oxysporum f. sp. cubense (Foc) is one of the most familiar and damaging 

Fusarium species. Responsible for Panama disease of banana in the 1960s, Foc almost 

ended banana cultivation (PLOETZ 1990). Over 50,000 hectares of exotic ‘Gros Michel’ 

(AAA) plantations were affected (PLOETZ AND PEGG 2000). A genetically resistant cultivar 

of banana, called Cavendish, was developed to replace cultivars that were susceptible 

to the disease (DALE et al. 2017). Panama disease is still a threat today as new strains 

of F. oxysporum are developing that have adapted to overcome the ‘Cavendish’ 

resistance (DALE et al. 2017; MOLINA et al. 2009; MOLINA et al. 2010; GHAG et al. 2015; 

AGUAYO et al. 2017).  

Fusarium oxysporum has non-septate microconidia formed on short monophialides, 3-

septate macroconidia formed from monophialides and on branched conidiophores in 

sporodochia, as well as chlamydospores with smooth to rough walls that are formed 

singly or in pairs. Chlamydospores are kidney-shaped resting structures that stay viable 

in soil for more than 30 years and germinate in the presence of host roots (PLOETZ 

2006). No known teleomorph of this species exists as sexual fruiting bodies have never 

been observed (TAYLOR et al. 1999). For reproduction to occur, two mating type (MAT) 

idiomorphic alleles, specifically MAT-1 and MAT- 2, must be present (METZENBURG AND 

GLASS 1990; KRONSTAD AND STABEN 1997; ARIE et al. 2000). These idiomorphic alleles 

were found to have high sequence similarity to sexually reproducing Fusarium species, 

such as Gibberella zeae, the sexual form of F. graminearum, and were functionally 

expressed based on polymerase chain reaction (PCR) (YUN et al. 2000; ARIE et al. 

2000.). In the case of Foc, the causal agent of Panama disease in banana, phylogenetic 
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studies have supported the possibility of sexual recombination (BENTLY AND BASSAM 

1996; GROENWALD et al. 2006; KOENIG et al. 1997; O’DONNELL et al. 1998). 

Although isolates of F. oxysporum found on switchgrass thus far have not been 

confirmed as pathogenic, a possibility of mutation, could select for a pathogenic strain 

based on cases seen in other formae speciales of F. oxysporum. Nonpathogenic strains 

of F. oxysporum are widespread and genetically more diverse than their pathogenic 

complements (GORDON AND OKAMOTO 1992); however, they are not as well studied 

(EDEL et al. 2001). After the discovery that nonpathogenic strains play a role in 

Fusarium wilt suppressive soils (ALABOUVETTE 1990), interest in these strains increased 

considerably (ELIAS et al. 1991; KATAN et al. 1994). 

Fusarium oxysporum isolates can only be differentiated from one another by 

pathogenicity traits, which is difficult due to the host specificity of F. oxysporum. 

Classification through pathogenicity can be problematic because pathogenicity tests can 

be influenced by temperature, host age, method of inoculation, and other variables. 

Tests conducted in different laboratories may produce contrasting results (CORRELL 

1991; DAVIS et al. 1996). Field testing is time-consuming, expensive, and test locations 

may not be obtainable for the required interval of time. Large numbers of host species 

may need to be tested to confirm that the isolate is truly nonpathogenic (ALABOUVETTE et 

al. 2009). Fusarium oxysporum was chosen for this study because of this prospective, 

as well as a comparison to known Fusarium pathogens of switchgrass to potentially find 

a genetic difference among pathogenic versus nonpathogenic strains. 
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 Fusarium sporotrichioides 

Fusarium sporotrichioides was first discovered by Link in 1809. Researcher conflicts 

arise, as to where to place this species, because of variations in morphology among 

isolates. It is generally placed in the same classification as Sporotrichiella section 

alongside F. poae and F. tricinctum (WOLLENWEBER AND REINKING 1935; VISCONTI et al. 

1985). It has also been placed among Arthrosporiella section based on morphological 

characteristics of conidia. This species is responsible for significant economic losses to 

head blight in wheat (TEKAUZ et al. 2009), ear rot in corn, dry rot of potato (KOTAN et al. 

2009), leaf necrosis of cornelian cherry dogwood (COLLINS et al. unpublished data), and 

spoilage of a variety of improperly stored fruits and vegetables as part of the F. 

graminearum complex (ALABOUVETTE 1990). Fusarium sporotrichioides produces type A 

trichothecenes, scirpentrol (STO), T-2 triol, T-2 tetraol, and diacetoxyscirpenol (DAS) 

(VISCONTI et al. 1985; CHELKOWSKI et al. 1989; BROWN et al. 2001; MATEO et al. 2002; 

MOSS 2002; PERKOWSKI et al. 2003; MOSS AND THRANE 2004; THRANE et al. 2004; 

PERKOWSKI et al. 2007), which inhibit protein synthesis (WISNIEWSKA et al. 2011). 

Fusarium sporotrichioides and F. graminearum are known to produce T-2 toxin, which 

exhibits phytotoxic, zootoxic, and antibiotic properties making it the most toxic Fusarium 

compound (MARASAS et al. 1969; JOFFE 1974; UENO 1977; BOTTALICO et al. 1980; 

BOTTALICO AND LERARJO 1983; VISCONTI et al. 1985). Additional, the mycotoxin 

butanolide, which causes mitochondrial damage in animals and chlorophyll retention in 

plants, and moniliformin, which causes breakdown of carbohydrates as it inhibits the 

citric acid cycle are produced (BOTTALICO et al. 1980). When F. sporotrichioides meets 

human and animal tissues it is known to cause cutaneous ulceration (KANO et al. 2011). 
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T-2 toxin has been reported to cause cases of poisoning in domestic animals, causing 

changes in leukocyte counts, weight loss, vomiting, depression, antibody formation, and 

diarrhea (PASCALE et al. 2003). This pathogen was common in the Soviet Union during 

World War II infecting wheat and millet that caused severe Alimentary toxic Aleukia 

outbreaks (DESJARDINS 2006; YLI-MATTILA AND GAGKAEVA 2010). 

Fusarium sporotrichioides has an optimum growth temperature of between 22.5°C and 

27.5°C, a maximum of 35°C and a reported minimum of 22°C (SWEENEY AND DOBSON 

1998). It is composed of pink-white mycelia that brown with age. Pink-red pigmentation 

is produced in potato dextrose agar, and coloration occurs only at the medium surface. 

Aerial mycelia are floccose forming many pale-to-bright orange sporodochia and 

polyphialides. Microconidia are oval to pyriform, non-septate, hyaline, and have smooth, 

thin walls. Microconidia measure 10-15 µm by 2-5 µm. Macroconidia are sickle-shaped, 

and 3 to 5 septate, moderately curved to straight, hyaline, thick walled, and 40-50 μm in 

length (KANO et al. 2011). Fusarium sporotrichioides is difficult to distinguish from F. 

armeniacum as they have significantly similar morphology, differing in the presence or 

absence of microconidia, and abundance of chlamydospores. When genetic testing is 

completed they also have identical ITS genetic sequences when comparing species in 

nucleotide databases. 

Plant Pathogen Characterization Techniques 

 Traditional taxonomy 

Virulence and aggressiveness are the standard attributes most frequently used for 

morphological studies of plant pathogens. They provide a clear picture of race diversity 
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and distribution. However, these traits do not allow the evolutionary relationships among 

pathotypes to be distinguished (SCHAAD et al. 2003; LOPEZ-DIAZ et al. 2017). 

Morphological character tests can be time consuming and costly. These markers are 

deemed unreliable, as they are unpredictable, inconstant among individuals, and vary 

with the environment (O’DONNELL et al. 1998b; STEENKAMP et al. 2002; MARIN et al. 

2012). Wild type fungal cultures may degenerate with sub-culture repetition to present 

pionnotal or mycelial cultures further complicating identification. The frequency of 

degeneration of Fusarium species varies among, and within, species (SNYDER et al. 

1940; OSWALD 1949; SNYDER AND HANSEN 1954; SNYDER AND TOUSSOUN 1965; 

TOUSSOUN AND NELSON 1975; PUHALLA 1981; GAUDET et al. 1989). Proteins and 

isozymes have been studied as indicators to relieve some of the time and cost of 

species characterization (HAMPTON et al. 1990; PRIESTLEY et al. 1992). These molecular 

enzymes forms have the same catalytic function, and are used in plant pathology for 

fingerprinting, genetic diversity, and taxonomy, including variants with unique net 

charges that are separated by their differential motilities in an electric field (ROTHE 

1994). However, due to low levels of polymorphisms and an overall restriction to a 

specific development stage, they have been reported to have limited use in plant 

pathology genetic research (HAMRICK 1989; PRIESTLEY et al. 1992).  

 Genetic characterization 

In general, genetic markers provide a diagnostic tool that allows direct identification of 

pathotypes in any developmental stage independent of the original environment and 

allelic variation at a given locus (POWELL et al. 1996; SCHLÖTTERER 2004). Allozyme 

markers measure variations in the electrophoretic movement of proteins that the DNA 



www.manaraa.com

 

 
 

18 

encodes but was not considered sensitive enough. However, DNA-based markers allow 

the number of mutations of different alleles to be quantified (SCHLÖTTERER 2004). Over 

the last 20 years, use of genetic markers as genetic mapping tools, has increased 

significantly across many different scientific studies. A DNA marker is generally 

classified into one of two groups. Type I markers are visualized by hybridization of the 

restriction enzyme-digested DNA to a known probe. Random Amplified Length 

Polymorphisms (RFLP) is considered a Type I marker. Type II markers are associated 

with anonymous genomic sequences and involve amplification of a certain loci with a 

specific primer sequence. Random amplified polymorphic DNA (RAPDs), amplified 

fragment length polymorphism (AFLPs), internal transcribed spacer regions (ITS), and 

single nucleotide polymorphisms (SNP) are all Type II markers (BENALI et al. 2011). 

Microsatellite loci are widely dispersed in eukaryotic genomes, and are often highly 

polymorphic (occurring in distinctive forms) due to variation in the number of repeat 

units (BRUFORD 1993). Polymerase chain reaction primers are designed to recognize 

flanking sequences. Species identified using phylogenetic methods are generally 

difficult or impossible to identify using conventional morphological traits (AOKI et al. 

2003). Caution should be taken when pinpointing a species as identification based on 

only a single species classification concept relying on only phenotype or only genotype 

leaves room for identification error. 

 Molecular techniques for Fusarium identification  

Genetic analyses that utilize DNA sequence data have significantly contributed to our 

understanding of the systematics of Fusarium and other fungi. Species differentiations 

are made possible that are critical for understanding inter- and intraspecific relationships 
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with respect to toxin profiles (MIRETE et al. 2004; KRISTENSEN et al. 2005; JURADO et al. 

2006a; O’Donnell et al. 2009) and resistance genes. Moreover, these techniques have 

provided the basis for developing prompt, specific, and accurate diagnostic procedures 

based on PCR that can be used to predict mycotoxin risk, and provide the information 

required for early control strategies (KNUTSEN et al. 2004; KONSTANTINOVA AND YLI-

MATTILA 2004; JURADO et al. 2006b). Molecular data has been used throughout 

Fusarium to identify groups in combination with phenotypic, distinctive, characteristics 

(MARASSAS et al. 2001; ZELLER et al. 2003). Fusarium oxysporum genome sequences 

have been studied using intron regions of histone coding genes, the b-tubulin gene, the 

calmodulin gene (O’DONNELL et al. 2009; STEENKAMP et al. 2002, WULFF et al. 2010), 

ITS region (O’DONNELL AND CIGELNIK 1997), the intergenic spacer region (IGS) (YIL-

MATTILIA AND GAGKAEVA 2010) and the translation elongation factor gene EF-1a 

(O’DONNELL et al. 1998b; O’DONNELL et al. 2000). ITS does not work well to differentiate 

between many Fusarium species, such as F. sporotrichioides and F. armeniacum, 

because the resultant sequences are nonspecific (O’DONNELL et al. 2000). The EF-1a 

gene has been used as a standard for a single-locus identification tool and is a suitable 

marker for differentiation among Fusarium species (GEISER et al. 2004). PCR-based 

assays are used to diagnose and characterize Fusarium (DOOHAN 1998; O’DONNELL et 

al. 2000) and provide valuable insights, however more information is needed to develop 

a complete understanding of phylogenetic relationships within the genus Fusarium. 

Microsatellite Loci 

Microsatellite loci in eukaryotic genomes, also known as simple sequence repeats 

(SSRs), have been documented since the 1970s, although the substantial number and 
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almost ubiquitous distribution of such sequences throughout eukaryotes was first 

highlighted by HAMADA (1982). Microsatellite loci have become a common tool to 

determine genetic relatedness among fungal species (BRIDGE et al. 2003; YOUNG et al. 

2009; TSUI 2012). 

 
 Current uses 

Introduction of PCR technology (MULLIS AND FALOONA 1987; KARY 1990) and its 

common use in research laboratories has increased over the last 30 years allowing for 

the use of microsatellite loci to be transformed into a highly flexible genetic marker 

(WEBER AND MAY 1989; LITT AND LUTY 1989; TAUTZ 1989). Microsatellites have proven to 

be valuable in forensic cases, (HAGELBERG et al. 1991; HERBER AND HEROLD 1998; 

SACCHETTI et al. 1999; JAN AND FUMAGALLI 2016) analysis of museum specimens, 

(ELLEGREN 1991; PEACOCK et al. 2017), linkage analysis (GEORGES et al. 1993; HAUYU et 

al. 2016), and evolutionary studies (BOWCOCK et al. 1994; HATMAKER 2016) and are 

considered the common marker for parentage and relatedness testing in humans and 

other species (ELLEGREN 1991; HAGELBERG et al. 1991; DIXON et al. 1992; BILL AMOS 

1993; HUGHES AND QUELLER 1993; LAGERCRANTZ et al. 1993; TAYLOR et al. 1994; 

ROBERTS et al. 1999; CHAMBERS AND MACAVOY 2000; HATMAKER 2016). 

Research Objectives and Justification 

Research described in this study has the following objectives:  

Objective 1: Characterize and confirm identification of Fusarium species isolated 

from commercial switchgrass seed using morphological and molecular methods. 

Justification: Identification of seedborne switchgrass pathogens is essential for 
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prevention and treatment of infected seed. To design reliable species-specific 

microsatellite loci, each individual isolate must be correctly identified. 

Objective 2: Identify, design and characterize microsatellite loci for F. equiseti, F. 

graminearum, F. oxysporum, and F. sporotrichioides. Justification: Design of 

microsatellite loci starts with a baseline genome sequence, which is used in 

biostatistical analysis software to map sections of the organism’s chromosomes and 

create scaffolds from which microsatellite loci sequences can be selected. 

Objective 3: Develop microsatellite loci to test against extracted DNA from individual 

isolates of each Fusarium species and to test for cross amplification of other Fusarium 

species. Justification: Knowledge of species relatedness at a molecular level will aid in 

identifying alleles involved in virulence and pathogenicity. Species-specific microsatellite 

loci developed in this study will offer rapid detection of specific Fusarium species with 

PCR. Prompt identification is necessary to control fungal pathogens. 
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Research Definitions 
 
Biofuel: energy derived directly from living matter 

Biomass: non-fossilized material from photosynthetic organisms adapted as a 

renewable energy source 

Caespitose: grows in small dense clumps  

Caryopsis: the true seed 

Ecotype: a definite line of plant or animal occupying a specific habitat 

Floret: one of the small flowers making up a multipart flower head 

Gel electrophoresis: method for separation and analysis of macromolecules (DNA, RNA 

and proteins) based on size and charge 

Lemma: a phytomorphological term in botany indicating a part of the spikelet of grasses 

(Poaceae); the lowermost of two chaff-like bracts enclosing the grass floret 

Microsatellite: di-, tri-, or tetra nucleotide tandem repeats in DNA sequences; the 

number of repeats is different in alleles of an individual and among populations of DNA; 

also known as simple sequence repeats (SSRs) or primers. 

Mycelial cultures: are classified as having abundant mycelium and lack sporodochia 

Mycotoxicoses: animal diseases caused by mycotoxins in the respiratory, digestive, 

circulatory, and other internal systems of vertebrates 

Mycotoxicology: is the study of mycotoxins 

Mycotoxins: naturally occurring compounds or secondary metabolites produced by 

filamentous fungi growing on plants in the field or during storage 

Nanotube: tube-like structure made from sheets of carbon, called graphene, and used 

to conduct and hold electric currents 
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Panicle: loose, branching cluster of flowers 

Pathogenicity: an organism’s (microbe’s) ability to cause disease 

Pathotype: disease-causing variant of a microorganism distinct from other members of 

its species by its virulence level and molecular markers 

Phialides: dilated top part of a conidiophore; projection from a hypha 

Phytomorphological: plant characteristic 

Phytotoxins: fungal products that are toxic to plants 

Pionnotal cultures: classified as having abundant sporodochia and a lack of mycelium 

Pleomorphy: fungi grown in different media have different forms 

Polymerase chain reaction (PCR): a molecular technique used in biological fields to 

amplify copies of a selected segment of DNA, generating thousands to millions of 

copies of the DNA sequence 

Polymorphic: occurring in several distinctive forms, specifically regarding species or 

genetic variation 

Race: individual classification using pathogenicity regarding host cultivars 

Spikelet: basic unit of a grass flower, consisting of two outer bracts (glumes) at the base 

and one or more florets above 

Virulence: signifies the degree of damage caused by a microbe to its host 
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Chapter 2 Identification, characterization, and genetic comparison of 

Fusarium spp. isolated from switchgrass (Panicum virgatum L.) 

A. Vu, O.L. Fajolu, M.M. Dee, and S. Collins developed fungal collections, and initial 

morphological identification of Fusarium species and determination of pathogenicity. D. 

Hensley, R. Trigiano, D. Hadziabdic, K. D. Gwinn, M. Staton, and B. H. Ownley 

provided research expertise for the study, and it was funded by the United States 

Department of Agriculture. I confirmed fungal identifications using morphological 

characters, and genomic sequences, and performed genetic characterization of isolates 

with newly developed microsatellite loci. I determined levels of genetic diversity and 

polymorphisms between microsatellite loci developed from F. equiseti, F. graminearum, 

F. oxysporum, and F. sporotrichioides. 

Abstract 

Fusarium species are soil- and seedborne fungi that are known to be pathogens of a 

variety of plant hosts globally. In previous studies, several Fusarium species were 

isolated from 30 commercial switchgrass seed lots. A total of 172 Fusarium isolates 

were identified to species using phenotypic and molecular characteristics. Pathogenic 

isolates of F. acuminatum, F. armeniacum, F. equiseti, F. graminearum, F. 

sporotrichioides, and F. tricinctum, as well as a nonpathogenic F. oxysporum were 

identified. From this collection, genomic DNA was sequenced from a single pathogenic 

isolate of four species (F. equiseti, F. graminearum, F. sporotrichioides, and F. 

oxysporum) to develop microsatellite loci. A total of 150 microsatellites were designed 

and tested for amplification of DNA from the derived species and across the other three 
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Fusarium species. Thirty primers were designed from each microsatellite genome 15 

dinucleotide repeats and 15 trinucleotide repeats, for each species. An additional 30 loci 

were designed for F. graminearum after preliminary tests indicated that only 40% of the 

first 30 designed microsatellites amplified across 30 individuals. Microsatellite loci were 

screened for amplification against two DNA samples from the species from which they 

were derived, i.e. F. equiseti primers were tested against DNA samples from two F. 

equiseti isolates. If amplification was observed, the primers were tested against DNA 

from the collected isolates of that species. Base pair lengths were compared across 

individuals of each species and primers that resulted in >3 bp difference were tested for 

cross amplification of DNA to other Fusarium species. Although 111 primers amplified 

DNA of the species from which they were derived, only 33 met the base pair length and 

quality requirements to be tested for cross amplification. The number of isolates in the 

collection was too small for a robust analysis of the cross-transfer data (Fusarium 

graminearum n = 30, Fusarium oxysporum n = 24, F. sporotrichioides n = 14, F. equiseti 

n = 6). Fusarium equiseti was not tested in the cross-amplification study due to the 

small number of isolates available. Primers that did not amplify across all three species 

include F. graminearum derived primer Fg0057, which did not amplify against any of the 

24 F. oxysporum isolates, and F. oxysporum derived primers Fo006 and Fo012 that did 

not amplify against 14 isolates of F. sporotrichioides. 

Introduction 

With the growth of the biofuel industry and other commercial uses of switchgrass 

derived products, it is important to identify and understand the characteristics of 

pathogens that impact switchgrass production. Several pathogens of switchgrass have 
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been described from the southeastern U.S. (Table 1). In 2008, Zale described Puccinia 

emaculata on switchgrass in Tennessee. Studies by Vu (2011), and Vu et al. (2011a, c, 

d; 2012; 2013a, b) identified several fungi associated with commercial switchgrass 

seed. Fajolu (2012) and Collins (2016) determined the virulence of several pathogenic 

fungal isolates from switchgrass. These included Alternaria alternata, Bipolaris spp., 

Curvularia lunata var. aeria, Fusarium spp., and Phoma herbarum. Bipolaris and 

Fusarium species can cause significant biomass loss, reduced stand establishment, 

and changes in chemical components of switchgrass (FAJOLU 2012; COLLINS 2016). 

Variability among plant pathogens is an important topic of research, as it directly affects 

the pathogen’s ability to cause disease (ZABALOGEAZCOa 2008). The evolution of fungi is 

determined by five evolutionary forces: mutation, natural selection, genetic drift, gene 

flow, and reproductive means (MCDONALD AND LINDE 2002).  These mutations may 

occur at any stage of growth and determine, virulence, host range, infectivity, and 

phenotypic characteristics (PARKER AND GREGORY 2004) Fusaria have a relatively short 

growth stage and can evolve quickly when exposed to new environmental conditions. 

Applying genetic techniques for identification has helped to confirm identification of 

fungal isolates across research and has provided information concerning species 

relatedness (SCHILLING et al. 1996; WILSON A et al. 2004; YERGEAU et al. 2005; JURADO 

et al. 2006b; LIEVENS et al. 2008; LIN et al. 2009). The phylogenetic species concept is 

considered by researchers to be the best tool for phyletic diversity and evolutionary 

relationships within Fusarium (NIXON AND WHEELER 1990; O’DONNELL AND CIGELNIK 

1997). To a degree, limitations inflicted by morphological standards have been replaced 

using DNA sequences for phylogenetic analyses (TAYLOR et al. 1999; SITES AND 
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MARSHALL 2004). Many techniques have been widely used to classify Fusarium spp. at 

a genetic level. They are valuable because of their economic importance and value as 

biological research tools. These neutral genetic markers include random fragment 

length polymorphisms (RFLP); random amplified polymorphic DNA (RAPD), amplified 

fragment length polymorphisms (AFLP), microsatellite loci or simple sequence repeats 

(SSR), genetic sequences for the internal transcribed spacer region (ITS), translation 

elongation factor 1-α (TEF), β-tubulin, and calmodulin, and single nucleotide 

polymorphisms (SNP) (DALLAS 1992; BRASIER 1997; KOENIG et al. 1997; O’DONNELL et 

al. 1998a; ALVES-SANTOS et al. 1999; O’DONNELL et al. 2000; LEES et al. 2006; WULFF et 

al. 2010; FOURIE et al. 2011; MCCARTNEY et al. 2003). Sequence data can be explored 

for insertions or deletions, and can be used directly for similarity-based DNA 

comparisons and/or phylogenetic analyses (FOURIE et al. 2011). This will give insight to 

what genes give the fungi the ability to be pathogens and may provide a way to combat 

the pathogen in the future. 

 
Genes sequences for the ITS and TEF regions are commonly used to differentiate 

between Fusarium species. These sequences are highly conserved intra-specifically, 

but are variable among species (SCHOCH et al. 2012). Regions ITS1 and ITS2 are non-

coding regions that lie between the 18S and 5.8S, and 5.8S and 28S coding regions, 

respectively. RNA polymerase I transcribes the whole rDNA unit as a single 45S 

molecule that can be amplified with PCR. The TEF gene is generally a single copy that 

encodes the translation elongation factor that controls the rate of protein synthesis 

(BALDAUF 1999). Automated sequencing is used to assemble sequences that can be 
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compared and matched with sequences in various available nucleotide databases to 

identify an unknown isolate. 

Microsatellites, or simple sequence loci are tandemly repeated DNA sequence units of 

2–6 bp (HAMILTON 1999; TAUTZ AND RENZ 1984; TAUTZ 1989; BRUFORD 1993; KELKAR et 

al. 2010; NAG AND MITRA 2017). Variability in length can be demonstrated with PCR and 

primers designed from the conserved flanking sequences, followed by vitalization as 

discrete and co-dominant alleles through electrophoretic analysis (TAUTZ 1989; WEBER 

AND MAY 1989; MATSUOKA 2002). The flanking regions are generally highly conserved, 

which allows for amplification with PCR primers. 

The predominant mutation mechanism in microsatellite tracts is ‘slipped-strand 

mispairing” (LEVINSON AND GUTMAN 1987; SCHLÖTTERER AND TAUTZ 1992; TAUTZ AND 

SCHLÖTTERER 1994; SCHLÖTTERER 2000b; SCHLÖTTERER 2000a). Tautz and Renz (1984) 

and Eisen (1999) described the process as a slipped-strand mispairing that occurs 

within a microsatellite array during DNA synthesis. It results in either the gain of repeat 

units if the newly synthesized DNA chain loops out, or the loss of repeat units if the 

template chain loops out. Depending on the sequences making up the array, and in 

part, whether the event occurs on the leading (continuous DNA synthesis) or lagging 

(discontinuous DNA synthesis) strand, determines whether the DNA will loop one of the 

two ways (FREUDENREICH et al. 1997). Microsatellites containing longer units evolve 

faster than those containing shorter units primarily due to inefficient repair of large 

mismatched sequence fragments. As mutations slowly add and subtract units in 

microsatellite arrays, alleles of different repeat numbers develop in the population (JIN et 

al. 1996; PETES et al. 1997; ESTOUP AND CORNUET 1999). Advantages to this technique 
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are the reproducibility of microsatellite loci across different laboratories (SAGHAI et al. 

1994; AGARWAL et al. 2008). The mutation rate of microsatellite loci tends to increase as 

they get larger (WIERDL et al. 1997). Di-nucleotide repeats occur much more frequently 

than tri- or tetra-nucleotide repeats so considerations of these issues need to be 

accounted for in experimental design. 

In this research, microsatellites were chosen based on their ability to show variations 

among closely related individuals. Microsatellites are considered useful because of their 

highly polymorphic nature and relative abundance in eukaryotic (WEBER 1990; TOTH et 

al. 2000; KATTI et al. 2001; SCHLÖTTERER 2004) and prokaryotic genomes (FIELD AND 

WILLS 1996; GUR-ARIE et al. 2000; Wang et al. 1994). Disadvantages are that 

microsatellites are prone to miscalling and dropped alleles. Miscalling is a result of error 

in sample loading, low fluorescence, other markers misloaded in the same lane, and 

human error in genotype calling. Errors can be caused by repeat expansion during PCR 

(CLARKE et al. 2001). Methods have been developed to reduce these errors (LINCOLN 

AND LANDER 1992; WAITS et al. 2001; SOBEL et al. 2002). 

Microsatellites have been the topic of many articles and reviews (ELLEGREN 1991; TAUTZ 

AND SCHLÖTTERER 1994; JARNE AND LAGODA 1996; CHAMBERS AND MACAVOY 2000; 

SCHLÖTTERER 2000b; LI et al. 2002; DIERINGER AND SCHLÖTTERER 2003; BUSCHIAZZO AND 

GEMMELL 2006; CHISTIAKOV et al. 2006; OLIVEIRA et al. 2006; SELKOE AND TOONEN 2006; 

SUBIRANA AND MESSEGUER 2008; SUN et al. 2009; NAG AND MITRA 2017). Like SNPs, 

microsatellites can be used for identifying disease genes, clinical genetic testing, 

forensics, and more (NAG AND MITRA 2017). 
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Although there are many unique marker methods from which to choose, microsatellite 

markers were developed for this study to characterize genetic diversity, and relatedness 

within and among four species of Fusarium (F. equiseti, F. graminearum, F. oxysporum, 

and F. sporotrichioides) isolated from switchgrass seeds, seedlings, and field plants (Vu 

2011; Collins 2016). To have confidence in isolate identification, this study incorporated 

both classical taxonomy and the phylogenetic species concept to confirm classification 

of these observed isolates.  

This research has the following objectives: 1) Characterize and identify Fusarium 

species isolated from switchgrass using classical morphology and molecular methods; 

2) Extract genomic DNA from four Fusarium species for whole genome sequencing for 

use in primer design by creating a baseline genome sequence that is used in 

biostatistical analysis software to map sections of the organism’s chromosomes and 

develop microsatellite loci; 3) Develop primers to test against extracted DNA from 

individual isolates of each Fusarium species to test for amplification and polymorphisms 

within and among species: and 4) Test microsatellite loci for amplification against 

several isolates of the species from which they were derived, and for cross amplification 

against other Fusarium species. Development of species exclusive primers may offer a 

prompt identification method for these switchgrass pathogens. 
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Materials and Methods 

Culture collection 

Fusarium isolates used in this study are from a collection maintained in the laboratory of 

B. H. Ownley at the University of Tennessee, Knoxville. Development and 

characterization of this collection has been described by Vu (2011) and Collins (2016).    

Phenotypic characterization 

Fungal isolates were removed from 4°C storage and cultured onto potato dextrose agar 

(PDA) amended with 3.45 mg fenpropathrin/liter (Danitol 2.4 EC, Valent Chemical, 

Walnut Creek, CA) and 10 mg/liter rifampicin (Sigma-Aldrich, St. Louis, MO) to reduce 

bacterial and mite contamination before transferring to unamended medium. To observe 

morphological characters of a pure isolate, fungi were transferred to PDA, No. 4 

Sythetischer narhrstoffarmer agar and carnation leaf agar (Leslie and Summerell, 

2006). 

Molecular characterization 
 
DNA was extracted from isolates grown in potato dextrose broth (PDB) with the DNeasy 

Plant Mini kit (Qiagen, Valencia, CA). A standard PCR protocol was used to amplify ITS 

region of ribosomal DNA using ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-

TCCTCCGCTTATTGATATGC - 3’) primers. To amplify the TEF gene region, primers 

ef1 (5’-ATGGGTAAGGA (A/G)GACAAGAC-3’) and ef2 (5-

GGA(G/A)GTACCAGT(G/C)ATCATGTT-3) were used (BALDAUF 1999; VU 2011). Each 

PCR reaction contained 1 µl dimethyl sulfoxide (DMSO; Fisher Scientific, Pittsburgh, 

PA). Once amplified, 4 μl of ITS and TEF PCR products were visualized with 
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SYBR®Safe DNA gel stain (Invitrogen, Waltham, MA) on 2% agarose gels using a UVP 

Benchtop 2UV Transilluminator PhotoDoc-ItTM imaging system to determine DNA quality 

and amplification. DNA was cleaned with ExoSapit (Fisher Scientific) and purified DNA 

was quantified (Thermo Scientific). The PCR products were sequenced at The 

University of Tennessee Genomics Core (http;//mbrf.utk.edu/). ABI sequence results 

were processed through Sequencher 5.3 (Gene Codes, Ann Arbor, MI). Both the Basic 

Local Alignment Search Tool (BLAST) available from the National Center for 

Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/) and 

FusariumMLST databases were used to confirm species identification to 95-100% 

certainty. 

 Polymerase chain reaction amplification 

Each PCR reaction was carried out in a 10-μl reaction solution containing 1 µl of 

2 ng/μl of diluted template DNA, 1 μl of 2.5 µM dNTP mixture, 1 μM of each primer 

forward and reverse, 0.08 µl of Taq DNA polymerase (AmpliTaq Gold, Perkin Elmer), 1 

µl reaction buffer, 1 µl of 25 µM MgCl2 and 4.42 µl of sterile deionized water. The 

temperature cycling was carried out in 96-well plates in a thermocycler. The cycling 

conditions were: initial denaturation at 95°C for 2 min, followed by 36 cycles of 95°C for 

20s, 20s at 55°C and 1 min at 72°C, with a hold for 2 min at 72°C, and a final hold at 

4˚C. 

Microsatellite design 

A paired-end DNA library (Illumina) was prepared to produce read pairs. Reads were 

cleaned with Skewer version 0.2.2 (JIANG et al. 2014). Sequencing adapters and low 

quality (mean quality <30), short reads (<30 bases) were trimmed. Quality control of 
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reads occurred using FastQC (Babraham Bioinformatics, Cambridge, England). Reads 

were categorized by specifying a minimal quality score of 20 in at least 70% of the 

bases. Specified reads were assembled using SOAPdenovo2 (LUO et al. 2012) with 

kmer = 53. Microsatellite loci were identified with a custom Perl script 

(https://github.com/statonlab/disculaSSRs). Di-, tri-, and tetranucleotide perfect repeats 

were reported if they met the following criteria: dinucleotide motifs with 8-40 repeats, 

trinucleotide motifs with 7-30 repeats, and tetranucleotide motifs with 6-20 repeats. 

Sequences were masked for low intricacy regions with DUSTMASKER (MORGULIS et al. 

2006) and primers were designed using PRIMER3 v2.3.6 (UNTERGASSER et al. 2012). 

Primer3 default settings were set except the maximum primer size was 25; primer 

product size ranged between 100 and 200 bp (WOUDENBERG et al. 2015); and primer 

minimum and maximum annealing temperature was 55 ̊C and 65 ̊C, respectively. The 

primer minimum GC percentage was between 40 and 60%; the maximum allowable 

length of a mononucleotide repeat (mx poly-x) was set to 3; and primer GC clamp was 

set to 2. Sequence data was mined by Dr. M. Staton (The University of Tennessee). 

Primer design was chosen using ten repeats of dinucleotide, ten repeats of trinucleotide 

and ten repeats of tetranucleotides. This library was screened for a variety of 

microsatellites: ten repeats of di-, tri- and tetranucleotides from each of the four unique 

Fusarium species. Primers (n = 150) were chosen at the University of Tennessee and 

purchased from Integrated DNA Technologies (Coralville, IA). Desalted custom 

synthesized oligonucleotides were returned as dehydrated powders, which were 

hydrated to create working primers to test for amplification of DNA fragments from 

Fusarium species. 
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 Microsatellite screening 

PCR products were run against all Fusaria isolates and analyzed on a QIAxcel Capillary 

Electrophoresis System (QIAGEN) using an internal 25-bp size standard. Reactions that 

did not produce a product were repeated for a total of three repetitions of each 

microsatellite locus. Microsatellite loci that did not amplify were removed from further 

analyses. 

 Diversity 

To determine allelic classes of fusaria, FLEXIBIN v2 (AMOS 2006) was used to 

automatically bin raw allele length data into classes. A 2-3 bp standard error was used 

to determine allele size classes. Binned data was used in all the following analyses. 

Identical multiple locus Fusarium species haplotypes were identified using POPPR 

v2.1.1 (KAMVAR et al. 2014) a package for R v3.3.1 (TEAM 2016). All isolates (n = 68) 

used in this analysis were grouped by species. The program GenAlEx v6.5 (PEAKALL 

AND SMOUSE 2006; PEAKALL AND SMOUSE 2012) and POPPR (KAMVAR et al. 2014) were 

used to estimate measures of genetic diversity across all isolate loci. Measures included 

numbers of multilocus haplotypes (MLG), average number of alleles per locus (Na), the 

average number of effective alleles per population (Ne), the Shannon-Wiener index of 

MLG diversity (H), and Nei’s genotypic diversity corrected to sample size (Hexp). The 

standardized index of association (!d) (AGAPOW AND BURT 2001) was estimated using 

10,000 permutations, and the null hypothesis: !d = 0 (linkage equilibrium) was tested in 

POPPR. The index of association detects signatures of multiple loci linkage and 

possible clonal reproduction within populations. The standardized index of association, 

!d corresponds to the index of association (IA), but is less biased as it is independent of 



www.manaraa.com

 

 
 

35 

the number of loci used in the study. The value of !d is expected to be zero in panmictic 

populations, whereas clonally reproducing organisms should have values considerably 

greater than zero (SCHOEBEL et al. 2014). All analyses were calculated using 10,000 

combinations at P < 0.05 significance level.  

Results 

Identified Fusarium species 

Previous identifications of isolates within the Fusarium collection from switchgrass were 

confirmed or corrected. For example, isolate AK104 was previously identified as F. 

equiseti but was corrected to F. sporotrichioides based on genetic sequences and 

morphology. In all, only 6 isolates were determined to be F. equiseti from the original set 

of 27 “F. equiseti” isolates, while 19 isolates were no longer viable (Table 2). Fusarium 

graminearum contained the largest number of identified isolates. The initial identification 

of 250 isolates yielded 105 confirmed isolates, and 3 isolates that were misidentified as 

F. oxysporum (Table 2). Initially, there were 55 isolates of F. oxysporum, but only 39 

were accounted for and confirmed as F. oxysporum (Table 2). In addition, there were 

isolates that were not identified in the original studies conducted by Vu (2011) and 

Collins (2016) that were identified in this study (Table 2). 

 

Microsatellite development 

One hundred and fifty (15 di- and 15 trinucleotide repeat motifs from each species, with 

an additional 15 di- and 15 trinucleotides for F. graminearum) microsatellite loci were 

designed. Primer pairs were tested for amplification against two DNA samples extracted 

from the three Fusarium species from which they were derived (i.e. F. equiseti loci were 
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tested against DNA from two F. equiseti isolates). For each species, primers that led to 

amplification of a PCR product of the expected size range were further tested against 

30 isolates of F. graminearum, 28 isolates of F. oxysporum, or 14 isolates of F. 

sporotrichioides (Table 11). Isolates of F. equiseti were removed from the study due to 

small sample size (n = 6). Primers that did not amplify or had multiple stutter peaks 

were not used for further analyses.  

Fusarium equiseti – Microsatellites from F. equiseti indicated that the sizes of clone 

inserts ranged from 100 to 342 bp, with an average size of 198 bp. Of the 98,350 

sequences analyzed at 10X coverage, trinucleotides were the most common type of 

microsatellite repeat, with AGC motif (20.54%) appearing most frequently. Repeats 

consisting of two or three adjacent blocks of different dinucleotide repeats made up 

40.56% of the dinucleotide repeats. There were 3,442 of the 98,350 microsatellite loci 

(0.35%) sequenced that were suitable for primer design (Table 3). 

Fusarium graminearum – Microsatellites from F. graminearum indicated that the sizes of 

clone inserts ranged from 99 to 412 bp. Of the 125,011 sequences analyzed, 

dinucleotides were the most common microsatellite repeat type, with AC motif (21.49%) 

appearing most frequently. Repeats consisting of two or three adjacent blocks of 

different dinucleotide repeats made up 43.92% of the dinucleotide repeats. Of the 

125,011 microsatellites sequenced, 12,274 microsatellites (0.98%) were suitable for 

primer design (Table 4). 

Fusarium oxysporum – Microsatellites from of F. oxysporum indicated that the sizes of 

clone inserts ranged from 86 to 368 bp. Of the 20,923 sequences analyzed, 



www.manaraa.com

 

 
 

37 

dinucleotides were the most common microsatellite repeat type, with the CG motif 

(22.89%) appearing most frequently. Repeats consisting of two or three adjacent blocks 

of different dinucleotide repeats made up 45.81% of the dinucleotide repeats. Only 166 

microsatellites of the 20,923 microsatellites (0.01%) sequenced were suited for primer 

design (Table 5). 

Fusarium sporotrichioides – Microsatellites from of F. sporotrichioides indicated that the 

sizes of clone inserts ranged from 129 to 426 bp. Of the 19,696 sequences analyzed, 

tetranucleotides were the most common microsatellite repeat type (41.12%) followed by 

dinucleotides (40.35%) with AG (15.99%) and CG motifs (3.64%) appearing most 

frequently. Only 1,182 microsatellites of the 19,696 microsatellites (0.60%) sequenced 

were suited for primer design (Table 5).  

Microsatellite amplification analysis 

Fusarium equiseti - Thirty primers were developed from F. equiseti genomic DNA, 

and fifteen were tested across six isolates of F. equiseti before the microsatellites 

were removed from further study, due to a small number of available isolates for 

testing. Allele sizes resulted in a range of 100 to 342 bp across twelve of the loci 

(Table 8). Microsatellite loci Fe007 and Fe014 did not amplify across any of the six 

F. equiseti isolates. Fusarium equiseti loci were not used in cross amplification tests. 

Fusarium graminearum - Thirty microsatellite loci were originally developed from F. 

graminearum genomic DNA (Table 11) and were tested for amplification against two 

isolates of F. graminearum. If loci amplified they were tested against a DNA from 29 

F. graminearum isolates. Seventeen loci did not amplify or resulted in three or more 
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peaks and were not used for further testing. Because only a small number of 

microsatellite loci amplified, an additional 30 loci were developed for F. graminearum 

(Table 11); eighteen loci from the new set did not amplify or produced multiple 

peaks. A total of 25 microsatellite loci from the total of 60 were used in further testing 

against F. graminearum isolates. Statistical analysis showed that there is a single 

population of 29 individuals with 29 multilocus genotypes. Thompson’s diversity 

index (H) was 3.37, expected heterozygosity was 67% indicating that there is a 

relatively high diversity among individuals, rd was 0.10 indicating a low chance of 

clonality, with and a P-value of 0.91 indicating no significance among haplotype 

diversity across F. graminearum isolates and that genetic recombination was 

occurring (Table 7). Twelve loci were tested for cross amplification of DNA from 24 

F. oxysporum and 14 F. sporotrichioides isolates. Amplification of the 12 loci was 

49.39% across isolates from all three Fusarium species, with a percent amplification 

range for each locus between 33.82% (Fg057) and 72.06% (Fg056) across 68 DNA 

samples. Locus Fg057 did not amplify against any of the F. oxysporum DNA isolates 

(Table 15). 

Fusarium oxysporum - Thirty microsatellite loci were developed from F. oxysporum 

genomic DNA (Table 12) and were tested for amplification against two isolates of F. 

oxysporum. Loci that amplified were tested against DNA from 24 F. oxysporum isolates. 

Statistical analysis showed that there is a single population of 24 individuals with 24 

multilocus genotypes. Thompson’s diversity index H was 3.18, expected heterozygosity 

was 62% and rbard was 0.05, with a P value of 0.002, indicating a significant difference 

among loci across F. oxysporum individuals and a low rate of genetic recombination 
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(Table 8). Fifteen loci did not amplify against DNA from two isolates of F. oxysporum. 

Ten of the fifteen loci that did amplify against F. oxysporum were used in cross 

amplification tests against DNA from thirty F. graminearum and fourteen F. 

sporotrichioides isolates. Five of the loci were removed from further testing as they did 

not meet the single peak and >3 bp criteria. Amplification of the ten loci was 59.15% 

across isolates from all three Fusarium species, with a percent amplification range for 

each locus between 36.77% (Fo019) and 83.82% (Fo001) across 68 DNA samples. 

Loci Fo006, Fo012, and Fo017 did not amplify against DNA from any of the 14 F. 

sporotrichioides isolates (Table 15). 

Fusarium sporotrichioides - Thirty microsatellite loci were developed from genomic DNA 

of F. sporotrichioides (Table 13) and were tested for amplification against two isolates of 

F. oxysporum. If loci amplified, they were tested against DNA from 14 F. 

sporotrichioides isolates. Statistical analysis showed that there is a single population of 

14 individuals with 14 multilocus genotypes. Thompson’s diversity index H was 2.64, 

expected heterozygosity was 57% and rbard was 0.06, with a P value of 0.40 indicating 

no significant difference among loci across F. sporotrichioides individuals and genetic 

recombination (Table 9). Fifteen loci were tested and amplified against DNA from two 

isolates of F. sporotrichioides. Twelve of the fourteen loci that did amplify against F. 

oxysporum were used in cross amplification tests against thirty F. graminearum and 

twenty-four F. oxysporum isolates. One of the loci was removed from further testing as it 

did not meet the single peak and >3 bp criteria. Amplification of the 12 loci was 49.75% 

across isolates of all three Fusarium species, with a percent amplification range for 

each locus between 32.35% (Fr006) and 73.53% (Fr003) across 68 DNA samples. All 
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12 microsatellite loci from F. sporotrichioides amplified against DNA from isolates of all 

three Fusarium species (Table 15).  

Discussion 

This microsatellite study analyzed the genetic diversity of Fusarium isolates of four 

species (F. equiseti, F. graminearum, F. oxysporum, and F. sporotrichioides). It was 

determined through the standardized index of association (!d) that there is high gene 

flow between individuals of the same species indicating genetic exchange and/or 

mutation through sexual and asexual reproduction. A high level of diversity implies that 

Fusarium species have the ability to rapidly change over a short period of time to adapt 

to changing environments. Breeding of resistant plant varieties takes several years to 

develop and new virulent strains of fungal pathogens rise to overcome genetic 

resistance of plants within a few years after the variety is released to the public (ELLIS et 

al. 2014). Furthermore, a previously avirulent pathogen race may mutate to become 

virulent (ELLIS et al. 2014). In populations with high genetic diversity and the possibility 

for sexual reproduction, the chances of genetic recombination leading to a virulent strain 

are increased.  

Rapidly developing molecular technology has enabled scientists to develop controls to 

combat virulent species through rapid diagnosis and an improved understanding of 

virulence genes. The markers commonly used for species-level phylogenetics in fungi 

are portions of protein-coding genes that are intron-rich and evolve at a higher rate than 

other frequently used markers such as internal transcribed spacer (ITS) regions of the 

nuclear ribosomal RNA gene (O’DONNELL et al. 1998a; O’DONNELL et al. 2000; GEISER 
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2003). ITS is useful for identification of fungi to genus level and is used for initial 

identification purposes in many studies. However, fusaria within the Gibberella clade 

retain nonorthologous copies of the ITS2, which can lead to incorrect phylogenetic 

inferences (O’DONNELL AND CIGELNIK 1997; O’DONNELL et al. 1998a). Unlike ITS, the 

TEF gene encodes an essential part of the protein translation mechanism, as has high 

phylogenetic utility (O’DONNELL et al. 1998a). It is informative at the species level, 

nonorthologous copies of the gene have not been detected, and universal primers have 

been designed which work for the entire genus. TEF primers were first developed for 

fungi to investigate lineages within the F. oxysporum complex (O’DONNELL et al. 1998b). 

This gene has a high level of sequence polymorphism among closely related species, 

even in comparison to the genes such as calmodulin, beta-tubulin and histone H3. TEF 

is currently the chosen marker for single-locus identification in Fusarium and is often 

paired with ITS for identification of species. This study and the prior studies by Vu 

(2011) and Collins (2016) utilized ITS as the initial identifier and TEF for classification 

conformation.  

The Fusarium MLST server (http://fusarium.cbio.psu.edu) contains a BLAST search tool 

that allows users to query unknown sequences against the database. GenBank is 

another database that is available for fungal identification, and can be accessed via the 

Entrez website at the US National Center for Biotechnology Information (NCBI; 

http://www.ncbi.nlm.nih.gov/Entrez/). GenBank database allows anyone to enter 

sequences and does not provide quality control leaving potential for misidentified 

accessions. FUSARIUM-ID contains curated, well-characterized sequences that can be 

used for confirmation (GEISER et al. 2004). Using both databases in unison, aids in 
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conformation of the correct identification. Caution should be used in relying solely on 

these databases as there is potential for sequence matching error and the possibility 

that the species sequence will be one that has not yet been entered in the databases. 

Positive confirmation of the isolates used in this study by morphological traits and 

genetic sequencing is highly important for accurate use in future studies and for 

reporting purposes. 

Contamination by insects, fungi, bacteria, and viruses is highly probable when storing 

fungi for extended periods. Frequent transfer of fungi prevents death of the fungal 

culture and the establishment of fungal pests. Virulence and pathogenicity are known to 

degrade over time when isolates are grown solely on artificial substrate. Sterile 

carnation leaf agar is commonly used to slow fungal mutation to adaptation to media. 

Care should be taken in transferring mycelia and spores, isolation of isolates from 

possible contaminants is crucial. Fusaria spores can spread by various means causing 

concern for contamination to other containers and areas. Caution should be used when 

handling these fungi to prevent contamination to and from the fungal isolates. Light, 

elevated temperatures, and a high rate of airflow increase the rate of fungal isolate 

degradation. Storage in a cool, humid and darkened environment in closed containers 

will aid in prolonged storage of fusaria.  

Microsatellite markers offer faster, accurate, and more efficient identification and early 

detection of plant pathogens (BRIDGE et al. 2003; SCHAAD et al. 2003). Many research 

facilities have already adopted many different molecular techniques for fungal plant 

disease detection (SCHAAD et al. 2003; LOPEZ-DIAZ et al. 2017). Among these practices 

are genetic characterization, genome mapping, gene mapping, genome evolution 
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studies, population diversity studies, and phylogenic relationship comparisons. Attention 

should be paid to the limits of bioinformatics software, DNA extraction methods, and 

DNA sequence cloning as each technology has their own level of error. Microsatellite 

primers developed for a single species may be used to detect polymorphisms in other 

related individuals. The repeat sequence and the flanking regions must be conserved 

across taxa to achieve this successfully. Evolutionary distance between the source and 

the target species will determine PCR amplification. Higher genomic similarities would 

indicate a greater conservation of SSR-flanking regions. Comparable sized amplification 

products must be obtained with DNA from related individuals. Caution should be used 

when comparing similar PCR products obtained across different species. Two equally 

sized products amplified in different species might include mutations, deletions, and 

reorganizations in the flanking region or changes in the repeat (PEAKALL et al. 1998; 

SEFC et al. 1999; CHAMBERS AND MACAVOY 2000; ROSSETTO et al. 2000). 

Statistical errors and misinterpretation of data may be a result of variations used by 

different researchers complicating the use of microsatellites in phylogenetic studies.  

Questions to consider in future research are: How many nucleotide differences 

constitute a species divergence in fusaria and other organisms. How much error is the 

result of DNA movement through the electrophoresis system? How much error is from 

mutations and statistical binning? Ultimately, the best approach is to determine the 

techniques that result in the least error and use them as a standard across all 

microsatellite studies for consistency and replication purposes. 
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Research Definitions 

Array: entire sections of DNA sequence containing multiples of core repeats 

(CHAMBERS AND MACAVOY 2000) 

Biallelic: two alleles or two forms of part of a gene 

Bootstrap: a procedure where a random subset of the data is re-run through the 

phylogenetic analysis, the reported value is the percentage of bootstrap replicates in 

which the subset appeared. A value of 100% means that the subset is well-

supported because it appeared in all bootstrap replicates. 

Panmictic: a population where all individuals are potential partners without mating 

restrictions and all recombination are possible 

Orthologs: genes in different species that evolved from a common ancestral gene by 

speciation (O’DONNELL AND CIGELNIK 1997) 

Nonorthologs: genes in different species that evolved independently rather than from 

a common ancestral gene (O’DONNELL AND CIGELNIK 1997) 

Mycotoxins: naturally occurring compounds or secondary metabolites produced by 

fungi growing on plants in the field or during storage (NICHEA et al. 2015) 

Random fragment length polymorphisms (RFLP): is a PCR-based molecular method 

used in genetics research, DNA fingerprinting, and genetic engineering. 
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Figure 1	Map of switchgrass (Panicum virgatum L.)  

native growth range. Map native status bar indicates that switchgrass has been 

introduced to the islands of Hawaii (U.S.D.A. N.R.C.S. National Plant Team 2016). 
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Table 1. Pathogens isolated from commercial switchgrass seed or field plants 

Common name Scientific name Location Reference 

Smut Tilletia maclaganii  Iowa Gravert et al. 
2000 

Rust Puccinia emaculata Tennessee Zale et al. 2008 

Bunt Tilletia pulcherrima Texas Carris et al. 
2008 

Anthracnose Colletotrichum navitas New Jersey Crouch et al. 
2010 

Smut Tilletia maclaganii  New York, 
Pennsylvania 

Layton and 
Bergstrom 2011 

Anthracnose Colletotrichum navitas New York Waxman and 
Bergstrom 2011 

Spot Blotch Bipolaris sorokiniana Tennessee Vu et al. 2011b 

Dollar Spot Sclerotinia homoeocarpa Tennessee Vu et al. 2011c 

Leaf Spot Bipolaris spicifera Tennessee Vu et al. 2011a 

Leaf Spot Bipolaris victoriae Tennessee Fajolu 2012 

Leaf Spot Alternaria alternata Tennessee Vu et al. 2012 

Leaf Spot Curvularia lunata var. aeria Tennessee Fajolu et al. 
2012 

Leaf Spot Fusarium acuminatum Tennessee Vu 2011 

Leaf Spot Fusarium armeniacum Tennessee Vu 2011 

Leaf Spot Bipolaris oryzae Tennessee Vu et al. 2013a 

Leaf Spot Pithomyces chartarum Tennessee Vu et al. 2013b 

Leaf Spot Fusarium equiseti Tennessee Vu 2011 

Leaf Spot Fusarium graminearum Tennessee Vu 2011 

Leaf Spot Fusarium tricinctum Tennessee Collins 2016 

Leaf Spot Fusarium sporotrichioides Tennessee This report 
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Table 2. Identification of putative Fusarium spp. isolated from commercial seed or infected plants of switchgrass, or infected 

wheat plants 

Seed 
company or 
field location  

Switchgrass 
cultivar or 
wheat 

 
 
Isolate  

 
Species identity 
(Vu 2011) 

 
Species identity 
(Collins 2016) 

 
Species identitya 

(This study) 

Location of 
seed 
company/ 
production 
field 

Applewood Blackwell ABW1 Fusarium equiseti F. equiseti F. equiseti CO/ OK 
Applewood Blackwell ABW5 F. equiseti F. equiseti ndb CO/ OK 
Applewood Blackwell ABW8 F. equiseti F. equiseti ndb CO/ OK 
Applewood Blackwell ABW11 Fusarium sp. Fusarium oxysporum F. oxysporum CO/ OK 
Applewood Blackwell ABW14 F. equiseti F. equiseti F. equiseti CO/ OK 
Applewood Blackwell ABW18 Fusarium sp. F. oxysporum F. oxysporum CO/ OK 
Applewood Blackwell ABW19 Fusarium sp. F. oxysporum F. oxysporum CO/ OK 
Applewood Blackwell ABW16 F. equiseti F. equiseti ndb CO/ OK 
Applewood Blackwell ABW17 F. equiseti F. equiseti ndb CO/ OK 
Applewood Cave-N-Rock ACNR128 Fusarium sp. F. oxysporum F. oxysporum CO/ OK 
Applewood Cave-N-Rock ACNR132 Fusarium sp. F. oxysporum F. oxysporum CO/ OK 
Applewood Cave-N-Rock ACNR138 Fusarium sp. F. oxysporum F. oxysporum CO/ OK 
Applewood Cave-N-Rock ACNR139 F. oxysporum F. oxysporum F. oxysporum CO/ OK 
Applewood Cave-N-Rock ACNR140 F. oxysporum F. oxysporum F. oxysporum CO/ OK 
Applewood Cave-N-Rock ACNR141 F. oxysporum F. oxysporum F. oxysporum CO/ OK 
Applewood Cave-N-Rock ACNR176 F. oxysporum F. oxysporum F. oxysporum CO/ OK 
Applewood Cave-N-Rock ACNR178 Rhizopus oryzae F. oxysporum F. oxysporum CO/ IL 
Applewood Cave-N-Rock ACNR179 F. oxysporum F. oxysporum F. oxysporum CO/ IL 
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Table 2. Continued  

Seed 
company or 
field location  

Switchgrass 
cultivar or wheat 

 
 
Isolate  

 
Species identity 
(Vu 2011) 

 
Species identity 
(Collins 2016) 

 
Species identitya 

(This study) 

Location of 
seed 
company/ 
production 
field 

Applewood Cave-N-Rock ACNR195 F. oxysporum F. oxysporum ndb CO/ IL 
Applewood  Cave-N-Rock ACNR180 F. oxysporum F. oxysporum F. oxysporum CO/ IL 
Applewood  Cave-N-Rock ACNR183 F. oxysporum F. oxysporum F. oxysporum CO/ IL 
Applewood  Cave-N-Rock ACNR184 F. oxysporum F. oxysporum F. oxysporum CO/ IL 
Applewood  Cave-N-Rock ACNR198 F. oxysporum F. oxysporum ndb CO/ IL 
Applewood  Cave-N-Rock ACNR207 F. oxysporum F. oxysporum ndb CO/ IL 
Applewood  Cave-N-Rock ACNR223 F. oxysporum F. oxysporum ndb CO/ IL 
Applewood  Cave-N-Rock ACNR224 F. oxysporum F. oxysporum ndb CO/ IL 
Applewood  Cave-N-Rock ACNR226 F. oxysporum F. oxysporum ndb CO/ IL 
Applewood  Cave-N-Rock ACNR228 F. oxysporum F. oxysporum ndb CO/ IL 
Applewood  Cave-N-Rock ACNR231 F. oxysporum F. oxysporum ndb CO/ IL 
Applewood  Cave-N-Rock ACNR244 F. oxysporum F. oxysporum ndb CO/ IL 
Applewood  Kanlow AK61 F. tricinctum F. tricinctum F. tricinctum CO/ OK 
Applewood  Kanlow AK109 Fusarium 

acuminatum 
F. acuminatum F. acuminatum CO/ OK 

Applewood  Kanlow AK60 Fusarium 
graminearum 

F. graminearum F. graminearum CO/ OK 

Applewood  Kanlow AK104 F. equiseti F. equiseti Fusarium 
sporotrichioides 

CO/ OK 

Applewood  Kanlow AK25 F. equiseti F. equiseti ndb CO/ OK 
Applewood  Kanlow AK101 F. equiseti F. equiseti ndb CO/ OK 
Applewood  Kanlow AK102 F. equiseti F. equiseti ndb CO/ OK 
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Table 2. Continued 

Seed 
company or 
field location  

Switchgrass 
cultivar or 
wheat 

 
 
Isolate  

 
Species identity 
(Vu 2011) 

 
Species identity (Collins 
2016) 

 
Species identitya 

(This study) 

Location of 
seed 
company/ 
production 
field 

Applewood  Kanlow AK103 F. equiseti F. equiseti ndb CO/ OK 
Applewood  Kanlow AK17 F. graminearum F. graminearum F. graminearum CO/ OK 
Applewood  Kanlow AK58 F. tricinctum F. tricinctum F. tricinctum CO/ OK 
Curtis & Curtis Alamo CA12 F. graminearum F. graminearum F. graminearum NM/ SD 
Curtis & Curtis Alamo CA 5 Fusarium sp. F. equiseti ndb NM/ SD 
Curtis & Curtis Blackwell CBW10 F. graminearum F. graminearum ndb NM/ SD 
Curtis & Curtis Blackwell CBW11 F. graminearum F. graminearum F. oxysporum NM/ SD 
Curtis & Curtis Cave-N-Rock CNR127 Fusarium sp. Fusarium sp. F. graminearum NM/ SD 
Ernst Seed  Alamo EA38 F. equiseti F. equiseti ndb PA/ MO 
Ernst Seed  Alamo EA23 F. equiseti F. equiseti ndb PA/ MO 
Ernst Seed  Alamo EA63 F. graminearum F. graminearum F. graminearum PA/ MO 
Ernst Seed  Alamo EA22 F. equiseti F. equiseti ndb PA/ MO 
Ernst Seed  Alamo EA24 F. equiseti F. equiseti ndb PA/ MO 
Ernst Seed  Alamo EA25 F. equiseti F. equiseti ndb PA/ MO 
Ernst Seed  Alamo EA27 F. equiseti F. equiseti ndb PA/ MO 
Ernst Seed  Alamo EA36 F. equiseti F. equiseti ndb PA/ MO 
Ernst Seed  Alamo EA12 F. graminearum F. graminearum ndb PA/ MO 
Ernst Seed  Alamo EA13 F. graminearum F. graminearum ndb PA/ MO 
Ernst Seed  Alamo EA14 F. graminearum F. graminearum ndb PA/ MO 
Ernst Seed  Alamo EA20 F. graminearum F. graminearum ndb PA/ MO 
Ernst Seed  Alamo EA21 F. graminearum F. graminearum ndb PA/ MO 
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Table 2. Continued 

Seed 
company or 
field location  

Seed company 
or field location  

Seed 
company or 
field location  

Seed company or 
field location  

Seed company or field 
location  

Seed company or 
field location  

Seed 
company 
or field 
location  

Ernst Seed  Alamo EA28 F. graminearum F. graminearum F. graminearum PA/ MO 
Ernst Seed  Alamo EA31 F. graminearum F. graminearum ndb PA/ MO 
Ernst Seed  Alamo EA49 F. graminearum F. graminearum ndb PA/ MO 

Ernst Seed  Alamo EA61 F. graminearum F. graminearum F. graminearum PA/ MO 

Ernst Seed  Alamo EA62 F. graminearum F. graminearum F. graminearum PA/ MO 

Ernst Seed  Alamo EA64 F. graminearum F. graminearum F. graminearum PA/ MO 
Ernst Seed  Alamo EA65 F. graminearum F. graminearum F. graminearum PA/ MO 
Ernst Seed  Alamo EA66 F. graminearum F. graminearum F. graminearum PA/ MO 
Ernst Seed  Alamo EA67 F. graminearum F. graminearum F. graminearum PA/ MO 
Ernst Seed  Alamo EA68 F. graminearum F. graminearum F. graminearum PA/ MO 
Ernst Seed  Alamo EA69 F. graminearum F. graminearum F. graminearum PA/ MO 
Ernst Seed  Alamo EA70 F. graminearum F. graminearum F. graminearum PA/ MO 
Ernst Seed  Blackwell EBW1 Fusarium sp. Fusarium sp. ndb PA/ MO 
Ernst Seed  Cave-N-Rock ECNR140 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR90 F. graminearum Fusarium sp. ndb PA/ PA 
Ernst Seed  Cave-N-Rock ECNR33 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR44 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR111 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR119 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR127 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR143 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR39 F. graminearum F. graminearum F. graminearum PA/ PA 
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Table 2. Continued 

Seed 
company or 
field location  

Seed company 
or field location  

Seed 
company or 
field location  

Seed company or 
field location  

Seed company or field 
location  

Seed company or 
field location  

Seed 
company 
or field 
location  

Ernst Seed  Cave-N-Rock ECNR29 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR141 F. graminearum F. graminearum ndb PA/ PA 
Ernst Seed  Cave-N-Rock ECNR142 F. graminearum F. graminearum ndb PA/ PA 
Ernst Seed  Cave-N-Rock ECNR136 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR93 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR138 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR99 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR18 F. graminearum F. graminearum ndb PA/ PA 
Ernst Seed  Cave-N-Rock ECNR19 F. graminearum F. graminearum ndb PA/ PA 
Ernst Seed  Cave-N-Rock ECNR20 F. graminearum F. graminearum ndb PA/ PA 
Ernst Seed  Cave-N-Rock ECNR21 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR25 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR26 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR27 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR30 F. graminearum F. graminearum ndb PA/ PA  
Ernst Seed  Cave-N-Rock ECNR31 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR32 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR34 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR35 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR36 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR37 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR38 F. graminearum F. graminearum F. oxysporum PA/ PA 
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Table 2. Continued 

Seed 
company or 
field location  

Seed company 
or field location  

Seed 
company or 
field location  

Seed company or 
field location  

Seed company or field 
location  

Seed company or 
field location  

Seed 
company 
or field 
location  

Ernst Seed  Cave-N-Rock ECNR40 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR96 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR97 F. graminearum F. graminearum ndb PA/ PA 
Ernst Seed  Cave-N-Rock ECNR98 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR100 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR101 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR102 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR103 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR104 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR107 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR109 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR110 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR112 F. graminearum F. graminearum ndb PA/ PA 
Ernst Seed  Cave-N-Rock ECNR118 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR120 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR121 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR122 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR123 F. graminearum F. graminearum F. graminearum PA/ PA 

Ernst Seed  Cave-N-Rock ECNR124 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR125 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR126 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR128 F. graminearum F. graminearum F. graminearum PA/ PA 
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Table 2. Continued 

Seed 
company or 
field location  

Seed company 
or field location  

Seed 
company or 
field location  

Seed company or 
field location  

Seed company or field 
location  

Seed company or 
field location  

Seed 
company 
or field 
location  

Ernst Seed  Cave-N-Rock ECNR129 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR130 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR131 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR132 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR133 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR134 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR135 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR137 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR139 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR144 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR153 F. graminearum F. graminearum ndb PA/ PA 
Ernst Seed  Cave-N-Rock ECNR60 F. graminearum Fusarium sp. F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR93 F. graminearum Fusarium sp. F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock ECNR28 F. graminearum F. graminearum F. graminearum PA/ PA 
Ernst Seed  Cave-N-Rock EWR70 F. graminearum F. graminearum F. graminearum PA/ PA 
Milan, TN Wheat F.G.1 ndb F. graminearum F. graminearum TN/ TN 
Milan, TN Wheat F.O.1 ndb F. oxysporum F. oxysporum TN/ TN 
Johnson & 
Johnson  

Cimarron JCIM1 Fusarium sp. Fusarium armeniacum F. sporotrichioides PA/ PA 

Johnson & 
Johnson  

Cimarron JCIM151 Fusarium sp. F. oxysporum F. oxysporum OK/ OK 

Johnson & 
Johnson 

Cimarron JCIM2 Fusarium sp. Fusarium sp. F. oxysporum OK/ OK 
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Table 2. Continued 

Seed 
company or 
field location  

Seed company 
or field location  

Seed 
company or 
field location  

Seed company or 
field location  

Seed company or field 
location  

Seed company or 
field location  

Seed 
company 
or field 
location  

Johnson & 
Johnson  

Cimarron JCIM3 Fusarium sp. Fusarium sp. F. oxysporum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM126 Fusarium sp. Fusarium sp. F. equiseti OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM40 F. graminearum F. graminearum F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM64 F. graminearum F. graminearum F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM5 Fusarium sp. Fusarium sp. F. oxysporum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM98 F. graminearum F. graminearum F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM7 Fusarium sp. F. armeniacum F. sporotrichioides OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM66 F. graminearum F. graminearum ndb OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM67 F. graminearum F. graminearum F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM68 F. graminearum F. graminearum ndb OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM69 F. graminearum F. graminearum F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM70 F. graminearum F. graminearum F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM71 F. graminearum F. graminearum ndb OK/ OK 
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Table 2. Continued 

Seed 
company or 
field location  

Seed company 
or field location  

Seed 
company or 
field location  

Seed company or 
field location  

Seed company or field 
location  

Seed company or 
field location  

Seed 
company 
or field 
location  

Johnson & 
Johnson  

Cimarron JCIM96 F. graminearum F. graminearum F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM97 F. graminearum F. graminearum ndb OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM139 F. graminearum F. graminearum F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM140 F. graminearum F. graminearum F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM144 F. graminearum F. graminearum F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM146 F. graminearum F. graminearum F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM34 F. oxysporum F. oxysporum F. oxysporum OK/ OK 

Johnson & 
Johnson 

Cimarron JCIM35 F. oxysporum F. oxysporum F. oxysporum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM125 Fusarium sp. F. oxysporum F. oxysporum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM127 F. oxysporum F. oxysporum F. oxysporum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM4 Fusarium sp. Fusarium sp. F. sporotrichioides OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM6 Fusarium sp. Fusarium sp. F. oxysporum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM11 Fusarium sp. Fusarium sp. F. oxysporum OK/ OK 
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Table 2. Continued 

Seed 
company or 
field location  

Seed company 
or field location  

Seed 
company or 
field location  

Seed company or 
field location  

Seed company or field 
location  

Seed company or 
field location  

Seed 
company 
or field 
location  

Johnson & 
Johnson  

Cimarron JCIM12 Fusarium sp. Fusarium sp. F. oxysporum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM17 Fusarium sp. Fusarium sp. F. oxysporum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM32 Fusarium sp. Fusarium sp. F. oxysporum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM127 Fusarium sp. Fusarium sp. F. equiseti OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM145 F. graminearum Fusarium sp. F. graminearum OK/ OK 

Johnson & 
Johnson  

Cimarron JCIM148 F. graminearum F. graminearum F. graminearum OK/ OK 

Roundstone Alamo RSA90 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA97 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA101 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA91 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA93 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA92 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA12 F. armeniacum F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA99 Fusarium sp. Fusarium sp. F. sporotrichioides KY/ TN 
Roundstone Alamo RSA36 F. oxysporum F. oxysporum F. oxysporum KY/ TN 
Roundstone Alamo RSA42 F. armeniacum F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA103 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
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Table 2. Continued 

Seed 
company or 
field location  

Seed company 
or field location  

Seed 
company or 
field location  

Seed company or 
field location  

Seed company or field 
location  

Seed company or 
field location  

Seed 
company 
or field 
location  

Roundstone Alamo RSA94 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA117 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA35 F. armeniacum F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA49 F. armeniacum F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA96 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA100 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA102 Fusarium sp. F. armeniacum F. sporotrichioides KY/ TN 
Roundstone Alamo RSA36 F. graminearum F. graminearum F. graminearum KY/ TN 
Roundstone Alamo RSA40 F. graminearum F. graminearum F. graminearum KY/ TN 
Roundstone Alamo RSA44 F. graminearum F. graminearum F. graminearum KY/ TN 
Roundstone Alamo RSA47 F. graminearum F. graminearum ndb KY/ TN 
Roundstone Alamo RSA95 Fusarium sp. F. graminearum F. graminearum KY/ TN 
Roundstone Alamo RSA3 F. oxysporum F. oxysporum F. oxysporum KY/ TN 
Roundstone Alamo RSA4 F. oxysporum F. oxysporum F. oxysporum KY/ TN 
Roundstone Alamo RSA5 F. oxysporum F. oxysporum F. oxysporum KY/ TN 
Roundstone Alamo RSA6 F. oxysporum F. oxysporum F. oxysporum KY/ TN 
Roundstone Alamo RSA43 F. oxysporum F. oxysporum F. oxysporum KY/ TN 
Roundstone Alamo RSA45 F. oxysporum F. oxysporum ndb KY/ TN 
Roundstone Alamo RSA46 F. oxysporum F. oxysporum ndb KY/ TN 
Roundstone Alamo RSA48 F. oxysporum F. oxysporum ndb KY/ TN 
Roundstone Alamo RSA49 F. oxysporum F. oxysporum F. oxysporum KY/ TN 
Roundstone Alamo RSA50 F. oxysporum F. oxysporum F. oxysporum KY/ TN 
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Table 2. Continued 

Seed 
company or 
field location  

Seed company 
or field location  

Seed 
company or 
field location  

Seed company or 
field location  

Seed company or field 
location  

Seed company or 
field location  

Seed 
company 
or field 
location  

Roundstone Alamo RSA51 F. oxysporum F. oxysporum F. oxysporum KY/ TN 
Roundstone Alamo RSA52 F. oxysporum F. oxysporum F. oxysporum KY/ TN 
Roundstone Alamo RSA94 Fusarium sp. Fusarium sp. F. sporotrichioides KY/ TN 
Roundstone Alamo RSA87 Fusarium sp. Fusarium sp. F. graminearum KY/ TN 
Roundstone Alamo RSA89 Fusarium sp. Fusarium sp. F. graminearum KY/ TN 
Roundstone Blackwell RSBW89 Fusarium sp. Fusarium sp. F. graminearum KY/ TN 
Roundstone Blackwell RSBW62 Fusarium sp. F. graminearum F. graminearum KY/ TN 
Roundstone Blackwell RSBW49 Fusarium sp. F. foetans F. sporotrichioides KY/ TN 
Roundstone Blackwell RSBW50 Fusarium sp. F. graminearum F. graminearum KY/ TN 
Roundstone Blackwell RSBW4 F. graminearum F. graminearum ndb KY/ TN 
Roundstone Blackwell RSBW7 F. graminearum F. graminearum ndb KY/ TN 
Roundstone Blackwell RSBW8 F. graminearum F. graminearum ndb KY/ TN 
Roundstone Blackwell RSBW9 F. graminearum F. graminearum ndb KY/ TN 
Roundstone Blackwell RSBW7 Fusarium sp. F. graminearum F. graminearum KY/ TN 
Roundstone Blackwell RSBW56 Fusarium sp. F. graminearum F. graminearum KY/ TN 
Roundstone Blackwell RSBW34 F. oxysporum F. oxysporum ndb KY/ TN 
Roundstone Blackwell RSBW52 Fusarium sp. Fusarium sp. F. graminearum KY/ TN 
Roundstone Blackwell RSBW63 Fusarium sp. Phoma herbarum P. herbarum KY/ TN 
Roundstone Kanlow RSK21 F. graminearum F. graminearum ndb KY/ MO 
Sharpe Cave-N-Rock SCNR75 Fusarium sp. F. oxysporum F. oxysporum KS/ CO 
Sharpe Kanlow SK230 Fusarium sp. F. equiseti F. equiseti KS/ CO 
Sharpe Kanlow SK228 Fusarium sp. Fusarium sp. F. sporotrichioides KS/ CO 
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Table 2. Continued 

Seed 
company or 
field location  

Seed company 
or field location  

Seed 
company or 
field location  

Seed company or 
field location  

Seed company or field 
location  

Seed company or 
field location  

Seed 
company 
or field 
location  

Sharpe Kanlow SK105 F. graminearum F. graminearum ndb KS/ CO 
Sharpe Kanlow SK106 F. graminearum F. graminearum ndb KS/ CO 
Sharpe Kanlow SK116 F. graminearum F. graminearum ndb KS/ CO 
Sharpe Kanlow SK117 F. graminearum F. graminearum ndb KS/ CO 
Sharpe Kanlow SK118 F. graminearum F. graminearum ndb KS/ CO 
Sharpe Kanlow SK121 F. graminearum F. graminearum ndb KS/ CO 
Sharpe Kanlow SK145 F. graminearum F. graminearum ndb KS/ CO 
Sharpe  Kanlow SK192 F. graminearum F. graminearum ndb KS/ CO 
Sharpe  Kanlow SK193 F. graminearum F. graminearum ndb KS/ CO 
Sharpe  Kanlow SK194 F. graminearum F. graminearum ndb KS/ CO 
Sharpe  Kanlow SK195 F. graminearum F. graminearum ndb KS/ CO 
Sharpe  Kanlow SK197 F. oxysporum F. oxysporum ndb KS/ CO 
Turner  Alamo TA13 F. graminearum F. graminearum F. graminearum TX/ TX 
Turner  Blackwell TBW16 F. graminearum F. graminearum F. graminearum TX/ TX 
Turner  Blackwell TBW17 F. graminearum F. graminearum F. graminearum TX/ TX 
Turner  Blackwell TBW39 F. graminearum F. graminearum F. graminearum TX/ TX 
Turner  Blackwell TBW40 F. graminearum F. graminearum F. graminearum TX/ TX 
Turner  Blackwell TBW41 F. graminearum F. graminearum F. graminearum TX/ TX 
Turner  Blackwell TBW107 F. graminearum F. graminearum F. graminearum TX/ TX 
Warner Bros.  Alamo WA3 Fusarium sp. F. acuminatum F. acuminatum OK/ OK 
Warner Bros.  Alamo WA4 Fusarium sp. Fusarium sp. F. graminearum OK/ OK 

a  This study confirmed the classification of 183 isolates of the original 250 isolates identified in studies by Vu (2011) and Collins 
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(2016). Isolates AK104, CBW11, ECNR38, and RSBW49 were identified as a species differing from the original 

identifications. All isolates originally identified as F. armeniacum were reclassified as F. sporotrichioides. 
b nd = not determined. 
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Table 3. Characterization of a microsatellite loci library for Fusarium equiseti 

 Class of repeata 

Dinucleotide Trinucleotide     Tetranucleotide 
Number of microsatellites/  1,396 (40.56%) 1,650 (47.94%) 396 (11.50%) various 

Motif 617 (17.93%) 43 (1.25%)    

  (AC)n or (CA)n or 
(GT)n or (TG)n 

(ACG)n or (CGA)n or (GAC)n 
or (CGT)n (GTC)n or (TCG)n 

   

 611 (17.75%) 147 (4.27%)    

  (AG)n or (GA)n or 
(CT)n or (TC)n 

(ATG)n or (TGA)n or (GAT)n 
or (CAT)n or (ATC)n or (TCA)n 

   

 6 (0.74%) 158 (4.59%)    

  (AT)n or (TA)n  (AAG)n or (AGA)n or (GAA)n 
or (CTT)n or (TTC)n or (TCT)n 

   

 162 (4.71%) 32 (0.93%)    

  (CG)n or (GC)n  (AGT)n or (GTA)n or (TAG)n 
or (ACT)n or (CTA)n or 
(TAC)n 

   

   3 (0.08%)    

    (AAT)n or (ATA)n or (TAA)n or 
(ATT)n or (TTA)n or (TAT)n 

   

   93 (2.71%)    

    (GGC)n or (GCG)n or (CGG)n 
or (GCC)n or (CCG)n or 
(CGC)n 
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Table 3. Continued 

 Class of repeata 

  Dinucleotide  Trinucleotide Tetraucleotide 
Number of microsatellites/    707 (20.54%)    

Motif    (AGC)n or (GCA)n or (CAG)n 
or (GCT)n or (CTG)n or 
(TGC)n 

   

   94 (2.73%)    

    (AAC)n or (ACA)n or (CAA)n 
or (GTT)n or (TTG)n or 
(TGT)n 

   

   134 (3.89%)    

    (AGG)n or (GAG)n or (GGA)n 
or (CCT)n or (CTC)n or 
(TCC)n 

   

   239 (6.94%)    

    (CCA)n or (CAC)n or (ACC)n 
or (TGG)n or (GTG)n or 
(GGT)n 

   

Range of Repeats (n) 6 - 20  6 - 21  4 - 10  
Total sequences 98,350       
Identifieda 3,442       
Perfectb 1,800       
Compoundb 50            

a 3,442 unique SSRs identified; duplicated SSRs were not included. bClassification of SSR motif as described by Gupta (1996). 
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Table 4. Characterization of a microsatellite loci library for Fusarium graminearum 

  Class of repeata 

  Dinucleotide Trinucleotide Tetranucleotide 
Number of microsatellites/ 5,391 (43.92%) 5,137 (41.85%) 1,746 (14.23%)    various 

Motif 2,613 (21.29) 151 (1.2%)   

  (AC)n or (CA)n or 
(GT)n or (TG)n 

 (ACG)n or (CGA)n or (GAC)n or 
(CGT)n (GTC)n or (TCG)n 

  

 2,637 (21.49%) 550 (4.48%)   

  (AG)n or (GA)n or 
(CT)n or (TC)n 

 (ATG)n or (TGA)n or (GAT)n or 
(CAT)n or (ATC)n or (TCA)n 

  

 99 (0.81%) 558 (4.55%)   

  (AT)n or (TA)n  (AAG)n or (AGA)n or (GAA)n or 
(CTT)n or (TTC)n or (TCT)n 

  

 42 (0.34%) 105 (0.86%)   

  (CG)n or (GC)n  (AGT)n or (GTA)n or (TAG)n or 
(ACT)n or (CTA)n or (TAC)n 

  

   33 (0.27%)   

    (AAT)n or (ATA)n or (TAA)n or 
(ATT)n or (TTA)n or (TAT)n 

  

   169 (1.38%)   

    (GGC)n or (GCG)n or (CGG)n or 
(GCC)n or (CCG)n or (CGC)n 

  

   1,900 (15.48%)   



www.manaraa.com

 

 
 

110 

Table 4. Continued 

 Class of repeata 

 Dinucleotide               Trinucleotide Tetranucleotide 

Number of microsatellites/   1,900 (15.48%)   

Motif    (AGC)n or (GCA)n or (CAG)n or 
(GCT)n or (CTG)n or (TGC)n 
 

  

   352 (2.87%)   

    (AAC)n or (ACA)n or (CAA)n or 
(GTT)n or (TTG)n or (TGT)n 

  

   424 (3.46%)   

    (AGG)n or (GAG)n or (GGA)n or 
(CCT)n or (CTC)n or (TCC)n 

  

   895 
 

(7.29%)   

    (CCA)n or (CAC)n or (ACC)n or 
(TGG)n or (GTG)n or (GGT)n 
 

  

Range of Repeats (n)    6 - 20 6 - 21 4 - 10 
Total sequences 125,011      
Identifieda 12,274      
Perfectb 8,273      
Compoundb 245           

a 12,519 unique SSRs were identified; duplicate SSRs were not included. 
b Classification of microsatellite motif as described by Gupta (1996). 

 



www.manaraa.com

 

 
 

111 

Table 5. Characterization of a microsatellite loci library for Fusarium oxysporum 

                                    Class of repeata 

  Dinucleotide Trinucleotide Tetranucleotide 
Number of microsatellites 75 (45.18%) 30 (18.07%) 61 (36.75%)      various 

Motif 12 (7.23%) 0 (0%)   

  (AC)n or (CA)n or 
(GT)n or (TG)n 

 (ACG)n or (CGA)n or (GAC)n 
or (CGT)n (GTC)n or (TCG)n 

  

 17 (10.24%) 5 (3.01%)   

  (AG)n or (GA)n or 
(CT)n or (TC)n 

 (ATG)n or (TGA)n or (GAT)n or 
(CAT)n or (ATC)n or (TCA)n 

  

 8 (4.82%) 7 (4.22%)   

  (AT)n or (TA)n  (AAG)n or (AGA)n or (GAA)n 
or (CTT)n or (TTC)n or 
(TCT)n 

  

 38 (22.89%) 2 (1.21%)   

  (CG)n or (GC)n  (AGT)n or (GTA)n or (TAG)n 
or (ACT)n or (CTA)n or 
(TAC)n 

  

   0 (0%)   

    (AAT)n or (ATA)n or (TAA)n 
or (ATT)n or (TTA)n or 
(TAT)n 

  

   1 (0.6%)   

    (GGC)n or (GCG)n or 
(CGG)n or (GCC)n or 
(CCG)n or (CGC)n 
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Table 5. Continued 

 Class of repeata 

       Dinucleotide                Trinucleotide Tetranucleotide 
Number of microsatellites   8 (4.82%)   

Motif    (AGC)n or (GCA)n or (CAG)n 
or (GCT)n or (CTG)n or 
(TGC)n 

  

   2 (1.21%)   

    (AAC)n or (ACA)n or (CAA)n 
or (GTT)n or (TTG)n or 
(TGT)n 

  

   4 (2.41%)   

    (AGG)n or (GAG)n or (GGA)n 
or (CCT)n or (CTC)n or 
(TCC)n 

  

   1 (0.6%)   

    (CCA)n or (CAC)n or (ACC)n 
or (TGG)n or (GTG)n or 
(GGT)n 

  

Range of Repeats (n) 6 - 20 6 - 21 4 - 10 
Total sequences 20,923     
Identifieda 167     
Perfectb 166     
Compoundb 1         

a 167 unique SSRs were identified; duplicated SSRs were not included. 
b Classification of microsatellite motif as described by Gupta (1996).  
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Table 6. Characterization of a microsatellite loci library for Fusarium sporotrichioides 

 Class of repeata  

  Dinucleotide Trinucleotide          Tetranucleotide 
Number of microsatellites 477 (40.35%) 219 (18.53%) 486   (41.12%)    various 

Motif 112 (9.48%) 14 (1.18%)   

  (AC)n or (CA)n or 
(GT)n or (TG)n 

 (ACG)n or (CGA)n or (GAC)n 
or (CGT)n (GTC)n or (TCG)n 

  

 189 (15.99%) 45 (3.81%)   

  (AG)n or (GA)n or 
(CT)n or (TC)n 

 (ATG)n or (TGA)n or (GAT)n or 
(CAT)n or (ATC)n or (TCA)n 

  

 133 (11.25%) 44 (3.72%)   

  (AT)n or (TA)n  (AAG)n or (AGA)n or (GAA)n or 
(CTT)n or (TTC)n or (TCT)n 

  

 43 (3.64%) 9 (0.76%)   

  (CG)n or (GC)n  (AGT)n or (GTA)n or (TAG)n or 
(ACT)n or (CTA)n or (TAC)n 

  

   10 (8.5%)   

    (AAT)n or (ATA)n or (TAA)n or 
(ATT)n or (TTA)n or (TAT)n 

  

   13 (1.10%)   

    (GGC)n or (GCG)n or (CGG)n 
or (GCC)n or (CCG)n or 
(CGC)n 

  

   26 (2.20%)   

    (AGC)n or (GCA)n or (CAG)n 
or (GCT)n or (CTG)n or 
(TGC)n 

  



www.manaraa.com

 

 
 

114 

Table 6. Continued 

 Class of repeata  

     Dinucleotide             Trinucleotide Tetranucleotide 
   29 (2.45%)   

    (AAC)n or (ACA)n or (CAA)n or 
(GTT)n or (TTG)n or (TGT)n 

  

Number of microsatellites   18 (1.52%)   

Motif    (AGG)n or (GAG)n or (GGA)n or 
(CCT)n or (CTC)n or (TCC)n 

  

   11 (0.93%)   

    (CCA)n or (CAC)n or (ACC)n or 
(TGG)n or (GTG)n or (GGT)n 

  

Range of Repeats (n) 6 - 20 6 - 20 4 - 13 
Total sequences 196      
Identifieda 1,217      
Perfectb 1,182      
Compoundb 35           

a Classification of microsatellite motif as described by Gupta (1996). 
b 1,182 unique SSRs were identified; duplicated SSRs were not included.  
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Table 7. Fusarium graminearum microsatellite loci amplification analysis 

Populationa Number of 

individuals (N) 

Number of multilocus 

genotypes (MLG) 

Thompson’s 

diversity index (H) 

Expected haploid 

diversity (Hexp) 
rbard 

1 29 29 3.37 0.67 0.10 NS 
a Values are based on characterization of 30 isolates of F. graminearum. 

 

 

Table 8. Fusarium oxysporum microsatellite loci amplification analysis 

Populationa Number of 

individuals (N) 

Number of multilocus 

genotypes (MLG) 

Thompson’s 

diversity index (H) 

Expected haploid 

diversity (Hexp) 
rbard 

1 24 24 3.18 0.62 0.05 * 
a Values are based on characterization of 28 isolates of F. oxysporum. 

 

 

Table 9. Fusarium sporotrichioides microsatellite loci amplification analysis 

Populationa Number of 

individuals (N) 

Number of multilocus 

genotypes (MLG) 

Thompson’s 

diversity index (H) 

Expected haploid 

diversity (Hexp) 
rbard 

1 14 14 2.64 0.57 0.06 NS 

a Values are based on characterization of 14 isolates of F. sporotrichioides. 
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Table 10.  Characterization of microsatellite loci developed from Fusarium equiseti 

 
SSR ID/Locus 

 
Motif 

 
Lab ID 

 
Primer sequences (5'-3') 

Allele size 
range 
(bp)a 

Number 
of 

alleles 

 
GenBank Accession 

No. 

80755_ssr88 (CA)6 Fe001 F: GTCACGCTGATTTGGAGTTCC 128 - 138 5 MG751108 

   R: ACAGTTGAAGTTGAGTTGGGC    

102416_ssr193 (GT)6 Fe002 F: GTTGTATGTGCGGTTGTGAGG 175 - 177 1 MG751109 

   R: AGAGTCATCGGACAAGACTGC    

64739_ssr42 (CA)6 Fe003 F: ACCACTCACTAACGATTCAATTCG 201 - 202 1 MG751110 

   R: AACAGTTGCGACAGTTTCAGC    

16589_ssr120 (TG)6 Fe004 F: TCACACGTACTAGCCAACAGC 315 - 317 1 MG751111 

   R: CTCGGCGAGAAGATTTCATGC    

57389_ssr96 (GT)6 Fe005 F: ATGCTACTGATGTGAGCTGCC 149 - 153 2 MG751112 

   R: GTTTCGAAACTCAGCGTTTGC    

35477_ssr28810 (GC)6 Fe006 F: CCTTCACCTACGACTACGAGC 110 - 111 1 MG751113 

   R: CATTCGATCTTCTCCATGCGC    

60702_ssr109 (TG)6 Fe008 F: CCACTTTCTCGCTCTCACTCC 202 - 204 2 MG751115 

   R: CTCGTCTTTGCCAATCTTCGC    

44818_ssr35 (GT)7 Fe009 F: TGACTAGAGGATAAGATAAGACGC 333 - 342 6 MG751116 

   R: TCTTAACGTGGACACACCTGG    

83722_ssr662 (GC)6 Fe010 F: TGCCCTTATCGAAGAAGGTCG 222 1 MG751117 

   R: TAAAGACAACGCCACACTTGC    
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Table 10. Continued 

 
SSR ID/Locus 

 
Motif 

 
Lab 
ID 

 
Primer sequences (5'-3') 

Allele 
size 

range 
(bp)a 

Numb
er of 

alleles 

 
GenBank Accession 

No. 

73062_ssr652 (GC)6 Fe011 F: ACGGCTTCGGAGATCAATTCG 457 1 MG751118 

   R: ATGTCAACTTCAACACCGTGC    

6490_ssr260 (CA)6 Fe012 F: GATCAATCAGTTCGTGGTGGC 100  1 MG751119 

   R: CAATGGCGGAATCTTGCAGG    
 

50895_ssr46 (TC)6 Fe013 F: TTACTGGTTCACTTTATGAGGG 136 - 137 1 MG751120 

   R: CACTTTATCCTTCAGCGCTCG    

85455_ssr87 (GT)6 Fe015 F: AGTAACAGTGACAGGGCACG 200 1 MG751122 

   R: GTTGTGCCCTGTGTGTAAAGC    

108464_ssr136 (CCA)6 Fe016 F: ACGATGACGACGATGAAGAGG 103 1 MG751114 

   R: TGCTGGCCAGTGCACTTTCC    

a Range is based on six isolates of F. equiseti. 
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Table 11.  Characterization of microsatellite loci developed from Fusarium graminearum 

 
SSR ID/Locus 

 
Motif 

 
Lab ID 

 
Primer sequences (5’-3’) 

Allele size 
range 
(bp)a 

Number 
of 

alleles 

 
GenBank Accession No. 

126678_ssr468 (TG)6 Fg008 F: GGGTGTCACAACGATTTCAGC 472 – 491 6 MG751123 

   R: AATCAACTGAACCACACTGCG    

51570_ssr33 (TG)6 Fg011 F: AATACACCGTCACTCTGTCC 183 – 395 5 b 

   R: CCTTATCCCTCCACAGCATCC    

25706_ssr50835 (GA)7 Fg012 F: GAAATGGCATCCCTCAAGTGC 233 – 390 7 MG751124 

   R: AGTCCATCCATTCATCCAGCC    

8080_ssr150 (CA)6 Fg013 F: TTCCCACTGTATTTCGGTCGG 293 – 412 8 MG751125 

   R: CAGTAGTCATGTACGGCGACC    

109690_ssr181 (AG)8 Fg014 F: ACTCTCTGGAAACACTAGCCG 216 – 231 7 MG751126 

   R: TGATGCTCATCTCCACACTGG    

115947_ssr948 (AG)6 Fg015 F: GTAACCTCGAAGTAGGTGAGC 312 – 337 7 MG751127 

   R: AGGCTTAGTGTAAATCAACGG    

63114_ssr646 (AAG)6 Fg017 F: AACTCTGGTGAATGGTGGTCG 227 – 260 7 MG751128 

   R: AATTGCATCAACCGGAAGTGC    

137751_ssr513 (GCA)6 Fg026 F: AGCACTGGAAGGTTGATCAGG 249 – 261 4 MG751129 

   R: CACTGTCGCCAGCTAATTACC    

68771_ssr230 (AAG)6 Fg033 F: AGTCTAAACAAGTAGTCGAGCGG 110 – 173 4 MG751130 

   R: GTAAGCGGTTTGAGAGAAGGC    
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Table 11. Continued 

 
SSR ID/Locus 

 
Motif 

 
Lab ID 

 
Primer sequences (5’-3’) 

Allele size 
range (bp)a 

Number 
of alleles 

 
GenBank Accession No. 

125455_ssr245 (ACA)6 Fg034 F: TCACTGTTCACCATCACCACC 217 – 286 2 MG751131 

   R: CTACTTGCGTTGTTCTTGGCG    

95632_ssr69 (AAT)6 Fg035 F: TGACTGATATGGGAGTGAAAGC 121 – 127 2 MG751132 

   R: TGTTACATGAATTGGGCAGGC    

85967_ssr182 (ACC)6 Fg036 F: ATGATGAATGGTAGGGCGAGG 162 – 167 3 MG751133 

   R: GCCTCATCGAGAAGAACCAGG    

6187_ssr58  (ACG)6 Fg037 F: AGATGACTGGGAGCACAATGG 99 – 105 2 MG751134 

   R: TGCCAGAATGATGATCGATGG    

51450_ssr173 (AGG)7 Fg041 F: GTGGTAGTGGTCAGAAGTGGG 119 – 122 2 MG751135 

   R: CGATATCAGCCACAGAGGTCC    

120532_ssr92 (ACT)6 Fg043 F: AAGGTGGAAAGTGGGTGTAGG 113 – 325 5 MG751136 

   R: GCTGTTGGATCAATCTGCACC    

124551_ssr42 (AG)6 Fg047 F: AGACTAACAATGACAAAGCAGG 100 – 111 6 MG751137 

   R: AGAATCTTTGTTGTCGATGGCC    

44663_ssr45 (GT)8 Fg052 F: GTCTATTTGTGCTGGTGCTGG 173 – 190 3 MG751138 

   R: TTCCTTGCCTGACTGTCATCC    

118230_ssr158 (TG)6 Fg056 F: ACTAGACAAAGGTGCTGAGCG 113 – 247 4 MG751139 

   R: CCATTGTTACCTGCTGCTGC    
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Table 11. Continued 

 
SSR ID/Locus 

 
Motif 

 
Lab ID 

 
Primer sequences (5’-3’) 

Allele size 
range 
(bp)a 

Number 
of alleles 

 
GenBank Accession No. 

105063_ssr581 (TG)6 Fg057 F: CAGAGAAGCAGCAAAGTGAGC 185 – 190 3 MG751140 

   R: GGCAGCAGTGACATGTTACC    

60310_ssr87 (TG)6 Fg059 F: AAGGGAGTGGGAGTGACTGAGG 137 – 139 2 b 

   R: AATGAGATCAAGTGTGTGCGC    

a Range is based on 30 isolates of F. graminearum. 

b awaiting accession numbers  
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Table 12. Characterization of 30 microsatellite loci developed from F. oxysporum 

 
SSR ID/Locusa 

 
  Motif 

 
Lab ID 

 
Primer sequences (5'-3') 

Allele 
size 

range 
(bp)a 

 
Number of 

alleles 

 
 

GenBank Accession No. 

20469_ssr24452 (GC)6 Fo001 F: TATTGCACCAGCGTGTCTTCG 115 1 MG751158 

   R: GACCTGTATTTCCGCATTGCC    

8125_ssr25189 (GC)6 Fo005 F: CCGAGATCTATTCGGTGGACG 315 - 320 3 MG751161 

   R: TTTCGGACTCAATCACCTCGC    

5262_ssr128 (AG)6 Fo006 F: AGAACAGGTACTCAATGGCCC 233 - 263 6 MG751162 

   R: AAAGGCAGCCGAGAGATATGG    

21652_ssr55814 (GC)6 Fo008 F: GTCTTCTCGGTACTGGATGCG 236 - 300 6 MG751163 

   R: AGGGCATCGACGTGTATTTCG    

6619_ssr6366 (GC)6 Fo010 F: GGACAGATCTTTCGGTGGAGG 340 - 344 5 MG751164 

   R: TAGTGCATCGAGAAGCCATCG    

14016_ssr786 (CG)6 Fo012 F: GGTCCGTATCCATTAGCTCCG 352 - 358 3 MG751165 

   R: GCCAAAGATGACAATGACGGG    

17082_ssr124626 (GC)6 Fo013 F: GGTCATTGTCGTGGTTCTGGG 242 - 254 6 MG751166 

   R: GAACGGCGTTCTTCATCATCG    

14159_ssr19216 (CG)6 Fo014 F: CTCTCATGCTGATGCTGACCG 299 - 305 7 MG751167 

   R: GAGATCGATACCCATGACGCG    

17707_ssr74 (TGC)7 Fo017 F: ATAAGACCAGCTGATCTCACG 86 - 107 5 MG751168 

   R: GAGCAGAACATCAATAGCGGC    
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Table 12. Continued 

 
SSR ID/Locusa 

 
  Motif 

 
Lab ID 

 
Primer sequences (5'-3') 

Allele 
size 

range 
(bp)a 

 
Number of 

alleles 

 
 

GenBank Accession No. 

21937_ssr917 (TCA)8 Fo019 F: CGTCCTCTATGATCCCAACCG 318 - 329 5 MG751169 

   R: GATGCAGCCGTGTTAATGTCG    

3266_ssr560 (AAC)8 Fo021 F: AACTATGGTGCCCGTCAATCC 330 - 353 7 MG751170 

   R: AGGAACCTCATGACCAGAAGC    

13139_ssr93 (AGC)6 Fo024 F: CAGCACGAACTATTAACGGCG 173 - 186 4 MG751171 

   R: CTATCGATTCCCAGCTCCTCC    

20656_ssr631 (TGC)7 Fo025 F: AGACATGGGCTGAGAACATCC 345 - 360 3 MG751172 

   R: TACCCGAATTGACCGATCTCG    

a Range is based on 24 isolates of F. oxysporum. 
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Table 13. Characteristics of 30 microsatellite loci developed from F. sporotrichioides and transferability to related species 

 
SSR ID/Locusa 

 
Motif 

 
Lab ID 

 
Primer Sequences (5'-3') 

Allele size 
range 
(bp)a 

 
Number of 

alleles 

 
GenBank 

Accession No. 

15946_ssr620 (CT)10 Fr001 F: CGAATCTCACGGTACTCCTCC 340 - 349 3 MG751143 

   R: GGTACTCTGTACGTACTGCGG    

8975_ssr76719 (AT)11 Fr002 F: TCTCACCGACAACAAGAACCC 298 - 316 5 MG751144 

  Fr002 R: CCAACGGTGAATACTCCTCCC    

8797_ssr21260 (CT)7 Fr003 F: GCAGTCGAGATAGAGCTACGG 129 - 246 5 MG751145 

  Fr003 R: ACAACCATGACATCGAGACCC    

5186_ssr56752 (CA)11 Fr004 F: GTATATGGCGACTCCGAGTGG 381 - 389 3 MG751146 

   R: TCTGATCTTCAAGTCCGTCCG    

14709_ssr38221 (TG)6 Fr005 F: CAACCTGTTTCACCTCAGTGC 254 - 256 2 MG751147 

   R: GTTCAACACAAGACACGAGGC    

9894_ssr2726 (TG)8 Fr011 F: TGAAGTGAAGTGAGAGGCTGC 0 4 MG751152 

   R: GACCCTTAGCTCATCCATCCG    

18060_ssr8144 (TA)6 Fr012 F: ACTTAGGGTATATAGCAGTAGCCC 0 5 MG751153 

   R: ATAGGATATTGAGCCCGACCC    

8975_ssr73658 (CT)9 Fr013 F: AAACGACCCGTACATCTTCGG 360 - 366 3 MG751154 

   R: GAGGAGGGCATCATTACCAGG    

13559_ssr48129 (GA)10 Fr014 F: CGTAGCACTTGCCATTATGCC 235 - 330 5 MG751155 

   R: ATTGACGTCAACATTGGTCGC    
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Table 13. Continued 

 
SSR ID/Locusa 

 
Motif 

 
Lab ID 

 
Primer Sequences (5'-3') 

Allele size 
range 

(bp)a 

 
Number of 

alleles 

 
GenBank 

Accession No. 

17172_ssr3508 (GAA)8 Fr015 F: TGACGTCAAATGTGAGGGAGG 200 - 222 5 MG751156 

   R: CACCTCACTTCACCTCAGACC    

23251_ssr61642 (TTA)7 Fr016 F: CTGGATGAGATTTGGAACGGC 356 - 358 2 MG751157 

   R: AAGAAGCTCCAAACCGATCCC    

a Range is based on 14 isolates of F. sporotrichioides. 
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Table 14. Summary of PCR amplification of designed microsatellite loci across four Fusarium species 

 
Species 

 
Number of fungal 

isolates (n) 

Number of 
loci 

designed 

 
Number of loci 
that amplified 

 
Number of 

polymorphic loci 

Number of loci used 
for cross 

amplification 

F. equiseti 6 30 28 *sample too small 0 

F. graminearum 28 60 25 19 12 

F. oxysporum 24 30 29 14 9 

F. sporotrichioides 14a 30 30 14 12 

a Two isolates were collected from diseased cornelian cherry leaves and twelve were from switchgrass seeds. 
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Table 15. Cross amplification of microsatelite loci from Fusarium graminearum derived primers to isolates of other Fusarium species 

 Primera 
 Fg033 Fg034 Fg035 Fg036 Fg037 Fg041 Fg043 Fg047 Fg052 Fg056 Fg057 Fg059 

Species/ isolate Amplicon sizeb 
Fusarium oxysporum            

ACNR140 - - - - - - - - - - - - 
ACNR128 174 103 165 - 123 123 142 99 187 242 - 138 
ACNR138 - - - - - - - - - 196 - - 
ACNR139 - - - 265 - - - - - 110 - - 
ACNR141 127 103 116 265 123 119 133 99 185 116 - 137 
ACNR176 - - - 261 - - 133 - - 107 - - 
ACNR178 - 103 165 - 123 119 139 101 186 116 - 138 
ACNR184 - - - - - - - - - - - - 
MilanO 174 - 169 - - - - - - 110 - 138 
TBW41 174 103 169 - - 215 - - 189 259 - - 
CBW11 174 121 169 - - 215 - - - 107 - - 
ECNR140 - 103 116 261 123 116 132 98 185 116 - 135 
RSA3 - - 114 261 - - 109 - 179 - - 136 
RSA4 174 103 169 261 123 119 139 - 187 125 - - 
RSA5 127 103 116 261 123 119 139 101 186 116 - 136 
RSA43 - 103 116 166 123 119 133 101 186 116 - 136 
RSA51 174 103 169 310 - - - - - 102 - - 
JC3 174 103 169 166 - - - - - 108 - - 
JC4 176 - 174 - - - - - - 96 - - 
JC6 174 - - - - - - - - - - - 
JC11 - - - 122 - - - - - - - - 
JC12 174 - 169 - - - - 109 - - - - 
JC71 - - - - - - - 142 - - - - 
JC151 - - - - - - - - - - - - 
             



www.manaraa.com

 

 
 

127 

Table 15. Continued 

 Primera 

 F Fg033 Fg034 Fg035 Fg036 Fg037 Fg041 Fg043 Fg047 Fg052 Fg056 Fg057 Fg059 

Species/ isolate Amplicon sizeb 
Fusarium 
sporotrichioides            

AK104 - 99 123 116 104 - 106 104 - - 101 104 
CR 111 - - 108 167 - - - 190 - - - 
CW - - - - - - 156 - - 187 - - 
RSA90 137 - - 165 186 121 124 265 122 - 101 - 
RSA91 131 99 186 116 184 121 115 265 122 164 101 132 
RSA95 - - 186 120 - - - - - 164 - - 
RSA96 137 99 186 116 187 121 115 265 122 164 101 139 
RSA100 137 99 186 116 184 121 115 265 122 188 101 - 
RSA101 131 99 186 116 184 121 115 265 122 164 101 137 
RSA117 106 - - 108 - - 171 - - - 110 - 
RSBW49 173 102 169 265 - - 171 188 - 107 110 - 
JC1 - - - - - - 112 127 - - - 137 
SK228 - - 131 111 - - - - - 187 - - 
SK230 - 99 - - - - 109 - - 187 - - 
Fusarium graminearum            

AK60 173 - - - - - 319 111 - 247 188 - 
CA12 - 286 - - 102 - - 104 183 119 188 137 
CCNR127 117 - - 167 - 119 142 102 190 119 188 137 
ECNR39 - 268 121 - 102 - 319 100 - 113 - 137 
ECNR93 - - - - - - 319 102 190 119 188 137 
ECNR109 110 268 121 - 99 - 319 - - 113 - - 
ECNR120 117 - - - - - 319 100 190 119 - - 
ECNR127 173 - - - - - 319 110 - 233 - - 
ECNR130 173 217 - - 105 - - 100 - 113 - 139 
ECNR131 173 - - - - - - 110 - 247 - - 
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Table 15. Continued 
 Primera 
 Fg033 Fg034 Fg035 Fg036 Fg037 Fg041 Fg043 Fg047 Fg052 Fg056 Fg057 Fg059 
 Amplicon sizeb 
ECNR136 173 256 - - 102 - 319 102 190 233 185 - 
ECNR139 - 256 - - 102 - - 100 190 233 - - 
EA61 - 286 121 167 99 - 133 102 190 - 188 137 
EA64 - - - - - - - - - - - - 
EA67 - 268 121 - 102 - 139 102 - 119 - - 
JC140 126 268 127 167 102 - 325 102 183 119 188 - 
JC144 117 268 127 167 105 12 142 104 190 119 190 139 
JC148 117 268 121 167 102 119 139 100 190 119 188 137 
MilanG 117 268 127 167 105 122 142 105 190 119 188 139 
RSA4 117 - - 162 - 122 142 105 190 119 188 139 
RSA87 110 - - - - - - 102 - - - - 
RSA89 110 268 - - - - - - - - - - 
RSBW36 - - - - - - 325 - - 233 - - 
RSBW52 117 268 121 167 105 - 133 100 183 119 185 139 
RSBW56 - - - - 105 - - 102 - - - 137 
RSBW63 - - - - 102 - 319 - - 113 - - 
TBW16 117 268 121 167 102 119 133 102 190 119 188 137 
TBW17 117 - 121 167 99 - 319 100 - 119 188 137 
TBW39 - - 121 167 102 - 319 100 173 119 188 137 
WA4 - - - - - - - 104 - - - - 

a Primer codes located in Table 11. 
b Numbers equal amplicon size in base pairs; (-) indicates no amplification. 
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Table 16. Cross amplification of loci from Fusarium oxysporum derived primers to isolates of other Fusarium species 

 Primera 

 Fo001 Fo005 Fo006 Fo008 Fo012 Fo017 Fo019 Fo021 Fo024 Fo025 

Species/ isolate    Amplicon sizeb     

Fusarium oxysporum          
ACNR128 153 314 233 287 352 93 329 345 184 357 
ACNR138 153 316 233 295 352 93 326 345 184 357 
ACNR139 153 318 261 287 352 86 329 330 173 345 
ACNR140 153 316 261 287 352 86 329 330 173 345 
ACNR141 153 318 - 287 352 86 329 330 173 - 
ACNR176 153 316 237 290 352 102 326 348 182 357 
ACNR178 153 316 235 287 352 102 326 348 182 357 
ACNR184 153 - 237 298 352 102 326 348 184 357 
MilanO 153 320 235 236 355 107 - 339 184 360 
TBW41 153 318 235 298 352 105 320 336 184 357 
CBW11 153 316 235 298 352 105 318 336 184 357 
ECNR140 153 314 249 295 352 105 - 336 - 345 
RSA3 153 314 237 295 352 86 - 336 173 345 
RSA4 153 314 263 295 352 86 323 330 173 345 
RSA5 153 314 261 295 352 86 - 330 173 345 
RSA43 153 314 235 295 352 105 318 336 182 357 
RSA51 - 314 237 295 352 105 318 336 184 357 
JC3 153 316 233 298 352 102 323 339 182 357 
JC4 153 318 235 298 352 105 320 336 184 357 
JC6 153 320 - 298 358 - - 353 186 357 
JC11 153 - 237 290 355 102 329 341 182 357 
JC12 153 316 235 298 352 102 326 339 182 357 
JC71 153 316 235 298 352 105 320 336 - 357 
JC151 153 314 235 300 352 102 326 348 182 360 
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Table 16. Continued 
Primera 

 Fo001 Fo005 Fo006 Fo008 Fo012 Fo017 Fo019 Fo021 Fo024 Fo025 
Species/ isolate Amplicon sizeb 

Fusarium sporotrichioides          
AK104 - - - - - - - - - - 
CR - - - - - - - - - - 
CW - - - - - - - - - - 
RSA90 153 - - - - - - - - - 
RSA91 153 - - - - - - - - - 
RSA95 - - - - - - 323 - 269 361 
RSA96 153 - - - - - - - - - 
RSA100 153 - - - - - 323 339 184 361 
RSA101 153 - - - - - - 339 184 361 
RSA117 - - - - - - - - - - 
RSBW49 153 - - - - - - - - - 
JC1 - - - - - - - 339 186 361 
SK228 - - - - - - - - - - 
SK230 - 319 - 293 - - - - - - 
Fusarium graminearum          
AK60 153 318 237 291 256 - - 354 - - 
CA12 153 320 237 291 358 122 - - 194 - 
CCNR127 153 318 236 290 356 122 - - 194 364 
ECNR39 - - - - - - - - - 374 
ECNR93 153 318 - 291 - - - - - - 
ECNR109 - 320 - 293 - - - - - - 
ECNR120 153 318 236 290 356 119 330 - 194 - 
ECNR127 153 318 236 291 356 122 330 341 194 - 
ECNR130 153 318 237 291 356 122 - - - - 
ECNR131 153 318 - 297 - 104 - - - - 
ECNR136 153 318 236 290 356 - - - - - 
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Table 16. Continued 
Primera 

 Fo001 Fo005 Fo006 Fo008 Fo012 Fo017 Fo019 Fo021 Fo024 Fo025 

Species/ isolate Amplicon sizeb 

ECNR139 153 318 237 290 - - - - - - 
EA61 153 318 - 291 - - - - - - 
EA64 153 322 - 291 - 119 - - - - 
EA67 153 318 236 290 - 119 337 - - - 
JC140 153 320 - 291 - - - - - - 
JC144 156 322 - 293 - - - - - - 
JC148 153 318 237 291 358 116 330 - - - 
MilanG 156 322 239 293 359 122 - - 199 368 
RSA4 156 322 - 293 359 119 - 347 189 368 
RSA87 156 322 - 293 - 155 - - - 352 
RSA89 154 320 - 293 371 162 - - - 350 
RSBW36 - 322 - 291 358 122 - - 196 364 
RSBW52 152 218 - 291 356 122 - - - - 
RSBW56 153 218 - 291 - - - - - 374 
RSBW63 153 320 293 - - - - - - - 
TBW16 153 320 236 290 356 122 - - 194 - 
TBW17 153 218 - 291 - - - - - - 
TBW39 153 218 236 291 356 122 - - - 374 
WA4 154 320 239 291 - 122 - - - - 

a Primer codes located in Tables 12. 
b Numbers equal amplicon size in base pairs; (-) indicates no amplification. 
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Table 17. Cross amplification of loci from Fusarium sporotrichioides derived primers to isolates of other Fusarium species 

 Primera 

 Fr001 Fr002 Fr003 Fr004 Fr005 Fr006 Fr007 Fr009 Fr013 Fr014 Fr015 Fr016 

Species/ isolate Amplicon sizeb 

Fusarium oxysporum            
ACNR140 203 - - - - 359 - - - - 218 - 
ACNR128 - - - - - - - 248 364 256 -  
ACNR138 344 303 136 387 261 - 314 - 256 365 268 328 
ACNR139 - - 136 388 261 - - - - - 328 - 
ACNR141 344 - - - 261 - - - 206 - - - 
ACNR176 - - - - - - - - 290 364 - - 
ACNR178 185 - 136 - 261 - - - 249 362 - 328 
ACNR184 - - - - - - - - - - 251 - 
MilanO 344 301 137 388 261 - 315 - 249 362 - 328 
TBW41 - - 137 387 288 - 315 - 248 364 - - 
CBW11 - - - - - - - - 248 - - - 
ECNR140 - - - 388 - - - - 248 - - - 
RSA3 349 - - - - - - - 260 - 267 - 
RSA4 - - - - - - - - 247 - - 328 
RSA5 - - 136 386 - - 314 - 248 364 207 328 
RSA43 345 301 136 386 288 - 314 308 243 366 208 328 
RSA51 339 - - - - - - - 248 - - 328 
JC3 - 301 136 389 288 - 314 307 248 363 207 328 
JC4 - - 139 371 284 - - - 249 342 251 351 
JC6 - 300 - - 261 - - - 249 - 249 - 
JC11 - - -  - - 314 - - - - - 
JC12  - - - - - - - 248 - 248 - 
JC71 - - - - - - 219 - 249 352 - 184 
JC151 - - - - - - - - - - - - 
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Table 17. Continued 
 Primera 
 Fr001 Fr002 Fr003 Fr004 Fr005 Fr006 Fr007 Fr009 Fr013 Fr014 Fr015 Fr016 

Species/ isolate Amplicon sizeb 
Fusarium sporotrichioides 

AK104 340 308 - - - 362 - - - 303 - - 
CR  298 129 381 256 353 314 - - 308 200 356 
CW 346 303 138 389 - 361 320 313 362 325 222 358 
RSA90 346 308 138 387 254 - 320 313 362 325 209 358 
RSA91 346 308 - 387 254 - 320 311 360 327 209 358 
RSA95 346 314 138 387 254 361 - 311 362 327 209 258 
RSA96 346 316 138 387 254 361 320 314 360 327 207 358 
RSA100 346 303 138 387 256 - 320 313 362 325 209 358 
RSA101 346 303 146 387 254 - - 314 366 327 209 358 
RSA117 346 316 138 387 254 361 320 314 360 327 207 358 
RSBW49 349 308 138 387 254 361 320 313 360 327 209 358 
JC1 340 303 138 387 - 362 321 313 360 327 209 358 
SK228 340 308 - - - 362 - - - 330 - - 
SK230 340 303 141 381 - - - - 366 325 209 - 
Fusarium 
graminearum             

AK60 - 242 - - 255 359 318 308 359 344 - - 
CA12 - 132 386 242 351 332 - - - - - 
CCNR127 - - 132 385 241 359 - 305 356 - - - 
ECNR39 372 - 136 221 243 - - - - - - - 
ECNR93 - 360 135 363 243 235 360 - - 342 - - 
ECNR109 - - 135 362 243 351 - 340 - - 163 254 
ECNR120 - - 148 - 244 - - - - - - - 
ECNR127 - - 136 363 245 - 360 - - 343 - - 
ECNR130 - 380 135 363 243 - - - - - - - 
ECNR131 - - 136 363 243 - - - 358 - - - 



www.manaraa.com

 

 
 

134 

 
Table 17. Continued 
 Primera 
 Fr001 Fr002 Fr003 Fr004 Fr005 Fr006 Fr007 Fr009 Fr013 Fr014 Fr015 Fr016 
Species/ isolate  Amplicon sizeb 

ECNR136 - - - - - - 358 - - - - - 
ECNR139 - - 149 - 244 - - - - - - 254 
EA61 - - 132 - - - 310 - - 359 - - 
EA64 - - - - - - - - - 360 - 254- 
EA67 374 - 132 - 242 350 - - - - - - 
JC140 - - 134 386 - 352 - - - - - - 
JC144 - 316 139 386 256 362 320 315 362 - 216 - 
JC148 358 - 133 386 243 - - - - - - - 
MilanG 348 310 139 387 256 361 320 315 362 330 - - 
RSA4 - - 134 387 243 - 332 - 254 - - - 
RSA87 352 308 139 386 256 361 320 315 - - - - 
RSA89 250 307 138 384 255 359 320 312 264 - 219 - 
RSBW36 - - - - - - 325 306 357 - 218 226 
RSBW52 374 - 135 362 243 350 - - - - 163 - 
RSBW56 374 - 144 - 255 235 - - 357 - 218 - 
RSBW63 - - 149 - 255 - - - -358 - 219 - 
TBW16 117 268 121 167 102 119 133 102 190 119 188 137 
TBW17 117 - 121 167 99 - 319 100 - 119 188 137 
TBW39 - - 121 167 102 - 319 100 173 119 188 137 
WA4 - - - - - - -  - - - - 

a Primer codes located in Table 13. 

b Numbers equal amplicon size in base pairs; (-) indicates no amplification 
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Cornelian Cherry as a Potential Specialty Crop in Eastern Tennessee 

Abstract 

In 2016, trees of cornelian cherry, ‘Aurea’, ‘Golden Glory’, ‘Pioneer’, ‘Sunrise’, 

‘Variegated’, and ‘Yellow Fruit’ were planted at The University of Tennessee Forest 

Resources AgResearch and Education Center in Oak Ridge, TN. ‘Pioneer’, ‘Red Dawn’, 

‘Red Stone’, ‘Sunrise’, ‘Variegated’, and ‘Yellow Fruit’ were planted at The University of 

Tennessee Plateau Research and Education Center in Crossville, TN. Trees were 

planted in a random block design, 13 ft apart, using a 24-in auger. In April 2017, trees 

were planted to replace those that did not survive through the 2016 growing season. At 

the Oak Ridge site, three ‘Aurea’, three ‘Pioneer’, one ‘Sunrise’, and all six ‘Variegated’ 

trees were replaced. All the original trees planted at the Crossville location survived the 

2016 and 2017 growing seasons. Six additional trees of ‘Elegant’ were added to both 

sites in April 2017. For each site, height, trunk diameter, and percent survival of trees 

were calculated for the 2016 and 2017 growing seasons. Following the 2016 growing 

season, none of the ‘Variegated’ trees survived at the Oak Ridge site due to full sun 

exposure, high temperatures, small tree size, high wind, and insufficient water. Insect 

pests included mites, scales, thrips, and lepidopteran insects, which have potential to 

cause significant damage in large numbers on small trees specifically in a greenhouse 

setting. Beneficial arachnid species, predatory beetles, mantis, and various pollinators 

were observed on the trees in the field. Twenty unique fungi were isolated from leaves 

with disease symptoms. The fungi were grown in pure culture and screened for 

pathogenicity in a detached leaf assay. Six fungi caused symptoms on detached leaves, 

however, only two fungi caused disease in both the screening assay and whole plant 
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assay. Koch’s postulates were completed for those two fungi: Botrytis cinerea and 

Fusarium sporotrichioides, which confirmed that they are pathogens on cornelian cherry 

dogwoods in east Tennessee. 

Research Objectives and Justifications 

 
This research had the following main objectives:  

Objective 1: Determine stem diameter, height, and survival rate of different cornelian 

cherry cultivars grown in Oak Ridge and Crossville, TN over a period of two years. 

Justification: Determining growth rate and survivability of cornelian cherry cultivars will 

provide growers with the information needed to determine if growing these trees in 

Tennessee is feasible for their crop management plan. 

Objective 2: Characterize and identify plant pathogens and pests of cornelian cherry 

dogwood isolated from saplings grown in eastern Tennessee, using classical 

morphology and molecular methods. Justification: Identification of cornelian cherry 

pathogens and pests is essential for disease and pest prevention and treatment of 

infected trees in order for growers to successfully produce this specialty crop. 

Introduction  

There are approximately 58 species of dogwood (Cornus) embodying a morphologically 

diverse group of predominantly woody trees and shrubs (XIANG, 2006). They are widely 

distributed throughout the temperate regions of the northern hemisphere, originating in 

eastern Asia, eastern and northwest North America, and the mountains of Central 

America, South America, and east Africa (AL-HATMI et al. 2017). Dogwoods are divided 
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by molecular data into two genera that diverged from a common ancestor. There is a 

blue- or white-fruited group containing the U.S. native northern swamp dogwood C. 

racemosa, and the red-fruited group containing the popular flowering dogwood (Cornus 

florida) and the European cornelian cherry dogwood (Cornus mas) (XIANG et al. 1996; 

XIANG et al. 1998; FAN AND XIANG 2001). 

Cornelian cherry dogwoods are native to Europe and Southwest Asia (MARKOVIC et al. 

2014). In the native range and areas of Serbia and Turkey, these trees are cultivated for 

their edible fruit, wood, and aesthetic value. Wild type plants develop from seedlings 

and these genotypes vary considerably in time to maturity, fruit size, color, shape, taste, 

and the nutrient value of fruits. The fruit generally contains a single seed, is oval to 

oblong, and is 10- to 20-mm long (MARKOVIC et al. 2014). Average fruit weight ranges 

from 5.0 to 8.0 g with the stone comprising 7.5 to 11.0% of the total fruit weight 

(KLIMENKO 2004). These trees can be found up to an altitude of 1300 m and grow best 

on medium-deep limestone soils. Cornelian cherry is tolerant of high levels of air 

pollution and varying levels of soil pH ranging from slightly acidic, to neutral, to alkaline. 

It grows on different soil types, from sandy to clay, and shallow soils. Many cornelian 

cherry dogwood cultivars are also drought-resistant. Cornelian cherry trees suitable for 

hedges, anti-erosion protection, and bonsai growth, and are an important pollination 

source because they bloom in early spring (DOKUPIL AND ŘEZNIČEK 2012).  

Cornelian cherries were historically gathered from bushes growing in nature. The wild 

type bushes bear irregular yields of small, dry fruits, especially in times of drought 

(KLIMENKO 2004). Cornelian cherry can be propagated using generative or vegetative 

methods (MARKOVIC et al. 2014). Generative propagation is difficult as the seeds have a 
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complex dormancy pattern. Germination occurs during the second or third spring after 

seed dispersal. The seeds must be separated from the pulp of the fruits because the 

pulp contains germination inhibitors. Stratification includes 12 to 20 weeks of warm and 

6 to 16 weeks of cold temperatures. Even after these temperature treatments, seed 

germination is only 50 to 60% (PIOTTO AND DI NOI 2003). Vegetative propagation is 

typically implemented by cuttings, sprouts, grafting, or tissue culture (KLIMENKO, 2004). 

The main technique used in the eastern hemisphere is budding, with a 90 to 98% 

success rate and propagation by offsets with a 85 to 90% success rate, followed by 

propagation of green grafts with a success rate of 75 to 78% (KLIMENKO 2004).  

Cornelian cherry dogwoods bear a determinate umbel with four expanded, nonpetaloid, 

involucral bracts (FENG et al. 2011). Cornelian cherry are open pollinated and self-

reproducing (BROWICZ 1986). Their genetic diversity has significant potential for use in 

breeding programs (ERCISLI 2004). With the recognition of cornelian cherry dogwood 

fruit as a potentially important food source, intensive research was started in the 1960s 

(RUDKOVSKY 1960; IMAMALIEV 1977). Cornelian cherry breeding programs began in 

Ukraine (KLIMENKO, 2004), Slovakia (BRINDZA, 2006), Turkey (PIRLAK et al. 2003), Czech 

Republic, Bulgaria, Poland, Austria, and Serbia (NINIC-TODOROVIC et al. 2005; BIJELIC et 

al. 2008a; BIJELIC et al. 2008b). In the Vojvodina Province, several attempts at 

Cornelian cherry selection were made at the Faculty of Agriculture in Novi Sad before 

the 1990s (KLIMENKO 2004). A new program of Cornelian cherry selection was started at 

the Department for Pomology, Viticulture, Horticulture and Landscape Architecture in 

2006. The objectives of this program were: to multiply the previously selected 

genotypes, identify new genotypes, and establish a collection and an experimental 
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Cornelian cherry orchard. The main collection of Cornelian cherry genotypes is located 

at the Hryshko National Botanical Gardens in Kiev, operated by the Ukrainian National 

Academy of Sciences. The collection contains 14 officially registered cultivars as well as 

numerous hybrids developed during the breeding and selection program (REIESTR 

SORTIV ROSLIN UKRAINY NA 2001; KLIMENKO 2004). Regular selection of the cornelian 

cherry, and research into natural populations, have resulted in establishment of various 

breeding programs (BIJELIC 2011; BRINDZA et al. 2009; BROWICH 1986; ERCICLI 2004; 

HOFMAN 1954; KLIMENKO 1990; KARADENIZ 2002; SIMMONS 1972; TYSKIEWICH 1977).  

There has been additional research in Europe and the U.S. on Cornelian cherry 

cultivation and on developing new cultivars (REICH 1996; KLIMENKO 2004). 

Plantings of Cornelian cherry trees are occurring at a small scale in the U.S. The 

Northwest ornamental industry uses it as a specialty tree in addition to other native and 

nonnative dogwood species, including flowering dogwood (Cornus florida) and Kousa 

dogwood (Cornus kousa). Cornelian cherry dogwoods bloom in the spring and produce 

moderate to large red, purple, or yellow drupes. The fruit can be eaten whole from the 

tree, and is used in food production including; jams, marmalades, wines, liqueurs, 

syrups, and soups (BEJILIC 2009; BEJILIC 2011). In Asian countries, the cornelian cherry 

is the main ingredient of herbal preparations used to treat diabetes (JIA et al. 2003; 

JAYAPRAKASAM et al. 2005). Bio-oils can be produced by hydrothermal processing of 

cornelian cherry stones (AKALIN et al. 2012). The wood is hard, dense, and used for 

various carpentry from tool handles, to furniture, and jewelry (CHATFIELD 2006). Wild 

trees grow in inaccessible landscapes, while domesticated cornelian cherry is found 

mainly in home gardens, and is extensively grown in mixed orchards in indigenous 
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areas (BEJILIC 2011). Cornelian cherry trees have many environmental benefits, which 

include an early pollination source, reduced erosion, improved water quality, wildlife 

habitat and forage, increased soil organic matter, and carbon sequestration. The 

cornelian cherry is valuable for its high potential for organic production, as it can be 

grown without chemical application and has good yield potential without special care 

(DEMIR AND KALYONCU 2003; CAKMAKCI AND TOSUN 2010).  

Although these trees are used for a broad range of commodities in Europe, the Middle 

East, and Asia, and are known to need little maintenance and are tolerant to most 

abiotic and biotic factors (MARKOVIC et al. 2014), additional research is needed to 

discover what pathogens cause negative results to this crop in the U.S. According to the 

USDA Fungal Database, 112 fungal isolates have been reported from cornelian cherry 

dogwoods worldwide (FARR AND ROSSMAN 2013). Of the reported isolates, only Monilia 

fructicola has been described on cornelian cherry dogwood in the U.S. The current 

study focuses on identification and confirmation of pathogenicity of two fungal 

pathogens isolated from Cornus mas in eastern Tennessee, Fusarium sporotrichioides 

and Botrytis cinerea. 

Materials and Methods 

Establishment of field plots  

Two fields of cornelian cherry dogwoods were planted in Tennessee. The first field was 

planted April 29, 2016 at the Tennessee Forest Resources AgResearch and Education 

Center in Oak Ridge, TN. Six ‘Aurea’, ‘Golden Glory’, ‘Pioneer’, ‘Sunrise’, ‘Variegated’, 

and ‘Yellow Fruit’ varieties were planted in a randomized block design for a total of 36 

saplings. Holes were drilled with a 24-in auger connected to a tractor, and trees were 



www.manaraa.com

 

 
 

141 

placed and covered by hand. This site did not have irrigation installed, but trees were 

hand watered using an electric pump attached to a Kawasaki four-wheel drive vehicle. 

The trees were mulched at the beginning of the growing season and toward the end of 

summer in both 2016 and 2017. Solar panel electric fencing was placed around the field 

to discourage browsing by wildlife. The second field was planted April 29, 2016 at The 

University of Tennessee Plateau Research and Education Center in Crossville, TN. Six 

‘Golden Glory’, ‘Pioneer’, ‘Red Dawn’, ‘Red Stone’, ‘Sunrise’, ‘Variegated’, and ‘Yellow 

Fruit’ varieties were planted in a random block design for a total of 36 saplings. Holes 

were drilled with a 24-in auger connected to a tractor and trees were placed and 

covered by hand. The Crossville site had irrigation using a pond water source, and 

weeds were controlled around the trees with herbicides, mechanical weed eaters, and 

mowers. In April 2017, six trees of ‘Elegant’ were added to each field. Three ‘Aurea’, 

three ‘Pioneer’, one ‘Sunrise’, and six ‘Variegated’ trees died in 2016 due to high 

temperatures, long periods of direct sunlight, high wind speeds, poor soil, and 

inadequate irrigation. The dead trees were replaced in April 2017. 

Arthropods 

During April to August in 2016 and 2017, trees were scouted for beneficial and pest 

arthropods. Insect and arachnid samples were collected, photographed, and identified 

to genus and species.  

Potential pathogen identification 

During the 2016 and 2017 growing seasons, trees were observed for disease 

symptoms. Leaves, stems, and buds exhibiting lesions and/or fungal mycelium were 

collected and plant tissues were surfaced sterilized in 50% bleach for 1 min, rinsed in 
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sterile water for 30 s, air-dried, and placed on water agar amended with 10 mg/liter 

rifampicin (Sigma-Aldrich, St. Louis, MO) and 8 mg fenpropathrin/liter (Danitol 2.4 EC, 

Valent Chemical, Walnut Creek, CA). Plates were incubated for 7 days at 24 ± 1°C. All 

sampled tissues developed fungal colonies. Blocks of agar (4-mm3) that contained the 

developing hyphae of each colony were transferred to potato dextrose agar (PDA) and 

carnation leaf agar (LESLIE AND SUMMERELL 2006) and incubated for 7 days at 24 ± 1°C. 

Pure cultures of each colony were developed from a single conidium. Conidia and other 

phenotypic structures were observed with microscopy to identify each colony to genus 

or species. Identification of each isolate was confirmed with molecular characterization 

of the Internal transcribed spacer region and the translation elongation factor 1α region. 

DNA was amplified with PCR and the PCR products were sequenced at The University 

of Tennessee Genomics Core. Sequences were aligned using Sequencher 5.4.6 

software (Gene Codes Corporation). Aligned sequences were entered into GenBank 

and Fusarium MLST nucleotide search databases.  

Detached leaf assays 

A screening tests for pathogenicity was conducted by placing 4-mm2 plugs of mycelial 

tissue from PDA onto two surface-sterilized cornelian cherry leaves (4 saplings x 8 

leaves/sapling = 28 leaves total). Negative controls were 4-mm2 plugs of sterile PDA on 

cornelian cherry leaves. Each repetition of inoculated cornelian cherry leaves was kept 

at 25 ± 1°C in Petri dishes with sterile filter paper wetted with sterile distilled water for 

moisture. Leaves were monitored for the onset of symptoms for 10 days. The test was 

conducted four times for each fungal colony. If lesions occurred during the screening 

assay, the fungal colony was tested in whole plant assays. 
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Whole plant assay 
 
Thirty-six cornelian cherry saplings of eight cultivars were grown in a greenhouse at The 

University of Tennessee. For each putative pathogen, four saplings were inoculated 

with a spore suspension (105 conidia/ml) and placed in a humidity chamber for 10 days 

at 70˚C. After the tenth day, the humidity chamber was removed, and leaves were 

monitored for symptoms for 10 additional days. Control pots of saplings were sprayed 

with distilled water. If the fungal colony caused disease symptoms, the pathogen was 

re-isolated from infected tissues, and identified (as described above) to be the same as 

the isolate used for inoculation, thus fulfilling Koch's postulates. 

Results 

Growth of cornelian cherry trees 

The mean height of cornelian cherry saplings planted in Oak Ridge, TN ranged from 

30.9 to 67.2 cm in 2016 and 48.3 to 109.2 cm in 2017 (Table 16). The mean stem 

diameter of the cornelian cherry saplings ranged from 4.63 to 6.57 mm. These values 

are based on measurements of six trees taken in August of each year. The mean height 

and diameter values for ‘Aurea’, ‘Pioneer’, and ‘Sunrise’ are based on the three trees 

that survived from the original 2016 spring planting. ‘Variegated’ saplings died after the 

August 2016 measurement date, thus the mean height and diameter values for 2016 

are based on the original six trees planted in April 2016. Values for mean height and 

diameter for ‘Variegated’ saplings for 2017 are based on a new set of six trees planted 

April 2017. A total of 13 of 36 (36%) trees died in 2016 and 2 of 42 (4.7%) trees died in 

2017. 
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Mean heights of cornelian cherry saplings planted in Crossville, TN ranged from 51.7 to 

137.2 cm in 2016, and 68.6 to 128.8 cm in 2017 (Table 17). Mean diameters of 

cornelian cherry stems ranged from 4.12 to 12.98 mm in 2016, and 7.23 to 18.38 mm in 

2017. These means are based on measurements of six trees taken in August of each 

year. For 2017, the mean height and stem diameter values for ‘Aurea’, ‘Pioneer’, and 

‘Sunrise’ are based on the three trees that survived from the original 2016 spring 

planting. All 36 trees planted in 2016 survived (100%) and 41 of 42 trees (98%) survived 

in 2017. The tree that was lost was missing from the field prior to the August 

measurement date. It may have been taken by wildlife or mowed during field 

maintenance. 

Arthropods associated with Cornus mas 

Four species of insects and four arachnid species were identified (Table 18). Many of 

the organisms found in the field were spiders and beneficial beetles; however, various 

lepidopterans were found foraging on the cornelian cherry dogwood leaves. In the 

greenhouse, where trees were held before planting, thrips spp., calico scale 

(Eulecanium cerasorum), and the two-spotted spider mite (Tetranychus urticae) caused 

significant damage to cornelian cherry sapling leaves, stems, and buds. Greenhouse 

pest insects were controlled mechanically by hand removal, high pressure water spray, 

and organic insecticidal soap. 

Fungi associated with Cornus mas 

Twenty unique fungal colonies were identified from isolations from diseased cornelian 

cherry leaves on trees in the field (Table 19). Many of the pathogens identified are 

known pathogens of other plant hosts and can significantly affect human and animal 
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health. Of the identified species, only six caused lesions on cornelian cherry leaves 

during initial screening (Alternaria alternata, Botrytis cinerea, Fusarium sporotrichioides, 

Mucor racemosus, Trichoderma citrinoviride, and Rhizopus oryzae). The six fungi were 

tested in whole plant assays, and only two species caused disease on healthy cornelian 

cherry dogwood saplings, Botrytis cinerea and Fusarium sporotrichioides (See First 

Reports in Appendix). 

Discussion 
 

Growers interested in producing cornelian cherry dogwoods can grow these trees in 

Tennessee with a few management variables to consider. Currently these trees are 

difficult to purchase in large quantities. Only a small number of nurseries in the 

northwestern and northeastern U.S. keep them in stock. The trees are small and 

obtained from graft propagation. They are priced from $25 to $65 for trees ranging from 

1 to 6 ft in height. Saplings may be planted in early spring, although it is recommended 

that they be planted in late fall or winter, after they have gone into dormancy to limit 

transplant stress. Seeds may be purchased online from other countries, but as seeds 

are wildtype there is no guarantee that the phenotypic traits will be standard across the 

seed lot. Germination, even with proper preparation, is also low. 

There are several different cultivars available from which to choose, many of which 

have been discussed in this study. Cultivars of interest are ‘Aurea’ and ‘Variegated’ 

(Figure 9) because of their unique leaf coloration, and ‘Yellow Fruit’ (Figure 10) for its 

large yellow drupes. ‘Aurea’ (Figure 2) began the growing season with vibrant yellow 

foliage that gradually turned to the typical green of other cultivars as the season 

progressed and temperatures rose. The recommendation for planting ‘Variegated’ 
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(Figure 9) is to ensure that the sapling has adequate irrigation and is planted in partial 

sun to full shade. This cultivar has a mix of white and green foliage that is unique, but 

will be scorched during periods of drought, high temperatures, and consistent direct 

sunlight. ‘Elegant’ (Figure 3) and ‘Pioneer’ (Figure 5) are known for their large (0.5 to 1-

in long) dark red, pear-shaped fruit. ‘Golden Glory’ (Figure 4) and ‘Sunrise’ (Figure 8) 

are known for their abundant, vibrant, yellow blossoms. ‘Red Dawn’ (Figure 6) and ‘Red 

Stone’ (Figure 7) are valued as trees that produce large, sweet fruits and are said to be 

particularly disease resistant. All the cultivars will survive in Tennessee, but as the 

summer temperatures rise, they are prone to leaf scorch and wilting if not properly 

irrigated. Smaller trees have difficulty producing new leaves to replace those that have 

been damaged by environmental factors, such as sun and heat damage, insect and 

wildlife forage, and microbial diseases. Larger, more established trees tend to be more 

capable of repairing damaged tissues and tolerating environmental stresses. 

Insect pests are predominantly a problem in a greenhouse setting. Various thrips, mites, 

and scales can potentially cause significant damage to cornelian cherry dogwoods, if 

not controlled. Environmental factors such as consistent warm temperatures and high 

humidity in the greenhouse facilitates longer and more frequent life cycle repetitions, 

resulting in a rapid increase of pest populations. Compounding the problem is the lack 

of rain and natural predators to keep the populations at an acceptable threshold. 

Fortunately for growers, there are several cultural methods as well as commercially 

available biological and chemical control products to combat these pests. 

To control insects, prune and dispose infested plant tissues. Low numbers of scales 

may be removed by hand. Release of biological control predator insects, such as lady 
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beetle larvae and adults, will control thrips and scale instars. Insecticidal soaps, d-

limonene, horticultural oils, and oil based insecticides will aid in control, but will need 

reapplication throughout the insect life cycle. These methods should be used as part of 

an integrated pest management program to prevent resistance and provide the best 

possible control of the pest problem with the least impact to the plant host and 

surrounding environment. 

During this study, 20 different fungal species were collected from diseased cornelian 

cherry dogwood tissues (Table 20). Of these fungi, two species, Botrytis cinerea and 

Fusarium sporotrichioides, were found to cause disease on cornelian cherry dogwood 

saplings. Signs and symptoms of B. cinerea included gray-white mycelia and black 

sclerotia encompassing necrotic tissues of fruit, stems, and leaves. Lesions started at 

the buds and fruit, and spread to other plant parts as the disease progressed. 

Symptoms of F. sporotrichioides infection included small, circular pink to red-brown 

spots throughout the expanse of the leaf. Overtime, necrotic tissues coalesced to 

encompass the entire leaf surface. Both these pathogens are reliant upon high humidity 

that is typical of the southeastern U.S. Botrytis cinerea grows in cooler temperatures 

and lives as a saprophyte until the environmental conditions are favorable for disease. 

Fusarium sporotrichioides can survive in soil and on plant parts and debris for long 

periods, and is a known pathogen on a variety of plant hosts. 

Planting resistant cornelian cherry dogwood cultivars and choosing disease-free trees 

are the best methods for control of fungal pathogens. Controlling humidity and plant 

stress along with sterilization of pruning and cultivation equipment, and proper disposal 

of diseased plant tissues and weedy plant hosts that may harbor fungal spores are 
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other important control methods. Copper solutions may aid in prevention of fungal 

diseases, although chemical overuse may give rise to fungal resistance and a buildup of 

heavy metals in the soil. 
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Table 16. Growth and survival of cornelian cherry dogwood (Cornus mas L.) in Oak Ridge, Tennessee, 2016-2017 

Cultivara Nursery 

Mean 
height 2016 

(cm) 

Mean 
height 
2017 
(cm) 

Mean 
stem diameter 

 2016 
(mm)  

Mean 
stem diameter 

2017 
(mm) 

Survival 
2016 
(%) 

Survival 
2017 
(%) 

Aurea Forest Farms, OR 67.2 109.2b 6.57 9.94c 50 100c 
Golden Glory Whitman Farms, OR 51.7 67.0 4.83 7.54 100 100 
Pioneer Forest Farms, OR 30.9 94.8b 4.91 13.25c 50 100c 
Sunrise Forest Farms, OR 58.5 60.5b 5.18 8.12 67 83 
Variegated Forest Farms, OR 38.5 64.8c 4.63 8.61b 0 83 
Yellow Fruit Whitman Farms, OR 44.5 48.3 5.03 6.74 100 100 
Elegant Whitman Farms, OR N/A 69.4d N/A 14.31d 100 100 
a Values are based on 6 trees of each of the 7 cultivars, unless otherwise noted. 
b Values for ‘Aurea’, ‘Pioneer’, and ‘Sunrise’ are based on the 3 trees planted in April 2016. 
c Values for ‘Variegated’ are based on 6 replacement trees planted in April 2017 because all trees in the 2016 planting died. 
d ‘Elegant’ was planted only in April 2017. 
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Table 17. Growth and survival of cornelian cherry dogwood (Cornus mas L.) in Crossville, Tennessee, 2016-2017 

Cultivara Nursery 

Mean 
height 
2016 
(cm) 

Mean 
height 
2017 
(cm) 

Mean 
stem diameter 

2016 
(mm) 

Mean 
stem diameter 

2017 
(mm) 

Survival 
2016 
(%) 

Survival 
2017 
(%) 

Red Dawn Rolling River, CA 106.3 128.8 12.98 18.38 100 100 

Red Stone Rain Tree, NY 62.2 79.3 6.87 14.78 100 100 

Pioneer Rolling River, CA 73.2 92.0 7.30 17.61 100 100 

Sunrise Rolling River, CA 137.2 104.5b 11.61 16.21 100 100 

Variegated Rain Tree, NY 51.7 68.6 4.12 7.23 100 100 

Yellow Fruit Rain Tree, NY 59.7 90.6c 5.22 12.00c 100 83 

Elegant One Green World, OR N/A 88.1d N/A 16.92d N/A 100 

a Values are based on six trees of seven cultivars, unless otherwise noted. 
b Two ‘Sunrise’ trees had lower heights in 2017 due to animal browsing and wind damage.  
c One ‘Yellow Fruit’ tree died in May 2016; values for 2017 are based on the five remaining trees planted in 2016. 
d ‘Elegant’ was planted only in April 2017. 
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Figure 2. Cornelian cherry dogwood (Cornus mas L.) ‘Aurea’.  

Left to right: 1) April 2016 – Fruit; 2) June 2016 - ‘Aurea’ had vibrant yellow foliage at the 

beginning of spring that changed to green as air temperature increased. 3) Mid-May 2016 - 

Trees developed leaf scorch due to hot temperatures and constant direct sunlight. ‘Aurea’ 

was only planted in Oak Ridge, TN. 

 
 

 

 

          

Figure 3. Cornelian cherry dogwood (Cornus mas L.) ‘Elegant’.  

Left to right: 1) Oak Ridge, TN - April 2016; 2) Oak Ridge, TN. ‘Elegant’ was vibrant at the 

beginning of spring; 3) By mid-May trees developed leaf scorch due to hot temperatures 

and constant direct sunlight. ‘Elegant’ was only planted in Oak Ridge, TN. 
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Figure 4. Cornelian cherry dogwood (Cornus mas L.) ‘Golden Glory’.  

Left to right: 1) Oak Ridge, TN-April 2016; 2) Oak Ridge, ‘Golden Glory’ was vibrant at the 

beginning of spring but by mid-May trees developed leaf scorch due to hot temperatures 

and constant direct sunlight. ‘Golden Glory’ was only planted in Oak Ridge, TN. 

 
 
 
 
 

    

Figure 5. Cornelian cherry dogwood (Cornus mas L.) ‘Pioneer’.  

Left to right: 1) Oak Ridge, TN-April 2016; 2) Oak Ridge, TN-June 2016; 3) Crossville, TN-

April 2016; and 4)  Crossville, TN-June 2016. ‘Pioneer’ was vibrant at the beginning of 

spring, but by mid-May trees developed leaf scorch due to hot temperatures and constant 

direct sunlight. Trees planted in Crossville, TN were larger and were irrigated; leaf scorch 

was less severe and trees were able to develop new growth. 
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Figure 6. Cornelian cherry dogwood (Cornus mas L.) ‘Red Dawn’.  

Left to right: 1) Crossville, TN-April 2016; 2) Crossville, TN-June 2016. ‘Red Dawn’ was 

vibrant at the beginning of spring, but by mid-May trees developed leaf scorch due to hot 

temperatures and constant direct sunlight. ‘Red Dawn’ was only planted in Crossville, TN. 

 

 
 
 
 
 
 

   

Figure 7. Cornelian cherry dogwood (Cornus mas L.) ‘Red Stone’ variety.  

Left to right: 1) Crossville, TN-April 2016; 2) Crossville, TN-June 2016. ‘Red Stone’ was 

vibrant at the beginning of spring, but by mid-May trees developed leaf scorch due to hot 

temperatures and constant direct sunlight. ‘Red Stone’ was only planted in Crossville, TN. 
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Figure 8. Cornelian cherry dogwood (Cornus mas L.) ‘Sunrise’.  

Left to right: 1) Oak Ridge, TN-April 2016; 2) Oak Ridge, TN-June 2016; 3) Crossville, TN-

April 2016; 4) Crossville, TN-June 2016. ‘Sunrise’ was vibrant at the beginning of spring by 

mid-May trees developed leaf scorch due to hot temperatures and constant direct sunlight. 

Trees planted in Crossville, TN were larger and on irrigation; leaf scorch was less severe 

and trees were able to develop new growth. ‘Sunrise’ appeared to be the most heat and 

drought tolerant cultivar. 
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Figure 9. Cornelian cherry dogwood (Cornus mas L.) ‘Variegated’.  

Left to right: 1) Oak Ridge, TN-April 2016; 2) Oak Ridge, TN June 2016; 3) Crossville TN 

June 2016; 4) Jackson, TN 2016. ‘Varigated’ was vibrant at the beginning of spring, by mid-

May trees developed leaf scorch due to hot temperatures and constant direct sunlight. 

Varigated trees planted in partial sun are able to withstand high temperatures and remain 

vibrant throughout the growing season. 

 

       

Figure 10. Cornelian cherry dogwood (Cornus mas L.) ‘Yellow Fruit’.  

Left to right: 1) Oak Ridge, TN-April 2016; 2) Oak Ridge, TN June 2016; 3) Crossville TN 

June 2016; 4) Jackson, TN 2016. ‘Yellow Fruit’ was vibrant at the beginning of spring, but 

by mid-May trees developed leaf scorch due to hot temperatures and constant direct 

sunlight. Trees planted in Crossville, TN were larger and were irrigated; leaf scorch was 

less severe and trees were able to develop new growth. 
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Table 18. Arachnids and insects observed on cornelian cherry dogwood (Cornus mas L.) in east 

Tennessee 

Common Name Scientific name 

Asian multicolored lady bug (Harmonia axyridis) 

Brown Marmorated Stink Bug (Halyomorpha halys) 

Bold Jumping Spider (Phidippus audax) 

Calico Scale (Eulecanium cerasorum) 

Crab Spider (Mecaphesa spp.) 

Lepidopteran spp.  

Mantis Mantis (Mantis religiosa) 

Starbellied Orb Weaver (Acanthepeira stellate) 

Thrips spp.  

Two Spotted Spider Mite (Tetranychus urticae) 
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Table 19. Fungal species associated with cornelian cherry dogwood (Cornus mas L.) 

Scientific name of fungus 
Known potential 

as a human 
pathogen 

Known potential as 
a plant pathogen 

Pathogen on 
cornelian cherry 

Alternaria alternata N Y N 

Arthrinium phaeospermum N Y N 

Aspergillus ochraceous Y N N 

Botrytis cinerea N Y Y 

Cladosporium cucumerium N Y N 

Discula quercina N Y N 

Epicoccum nigrum N Y N 

Eutypella vitis N Y N 

Fusarium sporotrichioides Y Y N 

Mucor racemosus Y Y N 

Nigrospora sp. Y Y N 

Penicillium citrinum Y Y N 

Peniphora sp. N Y N 

Phoma herbarum N Y N 

Peyronellaea glomerata N Y N 

Schizophyllum commune Y Y N 

Trametes versicolor N Y N 

Trichoderma citrinoviride N N N 

Trichoderma virens Y N N 
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Research Definitions 
 
Gel electrophoresis: method for separation and analysis of macromolecules (DNA, RNA 

and proteins) based on their size and charge 

Inflorescence: group of flowers arranged on a stem or the modified shoot of seed plants 

where flowers are formed 

Involucre: whorl or rosette of bracts surrounding an inflorescence at the base of an 

umbel 

Mycelial cultures: classified as having abundant mycelium and lacking sporodochia 

(HANSEN 1938)  

Mycotoxicoses: animal diseases caused by mycotoxins in the respiratory, digestive, 

circulatory, and other internal systems of vertebrates (FORGACS AND CARLL 1962) 

Mycotoxicology: study of mycotoxins (FORGACS AND CARLL 1962) 

Mycotoxins: naturally occurring compounds or secondary metabolites produced by 

filamentous fungi growing on plants in the field or during storage (NICHEA et al. 2015) 

Pathogenicity: organism’s (microbe’s) ability to cause disease 

Pathotype: disease-causing variant of a microorganism distinct from other members of 

its species by its virulence level and molecular markers 

Phytotoxins: Fungal products that are toxic to plants as the term is used by plant 

pathologists; can also refer to toxins made by plants (GRANITI 1972)  

Pionnotal cultures: classified as having abundant sporodochia and a lack of mycelium 

(HANSEN 1938). 

Pleomorphy: fungi grown on different media have different forms 
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Polymerase chain reaction (PCR): molecular technique used in biological fields to 

amplify copies of a selected segment of DNA, generating thousands to millions of 

copies of the DNA sequence 

Polymorphic: occurring in several distinctive forms, specifically regarding species or 

genetic variation 

Race: individual classification using pathogenicity on host cultivars (FOURIE et al. 2011). 

Umbel: inflorescence comprised of short flower stalks that spread from a common point- 

“umbrella like” 

Virulence: signifies the degree of damage caused by a microbe to its host 
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First Report of Botrytis cinerea Causing Gray Mold on Cornelian 

Cherry (Cornus mas L.) in the United States 

 
Cornelian cherry dogwood (Cornus mas L.) is a potential specialty crop in Tennessee. 

Trees are prized for their early blossoms, appearance, and edible fruit in Europe and 

Southeast Asia (BEJILIC 2012). In April 2017, necrotic cornelian cherry tissues (‘Aurea’ 

and ‘Pioneer’) were collected from Crossville and Oak Ridge, TN. Gray-white mycelia 

and black sclerotia encompassed necrotic buds, stems, and leaves. Lesions initiated on 

buds and spread to other plant parts as the disease progressed. Symptomatic tissues 

were surface disinfected (1 min 50% bleach; 30 s sterile distilled water), placed on 

water agar amended with 10 mg/liter rifampicin (Sigma-Aldrich, St. Louis, MO) and 8 mg 

fenpropathrin/liter (Danitol 2.4 EC, Valent Chemical, Walnut Creek, CA), and incubated 

for 7 days at 24 ± 1°C. A 4-mm2 mycelial plug was transferred to potato dextrose agar 

(PDA) and incubated for 7 days at 24 ± 1°C. Colonies grew rapidly, with white to dark 

gray mycelia. Abundant, spherical-ovoid, hyaline conidia were observed on branching 

conidiophores. Conidia were 10-15 × 8-10 µm. Resting spores (sclerotia) were formed 

in older colonies. Morphological characteristics were identical to the description of 

Botrytis cinerea (ELLIS 1971). Fungal identification was confirmed through polymerase 

chain reaction of the ITS region of ribosomal DNA with ITS1 (5’-

TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC - 3’) 

primers, and the TEF gene region with ef1 (5’-ATGGGTAAGGA(A/G)GACAAGAC-3’) 

and ef2 (5-GGA(G/A)GTACCAGT(G/C)ATCATGTT-3) primers (BALDAUF 1999). A 

sequence was deposited in GenBank (Accesssion No. MG719362) Tests for 

pathogenicity were conducted by placing a 4-mm2 PDA mycelial plug on two surface-
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sterilized cornelian cherry leaves. Negative controls were inoculated with plugs of sterile 

PDA. Inoculated leaves were held at 25 ± 1°C in a moist chamber. After necrotic lesions 

appeared in the detached leaf assay, the fungus was tested in a disease assay on 

saplings in the greenhouse. Four replicates of two cultivars (‘Aurea’ and ‘Pioneer’) were 

inoculated with a spore suspension (105 conidia/ml) and covered with a large, clear, 

plastic bag. After 10 days, the bag was removed, and leaves were monitored for 

symptoms for an additional 10 days. The pathogen was re-isolated from diseased 

tissues, and identification was confirmed with PCR and morphological features, thus 

fulfilling Koch's postulates. Botrytis cinerea has a large host range and occurs worldwide 

(JARVIS 1977; ELAD et al. 2007). There has been a report of B. cinerea on cornelian 

cherry in Turkey (ÖZER AND BAYRAKTAR 2014), but to our knowledge, this is the first 

report of Botrytis cinerea causing gray mold on cornelian cherry in the United States 

FARR AND ROSSMAN 2017). 
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Figure 11. Botrytis cinerea on cornelian cherry dogwood (Cornus mas L.). 

B. cinerea on potato dextrose agar A) Top of plate, B) Bottom of plate. 

 

 

 
 
Figure 12. Morphological characteristics of Botrytis cinerea on cornelian cherry dogwood 

(Cornus mas L.). 

B. cinerea on water agar A) gray mycelia on cornelian cherry dogwood leaf B) conidia, C) 

conidia cluster D) conidia on branching mycelia. 
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Figure 11. Detached leaf assay Botrytis cinerea on cornelian cherry dogwood (Cornus mas 

L.). 

Day 1, B) Day 2, C) Day 6, D) Day 10. 

 

 

 

 
Figure 12. Whole plant assay Botrytis cinerea on cornelian cherry dogwood (Cornus mas 

L.).  

A) Day 10 detached leaf, B) whole plant gray mold on leaves, C) Gray mold on stems and 

buds, D) B. cinerea infected tree in Crossville, TN.  
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First Report of Fusarium sporotrichioides Causing Foliar Necrosis on 

Cornelian Cherry (Cornus mas L.) in the United States 

 
 
In Europe and Southeast Asia, cornelian cherry (Cornus mas L.) has few known 

pathogens, and is prized for its early blossoms, wood, and edible fruit (Bijelić et al. 

2012). In April 2016, necrotic cornelian cherry sapling leaves, were collected from 

Crossville and Oak Ridge, Tennessee. Symptoms included small, circular pink to red-

brown spots on leaves that coalesced to cover the entire leaf surface. Small sections of 

symptomatic leaf tissue were surface disinfected (1 min 50% bleach, 30 s sterile 

distilled water), air dried, placed on water agar amended with 10 mg/liter rifampicin 

(Sigma-Aldrich, St. Louis, MO) and 8 mg fenpropathrin/liter (Danitol 2.4 EC, Valent 

Chemical, Walnut Creek, CA) (aPDA), and incubated for 7 days at 24 ± 1°C. A 4-mm3 

block of agar with hyphae was transferred to potato dextrose agar (PDA) and incubated 

for 7 days at 24 ± 1°C. Colonies grew rapidly, with pink mycelia that browned with age. 

Pink-red pigmentation occurred at the medium surface. Aerial mycelia are floccose with 

pale to bright orange sporodochia, monophialides, and polyphialides. Microconidia were 

oval to pyriform, with smooth, thin, hyaline walls, and measured 5.5 to 12.2 × 2.0 to 3.2 

µm. Macroconidia were pyriform, 3 to 5 septate, moderately curved to straight, hyaline, 

with thick walls, and 18.8 to 36.3 × 2.4 to 7.1 μm in size. Colonies were morphologically 

identical to the description of Fusarium sporotrichioides Sherb. (LESLIE et al. 2008). 

Genomic DNA was extracted from mycelia grown on PDA and identification was 

confirmed with sequences of the internal transcribed spacer region with primers ITS1 

(5’-TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC - 3’), 
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and sequences of the translation elongation factor gene region, with primers ef1 (5’-

ATGGGTAAGGA(A/G)GACAAGAC-3’) and ef2 (5-

GGA(G/A)GTACCAGT(G/C)ATCATGTT-3) (BALDAUF 1999). The ITS sequence was 

deposited in GenBank (Accession No. MG719361). The TN isolate had XX% to XX% 

identity with several isolates of F. sporotrichioides from GenBank and Fusarium MLST 

databases. Pathogenicity screening was tested by placing a 4-mm2 mycelial plug of 

PDA on two surface-sterilized cornelian cherry leaves (4 repetitions, 8 leaves = 24 

leaves total). Controls were inoculated with sterile PDA plugs. Inoculated leaves were 

kept at 25 ± 1°C in a moist chamber. After the appearance of lesions, the isolate was 

tested in a greenhouse disease assay with Cornelian cherry saplings. Four saplings 

were inoculated with a spore suspension (105 conidia/ml), placed under a humidity 

chamber for 10 days at 70˚C, and leaves were monitored for symptoms for 10 additional 

days. Control saplings were sprayed with distilled water. The pathogen was re-isolated 

from infected tissues, and PCR was done to confirm molecular identification, fulfilling 

Koch's postulates. Fusarium sporotrichioides is a serious pathogen of various plant 

hosts, and isolates can produce trichothecene mycotoxins that cause toxicosis in 

animals and humans (FARR et al. 1995). This disease could denote an economic 

concern for potential nursery growers and homeowners. To our knowledge, this is the 

first report of F. sporotrichioides causing foliar necrosis on cornelian cherry in the United 

States. 
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Figure 13. Fusarium sporotrichioides detached leaf assay on cornelian cherry dogwood 

(Cornus mas L.).  

Potato dextrose agar plugs on cornelian cherry dogwood leaves A) Control, Day 6, F. 

sporotrichioides B) Day 2, C) Day 4, D) Day 6. 

 

 

 

 

 

Figure 14. Morphological Characteristics of Fusarium sporotrichioides isolated from 

cornelian cherry dogwood.  

Morphological characteristics of F. sporotrichioides cultured on carnation leaf agar A) 

conidia, B) monophialides, C) polyphialides, D) sporodochia. 

 

  

A 
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Figure 15. Fusarium sporotrichioides whole plant assay on cornelian cherry dogwood 

(Cornus mas L.). 

Experiment repetition 1: A) Healthy sapling, B) Day 2, C) Day 6, D) Leaf lesion. 
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