
ABSTRACT 

BOSTIC, LAURA ELIZABETH. Investigation of the Etiology, Detection, and Management 

of Black Choke Disease on Perennial Ornamental Grasses. (Under the direction of committee 

co-chairs Dr. Kelly L. Ivors and Dr. D. Michael Benson). 

 

Ephelis japonica, the causal agent of black choke, can be problematic for ornamental 

grass nurseries. Two fungicide trials were conducted to evaluate chemical applications for 

the management of black choke disease. Results were limited due to insufficient disease 

pressure and difficulty in identifying low levels of disease, but the fungicides, triflumizole 

and fludioxonil, were good candidates for continued study. Inoculation experiments were 

conducted on various ornamental grass hosts to better understand host relations and dispersal 

of E. japonica. Methods tested included conidia sprayed onto wounded and non-wounded 

plants, Ephelis-colonized agar plugs attached to plant stems, shears dipped in a spore 

suspension and cutting plants to simulate transmission from tools, and Ephelis-colonized 

grain placed between the sheath and stem of a plant. None of these inoculation methods were 

successful at infecting plants with E. japonica under either greenhouse or nursery conditions.  

One hindrance to determining effective inoculation methods and disease management 

was difficulty in differentiating between diseased and disease-free plants and between E. 

japonica and Myriogenospora atramentosa. Detection of E. japonica is based on 

macroscopic signs of the pathogen, (e.g., mycelial growth on stems, leaves, and 

inflorescences) but can be confused with M. atramentosa, a closely related fungus and the 

causal agent of tangle top disease which has similar signs. Sequence analysis of the internal 

transcribed spacer (ITS) region, β-tubulin gene, and elongation factor (EF) 1-α gene suggest 

that E. japonica and M. atramentosa are genetically distinct with 149 to 293 bp differences 

and gaps within the sequenced regions. A more robust method is needed to detect E. japonica 



on plants not exhibiting mycelial growth and to better differentiate between E. japonica and 

M. atramentosa.  

A quantitative real-time polymerase chain reaction (qPCR) assay was developed and 

tested as a detection method. Ephelis japonica-specific primers and fluorogenic probe were 

developed for the rDNA ITS region. Plant-specific primers and fluorogenic probe were 

developed for the plant elongation factor gene and served as an internal control for the 

experiments. The qPCR assay is sensitive with a detection threshold as low as 10 fg of E. 

japonica DNA per ng of plant DNA. The assay was specific for E. japonica and did not 

amplify DNA of M. atramentosa or Pyricularia grisea, the causal agent of gray leaf spot, 

which share a similar host range with E. japonica.  

Thirty-six plants were tested with the developed qPCR assay; 20 plants exhibited no 

signs of infection with E. japonica, 12 plants exhibited signs of E. japonica with mycelial 

growth along the stems and leaves, and four plants exhibited signs of M. atramentosa with 

mycelial growth along stems and leaves, tangled leaves, and stromata between the tangled 

portions of the leaves. All 12 plants exhibiting signs of E. japonica were positive based on 

the assay and the presence of the fungus was confirmed with isolation and microscopy. Six of 

the 20 plants not exhibiting signs of E. japonica or M atramentosa and two of the four plants 

exhibiting signs of M. atramentosa were positive for E. japonica DNA based on the assay 

with a significantly (P<0.0001) lower quantity than plants exhibiting signs.  
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Chapter 1. Comprehensive literature review of Ephelis japonica and black choke 

disease of ornamental grasses 

Introduction 

Ornamental grasses continue to grow in popularity for commercial and residential 

landscapes. This desirability is due, in part, to easy maintenance and the ability of the plant to 

tolerate environmental extremes such as drought, excessive water, heat and cold stress, as 

well as their visual appeal (37). With over $144 million in nursery stock sold annually, North 

Carolina ranks seventh in the United States for nursery stock sales (33). Although ornamental 

grasses only account for 3% of the total nursery stock sold in 2009, North Carolina ranks 

fifth in the US for total ornamental grass sales annually (33). 

Ornamental grasses generally have few pest problems. The most common fungal 

diseases are rust, gray leaf spot (personal communication, Kelly Ivors), and anthracnose 

diseases (17, 20). The relative impact of these diseases in the landscape can be remedied by 

removing infected plant material, ensuring good air circulation, and watering at the base of 

the plant to keep the foliage dry (17, 20). However, as the popularity of ornamental grasses 

increases, the number of diseases may also increase and become problematic for growers.  

Within the last 15 years, black choke disease has increased in prevalence among 

ornamental grass nurseries (19). Though not as common as rusts and anthracnose, once 

incorporated into stock plants at production facilities, this disease is difficult to eradicate 

because of the lack of information available on the black choke pathogen.  
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Taxonomy and Phylogeny 

The causal agent of black choke is Ephelis japonica, an asexual fungus within the 

family Clavicipitaceae. Related genera in this family include Claviceps, a pathogen of cool-

season grasses including rye, oats, and wheat (35) and the causal agent of ergot, and 

Cordyceps, an insect pathogen used in Chinese folk medicine (35). 

Species of Ephelis are classified in the Balansieae tribe within the family 

Clavicipitaceae, which also includes several other genera such as Epichloë, Balansia, and 

Myriogenospora (15, 27, 35). The members of this tribe are biotrophs causing infections on 

grasses or sedges and often lack symptomology (15, 35). Within the tribe, there are 

endophytic and epiphytic species (6, 35). In epiphytic species, such as E. japonica, all 

mycelium grows external to the host epidermis. Most species in this tribe produce stroma on 

various locations of the host. In epiphytic species, they are commonly formed on the 

inflorescences, whereas in endophytic species, they are commonly formed on the culms or 

nodes (8, 35). If the fungus is a teleomorph, sexual spores will be produced within the stroma 

(35). 

The Balansieae tribe can be further separated into clades, with an Ephelis clade 

including Balansia, Atkinsonella, and Myriogenospora (15), which produce asexual Ephelis 

conidia. These fungi are dependent on nutrients obtained through contact between fungal 

hyphae and stromata with the host epidermis, although the mechanism of nutrient exchange 

is not clear, especially for epiphytic members. Rykard et al. (21) showed that altered 

inflorescence cells allow for nutrients to be more easily transferred to the stroma. However, 

stromata are not always present, and may develop in locations other than on inflorescences 
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(stromata of Myriogenospora atramentosa develop along tangled leaf blades), or some 

species may have lost the ability to form stromata. It is believed that for some endophytic 

species, the development of stromata is symptomatic of a switch from a mutualistic 

relationship to a pathogenistic one (10). Smith et al. (26) showed that carbohydrates could be 

translocated between hyphae of M. atramentosa and host cells. White et al. (36) showed that 

most members of the Balansieae, and epiphytic members to a greater extent than the 

endophytic members, were able to colonize oil droplets and paraffin as a substrate in culture, 

suggesting these fungi may be able to use the cuticle or seed as an energy source. Additional 

hypotheses about energy acquisition include possible fungal-developed phytohormones to 

influence plant growth, or a close association between host and fungal cell division 

increasing fungal ability to gain nutrients (35).  

Tanaka et al. (30) collected 32 isolates of Ephelis spp. from 21 host species of 

Poaceae across Asia, including Japan, China, Nepal, and India. Phylogenetic analysis 

showed that the isolates could be separated into two closely related but distinct subgroups. 

The number of isolates studied (n=33) was relatively small and only examined the internal 

transcribed spacer (ITS) 1, ITS 2, and 5.8S ribosomal DNA (rDNA) region, however, there 

was no relationship between isolate geographic location, subgroup, or host.  

Pathogen Biology 

The taxonomic criterion for grouping members in the Ephelis clade is the presence of 

Ephelis-shaped conidia (15, 35). The type specimen for Ephelis sp. is E. mexicana E.M. Fries 

which has conidiogenous cells that give rise to multiple conidia. The conidia are hyaline, 

single-celled, filiform to acicular, straight to slightly curved, guttulate, and develop 
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holoblastically in a palisade (8, 14, 22, 23). The conidia develop sympodially, though 

internodes are difficult to observe and appear to develop in a whorl from a single locus (22). 

Conidiophores may be simple or branched and arise from a discrete sporodochial 

conidiomata on the host surface. The conidia are produced in moist masses on the 

conidiomata that may develop on the hyphae colonizing the leaf surface or on stromata (3, 8, 

14, 35).  

Though all genera within the Ephelis clade produce Ephelis-shaped conidia, the 

causal agent of black choke is E. japonica. How this species evolved away from a sexual 

stage is unknown, but it is hypothesized that as hosts shifted, mating types may have been 

separated and eventually lost or become distinct (35). This hypothesis is given credence 

based on the numerous reported hosts of E. japonica, numbering 15 different genera, and 

ranging from crab grasses to ornamental grasses to rice (11). Reported ornamental hosts of E. 

japonica include Eragrostis spp. Miscanthus spp. Panicum spp. and, Pennisetum spp. (11). 

The taxonomy for this genus has been unclear resulting in multiple names for one species 

and many publications referring to Ephelis sp. rather than a specific species of Ephelis. 

Tsukiboshi et al. (32) determined that E. oryzae, the causal agent of choke disease in rice, 

and E. japonica had no morphological differences. As such, with E. japonica Henn. being 

described first, it is  the current epithet. 

Similar to several other fungi in the Ephelis clade, mycelium of E. japonica grows 

epiphytically along the stem, leaves, and inflorescence; and does not produce ascospores 

(32). The hyphae eventually surround the developing inflorescence producing a gray to black 

stroma, a compact mass of modified hyphae, inhibiting the maturation of the seed head, 
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giving rise to the disease name “black choke” (Fig. 1-1). The resulting inflorescence is a 

spindle-shaped, black stroma with under-formed and unviable seed, though infected plants 

will have a mix of infected and uninfected inflorescences and tillers. There is no evidence of 

endophytic growth in this species (3, 8, 14, 32).  

Ecologically, the detrimental effects of these fungi seem to be far outweighed by the 

potential benefits to the grass host. Additional testing is needed, however, since endophytic 

members of the Balansieae tribe are often described as symbionts and have been shown to 

confer drought tolerance to the host (12), deter insect herbivory (5, 7, 13), and enhance plant 

growth (25). These fungi may also increase fungal disease resistance (35) by creating a 

barrier to the leaf surface competing with other fungi for space and excluding them (18).  

Despite potential benefits to the hosts infected with these fungi, the characteristic 

gray to black stroma encircling the underdeveloped inflorescence and mycelial growth on the 

stem, leaf, and inflorescence reduces the aesthetics of the plant resulting in significant losses 

for ornamental grass growers. Indeed, growers have reported losses resulting in the need to 

discard tens of thousands of plant liners within a single year due to this disease (personal 

communication, Kelly Ivors).  

Pathogen Dispersal, Survival, and Inoculation 

Ephelis conidia are dispersed by water due to the slimy nature of conidia and 

conidiomata. Tadych et al. (28) tested conidial detachment from conidiophores of a species 

of Neotyphodium, another member of the Balansieae tribe, with high wind velocities and was 

unable to detach spores with wind but spores sprayed with water detached in very high 

numbers. Tadych and White (29) found that Neotyphodium sp. conidia remained viable for 
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over a month under varying temperatures after desiccation. Vector relationships may also 

exist (35). Heterothallic species within the Balansieae tribe have been proven to have vector 

relationships. Bultman et al. (2) showed that Phorbia flies vectored Epichloë spermatia by 

feeding on and laying eggs on the stroma and excluded wind as a factor in spermatia 

dispersal. Conidia produced by fungi in the Balansieae tribe do not overwinter and hosts 

typically die back, are cut back, or are burned after the fall. Thus survival and re-colonization 

are likely achieved via colonization of buds in the subterranean plant parts (35), as has been 

observed in other studies where hyphae of epiphytic fungi grew near the meristem and buds 

of new leaves (6, 16).  

A main hindrance to disease management studies has been a general inability to 

uniformly inoculate host plants. Inoculation with similar fungi has been either unsuccessful 

(8, 9, 21, 30), or successful in such low rates (34), that the method was unreliable. Diehl (8, 

9) was unsuccessful in inoculating both Balansia epichloë on Ctenium sp. and M. 

atramentosa on various hosts. Diehl (8) was able to produce infected plants (3 of 20) from 

seed by brushing conidia of Balansia obtecta onto stigmas of blooming Cenchrus echinatus 

florets. Florets sprayed with a conidial suspension were uninfected. Western and Cavett (34) 

were able to inoculate freshly cut stubble of Dactylis glomerata with ascospores and conidia 

of Epichloë typhina which resulted in hyphae growing down the pith, but were unable to 

inoculate with other wounding methods or by inoculating florets. Rykard et al. (21) 

attempted to inoculate Paspalum notatum and P. laeve with M. atramentosa and Sporobolus 

poiretii with B. epichloë by spraying a spore suspension on inflorescences, applying spores 

with a camel-hair brush, injecting them into the plant with a hypodermic needle, or dropping 
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the suspension on the cut grass with various humidity treatments as well as soaking seeds in 

inoculum. All inoculation attempts were unsuccessful. No known successful inoculations 

have been reported for Ephelis.  

Ephelis japonica can be isolated into pure culture. Infected leaf material can be kept 

in a moist chamber at 25 °C with near-ultraviolet light to induce conidia production (32). 

Alternately, infected leaves with visible mycelial growth can be submerged in various agar 

media amended with antibiotics (1). Colonies of E. japonica grow very slowly compared 

with many other fungi and will often be out-competed for nutrients and space in vitro. For 

leaves with high levels of infection, surface sterilizing samples with a 10% bleach solution 

(0.825% sodium hypochlorite) will help eliminate other fungi, while still leaving some viable 

E. japonica hyphae. Detection of the disease is based on signs of the fungus including the 

hyphae on the surface of the leaves and stems and stroma on the inflorescence (3, 8, 32). 

Infected plant tissue can also be cleared and fungal tissue stained to visualize infections (4). 

However, most fungal hyphae present on the host will also be stained in this process. The 

large number of competing fungi on the host make it difficult to distinguish between hyphae 

from E. japonica and hyphae from other fungi. Due to this difficulty in differentiating 

between fungal hyphae, this is not an effective method for detection of E. japonica.  

Infected plants can escape detection if levels are low and signs are not visible. 

Detection of the pathogen is critical in preventing the progression of the disease during 

propagation. Diagnosis by isolation can be challenging if plants are not heavily infected. 

Other fungi present on the host will outcompete E. japonica for space and nutrients in culture 

due to slow, non-competitive growth. For this reason, nested polymerase chain reaction 
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(PCR) has been used as a detection method (38). Nested PCR is effective in detecting small 

amounts of DNA in samples, however it is unable to determine the quantity of DNA and is 

subject to increased likelihood of contamination. The time to process a sample is also much 

longer due to multiple amplifications and the need to visualize the results through gel 

electrophoresis.  

Quantitative real-time PCR (qPCR) allows for quantifying pathogen DNA and has 

been an effective method for detecting low levels of infection in other closely related species 

that are difficult to isolate (31) and for detection of diseases in samples from many plant 

hosts (24). With qPCR, environmental plant samples can be directly used to determine 

amounts of a specific organism present in a sample. Using a pure culture of a fungus as a 

standard, the amount of a specific DNA sequence can be detected in samples of mixed DNA 

such as from a grass or soil sample (24). 

Research Objectives 

The overall goal of this research was to help decrease the losses suffered by 

ornamental grass growers dealing with black choke disease through pathogen detection and 

disease control. This research was partitioned into three objectives: i) to determine chemical 

control measures that decrease the incidence of black choke disease in ornamental grass 

nurseries, ii) develop an E. japonica-specific diagnostic technique to detect low levels of 

infection before signs develop, and iii) to develop an effective and reliable inoculation 

method for E. japonica. 
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Figure 1-1. Black Choke Symptomology. 

Disease-free inflorescence (left) and inflorescence 

colonized by Ephelis japonica exhibiting black 

choke symptomology (right) on Pennisetum 

alopecuroides. 

 

 



 

15 

Chapter 2. Efficacy of fungicides for preventative and curative control of Ephelis 

japonica on Miscanthus sinensis and Pennisetum alopecuroides grass cultivars 

Introduction 

North Carolina ranks fifth in the United States for ornamental grass stock sold with 

over $4 million in annual sales (12). Ornamental grasses have relatively few disease 

problems with most controlled by removing infected plant material, increasing air flow, and 

keeping foliage dry when watering (6, 8). However for ornamental growers, diseases can 

spread quickly and the environment created by large-scale production can perpetuate disease 

problems. Ornamental grasses are routinely propagated through division. With this method, a 

small number of diseased plants can quickly lead to an epidemic if not controlled. 

Propagation from clean stock plants is critical for disease management. 

Within the last 15 years, black choke has increased in prevalence among ornamental 

grass nurseries. Though not as common as other diseases such as rust and anthracnose (6, 8), 

once incorporated into the stock plants, black choke is difficult to eradicate. The causal agent 

of black choke is Ephelis japonica, an asexual fungus within the family Clavicipitaceae. 

Detection of E. japonica in a nursery is based on fungal signs. One sign of black choke is 

mycelia growing epiphytically along the leaves, stems, and inflorescences (3, 4, 11). The 

mycelia can eventually encapsulate the inflorescence producing a stroma; a hardened, gray to 

black mass of differentiated mycelia preventing the inflorescence from developing and 

setting seed (3, 4, 11). Conidia are borne in a slimy mass on conidiomata formed on hyphae 

and stromata (3, 13). Conidia are likely dispersed through splash though vector dispersal has 
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been observed in other closely related species (2). In a nursery, disease may also spread 

mechanically. For example, plants are cut back frequently while in production and conidia 

may be transmitted from one plant to another through shears or other tools.  

Ornamental grasses are prized for their showy inflorescences. The stroma-covered 

inflorescence lending the descriptive name ‘black choke’, therefore, decreases the aesthetics 

and appeal of infected grasses. For growers, this disease can result in large losses of 

inventory and stock plants. The objective of this study was to evaluate fungicides for the 

management of black choke disease.  

Materials and Methods 

2012 Preventative Trial 

Five ornamental grass cultivars, Miscanthus sinensis ‘Strictus’, Pennisetum 

alopecuroides ‘Foxtrot’, P. alopecuroides ‘Hameln’, M. sinensis ‘Little Kitten’, and 

Schizachyrium scoparium ‘The Blues’, were propagated from stock plants by division and 

planted in cell-trays with 32 plants per tray. Plants were grown in a polyhouse with gravel 

ground cover and sprinkler irrigation at a commercial nursery in North Carolina. The trial 

was conducted as a split-plot randomized complete block design with four blocks subdivided 

into eight plots with each plot containing 64 plants of each cultivar. Study plants at the 

nursery were requested to be clean stock, without signs of infection with E. japonica. Plants 

were not artificially inoculated, relying on natural inoculum for disease.  

Since hyphae of E. japonica grow epiphytically, fungicide active ingredients and 

rates were selected based on recommended label rates for powdery mildew. The seven 

fungicides selected were fluoxastrobin (0.12 g/L) and chlorothalonil (1.92 g/L) (Disarm C 
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5.0 g/L) ) [64.0 fl oz/100 gal], azoxystrobin (0.15 g/L) (Heritage 0.30 g/L) ) [4.0 oz/100 gal], 

fludioxonil (0.07 g/L) (Medallion 0.15 g/L) ) [2.0 oz/100 gal], triforine (0.25 g/L) (Ortho 

RosePride 3.9 g/L) ) [50.0 fl oz/100 gal], boscalid (0.15 g/L) and pyraclostrobin (0.08 g/L) 

(Pageant 0.6 g/L) ) [8.0 oz/100 gal], thiophanate methyl (0.43 g/L) and chlorothalonil (1.73 

g/L) (Spectro 2.4 g/L) [2 lb/100 gal], and triflumizole (0.38 g/L) (Terraguard 0.9 g/L) [12.0 

oz/100 gal]), along with a water control. Fungicides were applied on a 14-day interval, 

starting on 13 April, with a CO2-pressurized backpack sprayer with a handheld boom 

equipped with a TeeJet 8002VS nozzle at 40 psi until run-off. The water control was applied 

first and then the line was cleared with water between each treatment. A spray shield was 

used to minimize drift.  

Plants were sampled for infection on five of the seven assessment dates. Leaf sections 

of 1- to 2-cm long were washed in a 10% bleach solution for 1 min, followed by three sterile 

water rinses. Samples were briefly dried on a sterile paper towel and submerged in a corn 

meal malt agar (CMMA) medium amended with streptomycin sulfate (50 mg/L) and 

penicillin G sodium sulfate (50 mg/L) (1).  

Plots were surveyed for signs of Ephelis infection prior to fungicide applications 

monthly and each cultivar within a treatment was rated as positive or negative for infection 

based on signs of the fungus, including mycelial growth along the stems, leaves, and 

inflorescences and stromata. The proportion of positive assessments out of the seven 

assessment dates was calculated. Results were analyzed with the GLIMMIX procedure in 

SAS (SAS 9.4, SAS Institute, Cary, NC). Multiple comparisons of least squares means were 

performed for each fungicide treatment compared to the water control. 
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2013 Curative Trial 

Due to insufficient disease pressure in the preventative trial, study plants were 

inoculated with E. japonica prior to fungicide application. Therefore, the trial conducted in 

2013 was a curative trial. This trial evaluated the same fungicides and rates as tested in the 

2012 trial. M. sinensis ‘Strictus’ and P. alopecuroides ‘Foxtrot’ plants were inoculated with 

E. japonica (See: Chapter 4). Visual signs of hyphae on the stems of the majority of plants 

indicated plants were successfully inoculated and retained for use in the fungicide trial.  

Plants were transplanted into 2.8 L (gallon trade) pots and placed at the North 

Carolina State University (NCSU) Horticultural Field Lab (HFL) and grown under shade 

with overhead irrigation. Prior to fungicide application, all plants were trimmed to 

approximately 15 cm. Plants were arranged in a randomized complete block design with 

subsamples. Each of the six blocks contained eight treatments and each experimental unit 

contained two subsamples of each cultivar for a total of four plants per experimental unit. 

The four plants within an experimental unit were grouped into a square with the pots 

touching. Experimental units were separated by approximately one meter. Fungicides were 

applied as above, also on a 14-day interval, starting on 29 May.  

Plants were evaluated prior to the initial fungicide application and then biweekly for 

infection by visually determining the disease incidence per pot and disease severity of the 

infected tillers per pot. Disease incidence was calculated by the percentage of infected tillers 

per pot and the area under the disease progress curve (AUDPC) (10) was calculated using the 

disease incidence. Disease severity was determined by estimating the overall extent of tiller 

infection per pot, exclusive of uninfected tillers. Disease severity ratings were given as 1: no 
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disease, 2: ≤ 1%, 3: > 1 to 5%, 4: > 5 to 15%, 5: > 15 to 30%, 6: > 30 to 45%, 7: > 45 to 

60%, and 8: > 60%. Disease incidence and severity data were analyzed with SAS with a 

repeated measures analysis of variance (ANOVA) test and the AUDPC data were analyzed 

with an ANOVA test. Means for each test were separated with a Waller-Duncan k-ratio test. 

Results 

2012 Preventative Trial  

After 12 weeks, on 5 July, very few plants exhibited signs of infection (no more than 

14% for any treatments), including plants in the water control treatment. Due to the reliance 

on natural inoculum, there was extremely low disease pressure. Plants were rated as infected 

based on visual presence of hyphae on leaves and stems. No plants had stromata develop on 

inflorescences. Efforts to isolate E. japonica from samples were unsuccessful with many 

other competing fungi quickly covering the plates. Results were not significant for fungicide 

treatment (P=0.8697) or cultivar (P=0.4083) (Table 2-1), though plants treated with 

fludioxonil and thiophanate methyl and chlorothalonil had a lower proportion of infected 

plants across the seven assessment dates than other treatments (Table 2-2).  

2013 Curative Trial 

After 12 weeks, on 20 August, at the conclusion of the trial, plants treated with 

triflumizole and fludioxonil resulted in a significant decrease in disease incidence, AUDPC, 

and disease severity for the M. sinensis ‘Strictus’ cultivar (Table 2-3). Fungicide treatment 

results for the P. alopecuroides ‘Foxtrot’ cultivar were variable (Table 2-4). Although no 

fungicide treatments were significantly different from the water control in AUDPC values 

over the experiment for the P. alopecuroides ‘Foxtrot’ cultivar, the triflumizole and 
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fludioxonil treatments resulted in a significant decrease in the disease incidence per pot and 

triflumizole had a significant decrease in disease severity compared to the water control at 

the last assessment date (12 weeks after first application date). Plants were rated as infected 

based on visual presence of hyphae on leaves and stems. No plants developed infected 

inflorescences during the trial. 

Discussion 

With such low disease pressure in 2012, no treatments could be effectively evaluated 

and both studies need to be repeated with better detection methods to confirm experimental 

results. The 2012 trial examined preventative chemical control and the 2013 trial examined 

curative chemical control for black choke disease on various ornamental grass cultivars. 

Preventative control is preferable but it may be difficult to differentiate between infected and 

uninfected plants until levels of infection are relatively high. Therefore, curative chemical 

control can help to stop the continued spread of disease on individual infected plants and to 

uninfected plants.  

The 2012 preventative trial relied on natural inoculum over a course of 12 weeks to 

infect plants. Rates of infection were low (no more than 14% for any of the treatments), even 

in the water control treatments, resulting in too little disease pressure to separate any effects 

due to the application of fungicides. The rating methods relied on signs of E. japonica, 

namely hyphae growing along the leaves, stems, and inflorescences and development of 

stromata on the inflorescences. If infection levels were too low for hyphae to be seen 

macroscopically this may be one reason for such low reported rates of infection. However, 
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other polyhouses in the same production facility were experiencing infection levels on plants 

that were more easily distinguishable.  

The study plants were treated somewhat differently from other plants at the nursery. 

In nurseries, grasses are routinely cut back periodically. The study plants were not cut back 

to ensure the disease was not spreading via infected tools. Another possible reason for low 

disease pressure may be the source plants. Infected plants may go undetected until signs are 

visible meaning low levels of infection could be present in a large population of the plants. 

The plants used in the 2012 trial were requested to be produced from ultra-clean stock. 

Though infected stock would never intentionally be used for propagation, it is possible that 

the study plants had lower levels of pathogen contamination than other plants at the facility, 

though none exhibited signs of E. japonica.  

Without adequate disease pressure, it was not possible to evaluate effective chemical 

control measures. Additional studies need to be performed to determine preventative 

fungicides for black choke control under more reliable disease pressure.  

The 2013 curative trial evaluated plants that were artificially inoculated with E. 

japonica with varying levels of infection. Infection was determined based on signs of the 

pathogen. Issues with inoculation success were recorded and may confound these results 

(See: Chapter 4). However, for this experiment, triflumizole and fludioxonil were the most 

effective treatments compared with the water control.  

The fungicides tested represent several different Fungicide Resistance Action 

Committee (FRAC) groups. Triflumizole, the most effective fungicide tested, is in FRAC 3. 

FRAC 3 fungicides are demethylation inhibitors (DMI), a sterol biosynthesis inhibitor which 
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prevents the biosynthesis of ergosterol, a necessary compound for fungal growth and cell 

structure resulting in irregular growth and eventual death, though it does not prevent spore 

germination (7). Triforine is also a DMI fungicide and was selected based on reports that in 

vitro samples could be cleared of E. japonica infection with this fungicide (11). However, it 

had very little efficacy in controlling disease. Some of this difference in efficacy may be 

explained by the difference in active ingredient and the different concentrations and 

recommended rates. At the rates used, there was approximately 1.5 times more triflumizole 

than triforine. The triforine product used was Ortho RosePride, a product sold to 

homeowners for their landscapes which may be why recommended rates were lower than 

with the triflumizole product used (Terraguard), which is only available to licensed pesticide 

applicators.  

 The second most effective fungicide tested, fludioxonil, is in FRAC 12 group which 

contains phenylpyrrole (PP) fungicides that disrupt the osmotic signal transduction pathway 

and affect both mycelial growth and spore germination (7). Fludioxonil was effective on M. 

sinensis ‘Strictus’ plants in both disease incidence and severity, but was only effective on P. 

alopecuroides ‘Foxtrot’ plants in decreasing disease incidence. 

With mycelia growing epiphytically on the plant before eventually developing into 

stromata encasing the inflorescence, mycelial growth is most important to control. Ineffective 

fungicide treatments may be due in part to the morphology of the grass and obtaining proper 

fungicide coverage as well as the ability of the hyphae to escape contact from the chemical 

application in the many folds and crevices between unemerged leaves. The hyphae may also 
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be escaping fungicide applications if it is overwintering in the subterranean parts of the plant 

and near the meristem, such as has been found in other closely related species (5).  

A major limitation associated with these trials is the possibility of diseased samples 

being rated incorrectly. Many attempts to isolate E. japonica from samples were 

unsuccessful. Isolations have only been successful from plants with a large amount of visible 

hyphae. One explanation for the inability to isolate from samples with low levels of infection 

could be that other fungi and bacteria present on the leaf surface were better competitors for 

the nutrients in vitro since E. japonica grows extremely slowly in culture. Another possibility 

is that there is no E. japonica present and was rated as a false positive for black choke 

disease. The false positive could also result from the confusion between black choke and 

tangle top signs, with tangle top being caused by Myriogenospora atramentosa, a very 

closely related fungus to E. japonica. 

The tangle top pathogen, M. atramentosa, is in the same clade as E. japonica and 

produces visually-identical hyphae and conidia in culture and in planta (9); a major 

difference is that M. atramentosa produces perithecia and ascospores in the stroma, which 

develops between the junction of two leaves connected and tangled by hyphae and 

developing stroma (9, 13). Before stromata develop, hyphae grow along the leaves, stems, 

and inflorescence in a similar manner to E. japonica. Therefore, ratings based on visible 

hyphae could be associated with either disease.  

The results of this study need to be confirmed through the use of clean plant material, 

a viable inoculation method, and a reliable detection method. Without a dependable positive 

and negative control in these experiments, it was difficult to rate plants effectively. 
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Continued studies into the biology of E. japonica and the relationship with its many plant 

hosts will shed more light on this disease. 
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Table 2-1. 2012 Preventative Trial. ANOVA table of fixed 

effects for fungicide treatment and cultivar on disease 

presencez. 

 
z Disease represented by the percentage of Ephelis japonica-

positive assessments for each plot out of the seven 

assessment dates. 

 

 

 

Table 2-2. 2012 Preventative Trial. Mean percent of Ephelis japonica-positive assessmentsz for 

each treatment out of the seven assessment dates.  

 
z Positive assessments were determined by signs of E. japonica on stems, leaves, and inflorescences  
y Means averaged across all cultivars tested. PDIFF multiple comparisons of means of each fungicide 

treatment compared to the water control with no significance for any treatment at the P=0.05 level.  

 

Effect Num DF Den DF F Value Pr>F

Fungicide treatment 7 148 0.45 0.8697

Cultivar 4 148 1 0.4083

Treatment and rate

Mean percent of 

positive assessment 

dates (%)
y

Water control.........................................................................................................................................................  13.6

Fluoxastrobin (0.12 g/L) and chlorothalonil (1.92 g/L) (Disarm C 5.0g/L).............................................................................................................................12.1

Azoxystrobin (0.15 g/L) (Heritage 0.30 g/L)........................................................................................................................................................................7.9

Fludioxonil (0.07 g/L) (Medallion 0.15 g/L)..........................................................................................................................................................................2.9

Triforine (0.25 g/L) (Ortho RosePride 3.9 g/L).........................................................................................................................................................................7.9

Boscalid (0.15 g/L) and pyraclostrobin (0.08 g/L) (Pageant 0.6 g/L)....................................................................................................................................................10.0

Thiophanate methyl (0.43 g/L) and chlorothalonil (1.73 g/L) (Spectro 2.4 g/L).................................................................................................................................2.1

Triflumizole (0.38 g/L) (Terraguard 0.9g/L)............................................................................................................................................................................5.0
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Table 2-3. 2013 Curative Trial. Disease incidence, severity, and AUDPC of Miscanthus sinensis 'Strictus' for the curative trial conducted 

at the horticultural field lab in Raleigh, NC in 2013. 

 
z Values represent the percentage of tillers infected per pot (disease incidence) after 12 weeks, on the final assessment date. 
y Area under the disease progress curve (AUDPC) calculated with disease incidence values. 
x Values represent the disease severity rating of infected tillers (1=healthy and 8= > 60% of tillers infected) after 12 weeks, on the final 

assessment date. 
w Means within a column followed by the same letter are not significantly different (P=0.05) based on the Waller-Duncan k-ratio test. 

Each column was analyzed separately. 

 

  

Treatment and rate

Water control.........................................................................................................................................................  52.1 ab
w 2156.3 ab 4.4 ab

Fluoxastrobin (0.12 g/L) and chlorothalonil (1.92 g/L) (Disarm C 5.0g/L).............................................................................................................................65.5 a 2706.9 a 4.8 a

Azoxystrobin (0.15 g/L) (Heritage 0.30 g/L)........................................................................................................................................................................45.6 b 2349.2 ab 4.0 bc

Fludioxonil (0.07 g/L) (Medallion 0.15 g/L)..........................................................................................................................................................................29.7 c 1377.6 cd 3.6 cd

Triforine (0.25 g/L) (Ortho RosePride 3.9 g/L).........................................................................................................................................................................51.5 ab 2076.6 ab 4.3 ab

Boscalid (0.15 g/L) and pyraclostrobin (0.08 g/L) (Pageant 0.6 g/L)....................................................................................................................................................44.8 b 1776.0 bcd 3.9 bc

Thiophanate methyl (0.43 g/L) and chlorothalonil (1.73 g/L) (Spectro 2.4 g/L).................................................................................................................................49.1 b 1930.7 bc 4.1 bc

Triflumizole (0.38 g/L) (Terraguard 0.9g/L)............................................................................................................................................................................28.5 c 1218.7 d 3.2 d

AUDPC
y

Severity rating of 

infected tillers
x

Tillers infected 

per pot (%)
z
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Table 2-4. 2013 Curative Trial. Disease incidence, severity, and AUDPC of Pennisetum alopecuroides 'Foxtrot' for the curative trial 

conducted at the Horticultural Field Lab in Raleigh, NC in 2013. 

 
z Values represent the percentage of tillers infected per pot (disease incidence) after 12 weeks, on the final assessment date. 
y Area under the disease progress curve (AUDPC) calculated with disease incidence values. 
x Values represent the disease severity rating of infected tillers (1=healthy and 8= > 60% of tillers infected) after 12 weeks, on the final 

assessment date. 
w Means within a column followed by the same letter are not significantly different (P=0.05) based on the Waller-Duncan k-ratio test. 

Each column was analyzed separately. 

 

 

 

Treatment and rate

Water control.........................................................................................................................................................  45.4 ab
w 2741.3 a 3.3 abc

Fluoxastrobin (0.12 g/L) and chlorothalonil (1.92 g/L) (Disarm C 5.0g/L).............................................................................................................................52.2 a 2621.0 a 3.3 ab

Azoxystrobin (0.15 g/L) (Heritage 0.30 g/L)........................................................................................................................................................................32.4 abc 2357.8 a 3.1 abc

Fludioxonil (0.07 g/L) (Medallion 0.15 g/L)..........................................................................................................................................................................20.9 c 1798.7 a 2.6 cd

Triforine (0.25 g/L) (Ortho RosePride 3.9 g/L).........................................................................................................................................................................32.6 abc 1975.5 a 3.6 a

Boscalid (0.15 g/L) and pyraclostrobin (0.08 g/L) (Pageant 0.6 g/L)....................................................................................................................................................23.7 bc 2297.1 a 2.8 bcd

Thiophanate methyl (0.43 g/L) and chlorothalonil (1.73 g/L) (Spectro 2.4 g/L).................................................................................................................................28.6 bc 2049.2 a 2.9 abcd

Triflumizole (0.38 g/L) (Terraguard 0.9g/L)............................................................................................................................................................................10.6 c 1524.8 a 2.3 d

Tillers infected 

per pot (%)
z

AUDPC
y

Severity rating of 

infected tillers
x
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Chapter 3. Quantitative real-time PCR assay for detection of Ephelis japonica on grass 

cultivars of Miscanthus sinensis and Pennisetum alopecuroides  

Introduction 

Ornamental grasses have become popular in landscapes in recent years with over 

$124 million in annual sales in the United States (21). These plants have relatively few 

disease problems in the landscape including rust, gray leaf spot (personal communication, 

Kelly Ivors), and anthracnose. Management of these diseases is relatively simple and can be 

achieved by removing infected plant material, increasing air flow, and keeping foliage dry 

when watering (12, 15). However for large-scale producers, diseases can spread quickly 

throughout a facility due to conducive microclimates.  

One such disease that can spread is black choke, caused by the fungus Ephelis 

japonica. One sign of black choke is mycelia growing epiphytically along the leaves, stems, 

and inflorescences (4, 5, 20). As E. japonica colonizes the plant, it eventually encapsulates 

the inflorescence and produces a gray to black, hardened stroma. The name ‘black choke’ 

comes from this characteristic stroma effectively choking the inflorescence and preventing 

mature seed development (4, 5, 20). This choked inflorescence greatly reduces the aesthetics 

of the plant and therefore the disease can result in large monetary losses from inventory that 

cannot be sold (personal communication, Hoffman Nursery).  

The conidia produced by E. japonica are described as Ephelis-shaped conidia and are 

hyaline, single-celled, filiform to acicular, straight to slightly curved, and are borne in a slimy 

mass on conidiomata which develop on both the hyphae and the stroma (4, 5, 9, 16, 17, 22). 
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These slimy conidia are likely splash dispersed as is observed in other closely related species 

(18).  

Detection of infected plants is mainly based on visible signs of hyphae of E. japonica 

on leaves and stems. However, hyphae may not be readily visible especially on plants with 

leaves that are small and thin or variegated. Hyphae may also not be visible to the unaided 

eye if infection levels are too low. Even if signs of E. japonica hyphae are present, black 

choke may be confused with other diseases exhibiting similar signs of mycelial growth along 

the stem.  

Tangle top, another disease of ornamental grasses, caused by the fungus 

Myriogenospora atramentosa (6), exhibits similar signs to black choke with hyphae growing 

along the leaves, stems, and inflorescence (17, 22). As this disease progresses, leaves become 

stuck together in a tangled arrangement due to the growth of the fungus, which is where the 

name ‘tangle top’ is derived. Differentiating between tangle top and black choke is easier as 

disease progresses and stromata are formed. As opposed to stroma developing on the 

inflorescence as with black choke, stroma develop between the tangled portion of leaves with 

tangle top (22).  

Before development of stromata, it is very difficult to distinguish between E. japonica 

and M. atramentosa, both of which are in the Ephelis clade within the family Clavicipitaceae 

(11), though E. japonica only reproduces asexually while M. atramentosa can reproduce both 

sexually (perithecia with ascospores) and asexually (22). The Ephelis clade encompasses 

fungi that produce Ephelis-shaped conidia, as described above (5, 9, 16, 17). Besides the 

similarity in signs of the two diseases, these fungi are also nearly identical in culture, 



 

32 

growing very slowly, producing spiral hyphae and Ephelis-shaped conidia. Although M. 

atramentosa is able to produce ascospores in planta, this did not occur in culture. Due to the 

similarity of signs and culture morphology, an initial hypothesis was that the observed signs 

were caused by the same organism, with differences depending upon whether the fungus was 

exhibiting the anamorphic or teleomorphic form. To determine the causal agent of these 

diseases and differences between isolates, DNA sequencing is necessary.  

Regardless which fungus is present, plants that have visible signs or symptoms of 

infection are routinely discarded in nurseries, thus helping slow the spread of disease. 

However, if infection levels are low, infected plants may go undetected. As ornamental 

grasses are generally propagated by division, undetected infected plant material could spread 

throughout a nursery if used for propagation. With so many confounding factors in detection 

of E. japonica, a molecular-based method would simplify detection.  

Zhou et al. (25) developed a nested polymerase chain reaction (PCR) assay which 

was able to detect E. japonica in Pennisetum alopecuroides and Paspalum thunbergii. 

Although this assay was effective in detecting E. japonica, it was only able to determine 

relative quantities based on band brightness. Other issues with nested PCR reactions include 

increased likelihood of contamination and increased processing time due to multiple 

amplifications and the need to visualize the results through gel electrophoresis.  

Quantitative real-time PCR (qPCR) methods can be used to detect small amounts of 

target DNA and will not only determine if a sample is positive or negative, but quantify the 

amount of fungal DNA (8, 10). Fluorescent probe-based assays increase target specificity by 

adding an additional series of nucleotides that the target DNA must match and often at a 
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longer nucleotide length than forward and reverse primers (8, 10). This method is useful in 

determining the level of fungal infection by detecting the quantity of both the fungal DNA 

and the host DNA (24), helping to elucidate many host-pathogen relationships.  

The objectives of this study were to i) determine genetic differences between isolates 

in three genetic regions, ii) develop an E. japonica specific diagnostic technique to detect low 

levels of the fungal pathogen before black choke signs develop, and iii) optimize and test the 

assay through detection of the pathogen in samples collected from an ornamental nursery. 

Materials and Methods 

Isolation and Culturing 

Plants with hyphae growing along leaves and stems were collected from a nursery in 

Durham, NC. Fungi were isolated from Miscanthus sinensis and Pennisetum alopecuroides 

host tissue by washing 1 to 2 cm-long sections in a 10% bleach solution for 1 min, followed 

by three sterile water rinses. Samples were briefly dried on a sterile paper towel and 

submerged in a corn meal malt agar (CMMA) medium amended with streptomycin sulfate 

(50 mg/L) and penicillin G sodium sulfate (50 mg/L) (2). Plates were incubated at 28 °C in 

darkness until colonies began to form around the submerged leaves. Hyphal tips were 

transferred to new CMMA plates without antibiotics to grow in pure culture for 3 to 6 weeks, 

depending on growth rate. Isolates were confirmed to have Ephelis sp. morphology via 

microscopic examination (3). Conidia produced by colonies grown on CMMA were also 

measured with a Nikon Eclipse Ti microscope.  
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DNA Extraction and Sequencing 

Isolates were identified to species with DNA sequencing of the internal transcribed 

spacer (ITS) region of the ribosomal (r)DNA. DNA was extracted from lyophilized mycelia 

with a Qiagen Puregene kit (Qiagen, Valencia, CA). Target DNA was amplified with primers 

ITS4 and ITS5 (23) (some isolates were also sequenced with primers ITS1 and ITS4 (23)) 

with cycling parameters of an initial denaturation cycle at 94 °C for 5 min, followed by 40 

cycles at 94 °C for 30 s, 53 °C for 40 s, and 72 °C for 1.5 min, and a final extension at 72 °C 

for 10 min in a PTC-100 Peltier Thermal Cycler (MJ Research). Reactions contained 2.5 U 

taq polymerase (Promega, Madison, WI), 0.5 µM of each primer, 200 µM dNTPs, and 1.5 

mM MgCl2 in a 25 µL reaction volume. The resulting amplicons were purified with a Qiagen 

QIAquick PCR purification kit and sequenced (MCLAB, South San Francisco, CA). 

Sequences were visually edited and aligned with Sequencher v4.9, compared with sequences 

in the publicly available database, GenBank (NCBI, Bethesda, MD), then identified based on 

sequence homology. Sequences generated in this study were deposited into the GenBank 

database (Appendix A). 

Regions of the β-tubulin and elongation factor (EF) 1-α genes also were sequenced to 

examine genetic differences among isolates. Primers for the β-tubulin gene, first described by 

Annis and Panaccione (1), were 5’-GCTCTAGACTGCTTTCTGGCAGACC-3’ (BT5F) and 

5’-CGTCTAGAKGTRCCCATACCGGCA-3’ (BT5R) and were used for all isolates. 

Reactions using these primers were programmed for an initial denaturation at 94 °C for 9 

min, followed by 40 cycles of 94 °C for 1 min, 55 °C for 1 min, and 72 °C for 2 min, ending 

with a final extension at 72 °C for 5 min. The EF 1-α gene for isolates of E. japonica and M. 



 

35 

atramentosa had several differences preventing the use of the same set of primers. Sequences 

of isolates of E. japonica were amplified with the primers  

5’-CGGCAGCGATAATCAGGATAG-3’ (TEF1R) and  

5’-ATCGAGAAGTTCGAGAAGGT-3’ (TEF1D), originally described by Gentile et al. (7). 

Primers used for M. atramentosa were TEF1R and 5’-GGGTAAGGACGAAAAGACTCA-

3’ (TEF1F), also described by Gentile et al. (7). Reactions were programmed for an initial 

denaturation at 94 °C for 9 min, followed by 40 cycles of 94 °C for 1 min, 52 °C for 1 min, 

and 72 °C for 2 min, ending with a final extension at 72 °C for 5 min. Reagent 

concentrations, purification, sequencing, and alignments were performed as described above.  

qPCR assay development 

Primers and probes for qPCR were developed with the publicly available software, 

Primer 3 (14). Primers specific to E. japonica (LEBF and LEBR) and an internal 

fluorescently-labeled probe (LEBP) (Table 3-1) were designed to span parts of the 18S and 

the ITS 1 region of the rDNA. To monitor for successful DNA extraction and normalize the 

PCR reaction, plant primers (PEF1F and PEF1R) and an internal fluorescently-labeled probe 

(PEF1P) (Table 3-1) were designed in the EF1-α gene to amplify DNA from Miscanthus 

sinensis and Pennisetum sp. (developed from GenBank accession numbers HM062767.1 and 

EF694165.1, respectively). E. japonica- and plant-specific primer sets were designed with a 

similar annealing temperature and both probes were labeled with the same fluorophore, 

FAM, to run in singleplex on the same plate.  

Primer and probe concentrations were optimized to maximize detection rates of both 

primer sets. A range of annealing temperatures was also tested, from 56 to 60 °C, with 60 °C 
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being chosen due to specificity concerns at lower temperatures. Specificity of the assay for E. 

japonica was tested against 1.25 ng of DNA extracted (as above) from pure cultures of M. 

atramentosa and Pyricularia grisea (teleomorph: Magnaporthe grisea), the causal agent of 

gray leaf spot, both of which infect a range of ornamental grass hosts. Sensitivity of E. 

japonica-specific primers and probe were tested with 10-fold serial dilutions ranging from 

0.00001 ng to 10 ng of E. japonica DNA extracted from pure culture and quantified by UV 

spectrometry (Nanodrop, Thermal Scientific, Wilmington, DE). Sensitivity of plant-specific 

primers and probe were similarly quantified and diluted ranging from 0.01 ng to 100 ng of 

plant DNA. 

Each qPCR reaction contained a total volume of 20 µL with 1x SsoAdvanced 

universal probes supermix (Biorad, Hercules, CA) and 10ng of template DNA. For E. 

japonica-specific reactions, 0.25 µM of each primer and probe were used. For plant specific 

reactions, 0.5 µM of each primer and 0.25 µM of the probe were used. The qPCR reactions 

were performed in an ABI PRISM 7000 sequence detection system (Life Technologies, 

Grand Island, NY) with the following cycling parameters: an initial denaturation and 

polymerase activation at 95 °C for 5 min, followed by 40 cycles of 95 °C for 15 s and 60 °C 

for 1 min. 

qPCR assay testing 

Plants exhibiting signs of E. japonica and plants without signs of E. japonica were 

sampled and assayed to test the sensitivity and detection dependability of the qPCR assay. 

Four cultivars of ornamental grasses were collected from a nursery in Durham, NC: M. 

sinensis ‘Gold Bar’, M. sinensis ‘Morning Light’, M. sinensis ‘Strictus’, and P. 



 

37 

alopecuroides ‘Foxtrot’. Eight plants from each cultivar were selected and visually assessed 

and designated as exhibiting signs or no signs of infection with E. japonica. An additional 

four M. sinensis ‘Gold Bar’ plants were selected for testing due to visual signs of stromata on 

tangled leaves indicating infection with M. atramentosa.  

Plant samples were taken from three locations along the tiller, from the bottom, 

middle, and top thirds of the tiller, then combined and lyophilized. Between 20 and 30 mg of 

sample tissue (depending on grass cultivar) was pulverized with glass beads in a Beadbeater 

(Biospec Products, Bartlesville, OK) for 1-2 min at 4800 rpm. DNA was extracted from the 

samples with a Qiagen Plant DNeasy Mini Kit.  

Each 96-well PCR plate contained two separate reactions for each DNA sample, one 

with the LEB primers and probe and one with the PEF1 primers and probe. Two sets of DNA 

standards also were used in each run as described above with 0.00001 ng to 10 ng of E. 

japonica DNA and 0.01 ng to 100 ng of plant DNA. Additionally, each plate contained one 

set of negative water controls for each primer and probe combination and negative controls 

of M. atramentosa and P. grisea pure culture (1.25 ng per reaction) to test for non-specific 

binding of the LEB primers and probe. All samples were replicated in triplicate. To ensure 

that the DNA samples were not affected by inhibitors, each sample was quantified with UV 

spectrometry, diluted to 10 ng per reaction with ultrapure water, and compared to assay 

results for total plant DNA.  

Standard curves were constructed by plotting the Ct value for each DNA standard 

dilution against the starting concentration. Ct values were determined by the threshold which 

was manually set for each reaction based on the exponential phase of amplification. The 
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efficiency of the reaction was measured from the slope of the standard curve. An optimal 

slope is between −3.1 and −3.6 Ct ∕ log (DNA concentration), resulting in efficiencies 

between 90 and 110% (19). The curves were then used to extrapolate the starting 

concentration of E. japonica and plant DNA in each experimental sample. The two standards 

allowed the data to be expressed as a proportion of E. japonica DNA to plant DNA to control 

for differences in the efficiency of the extraction or the amount of tissue used.  

Samples were deemed as positive or negative based on a combination of factors: the 

cycle in which they crossed the threshold (Ct), the reliability of the standard curve for each 

run, and a cut-off determined from non-specific detection in negative controls (never ≤34 

cycles). The cut-off value was calculated by determining at what amount of E. japonica DNA 

the standard curve was not reliable and negative controls began to amplify. The greater of 

those numbers was divided by the amount of plant DNA in a sample, resulting in a cut-off 

ratio. Results were calculated by dividing total E. japonica DNA by total plant DNA and 

transforming the resulting ratio to the natural log to correct for a non-normal distribution. 

The cut-off ratio also was transformed to the natural log and the difference calculated. For 

differences less than or equal to zero, samples were considered negative and for differences 

greater than zero, samples were considered positive. Samples then were placed into 

categories based on their visual assessment before the assay (signs or no signs) and their 

experimental result from the assay (positive or negative) (Table 3-2). Results were analyzed 

with SAS (version 9.4; SAS Institute, Cary, NC). Data were evaluated with analysis of 

variance (ANOVA) and means for cultivar and category were determined with a Waller-

Duncan k-ratio test. 
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Results 

Sequencing 

Fifty isolates were collected from P. alopecuroides and M. sinensis. Based on 

sequencing of the ITS region, 41 isolates were E. japonica and nine were M. atramentosa 

(Table 3-3). Nine of the E. japonica isolates were expected to be M. atramentosa, based on 

symptoms of tangled leaves, though no stromata were present. Conversely, two of the M. 

atramentosa isolates were expected to be E. japonica, based on signs of hyphae growing 

along leaves. An isolate obtained from the American Type Culture Collection (ATCC) (13) 

was also sequenced and matched E. japonica sequences in this study. The average size of E. 

japonica conidia was 15.9 by 1.3 microns measured from colonies grown on CMMA.  

Three regions of E. japonica and M. atramentosa were sequenced, the ITS region, β-

tubulin gene, and EF 1-α gene. There were no differences between any of the isolates in any 

of these three regions for the M. atramentosa isolates. There were no differences within the 

β-tubulin or the EF1-α genes for the E. japonica isolates. There were also no differences in 

sequences obtained with the ITS1/4 primers and no differences in sequences obtained with 

the ITS4/5 primers. However, there was a single base pair (bp) difference between the two 

sequences in the ITS region. Seven representative sequences from these three regions and 

two organisms were submitted to GenBank (Table 3-4). Despite being closely related, E. 

japonica and M. atramentosa have many variations in the sequenced regions with 293 bp 

differences and gaps in the ITS region, 149 bp differences and gaps in the β-tubulin gene, and 

230 bp differences and gaps in the EF 1-α gene (See: Appendix A for complete sequences).  
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qPCR assay 

The qPCR assay was able to detect DNA of E. japonica at concentrations as low as 

10 fg per ng of plant DNA in infected plant samples. The assay was able to detect plant DNA 

at concentrations as low as 100 pg. Previous attempts to multiplex with various fluorophores 

were unsuccessful (results not shown), but singleplex reactions successfully amplified both 

plant and fungal target DNA. Dilutions of E. japonica DNA ranged from 0.00001 ng to 10 

ng, however dilutions of 0.00001 ng often deviated from the linearity of the other points on 

the standard curve. Likewise, dilutions of plant DNA at the 0.01 ng level often deviated from 

the linearity of the other points on the standard curve. When appropriate, these points were 

eliminated from calculating the standard curve. Standard curves all had slope values ranging 

from -3.28 to -3.58 corresponding to efficiency values of 90 to 102%, which fall within the 

acceptable range (19) (Fig. 3-1).  

Negative controls (water, M. atramentosa, and P. grisea samples) began to exhibit 

non-specific binding in later cycles. The M. atramentosa pure culture negative controls 

would begin amplifying earlier than other negative controls, but typically not earlier than 34 

cycles. The DNA of P. grisea (negative control) rarely exhibited non-specific annealing and 

if present was at the same Ct as the negative water controls. Negative water controls 

occasionally amplified in later cycles, though after 37 cycles.  

qPCR assay testing 

DNA of E. japonica from samples of M. sinensis ‘Morning Light’, ‘Strictus’, and 

‘Gold Bar’ that exhibited signs of infection were detected in the assay. In addition to 

detecting E. japonica when hyphae were visible, eight samples, two from M. sinensis 
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‘Strictus’, two from P. alopecuroides ‘Foxtrot’, and four from M. sinensis ‘Gold Bar’, (two 

of which also exhibited signs of tangle top), that were judged as non-infected with E. 

japonica based on visual signs were determined to be infected with this assay (Fig 3-2). 

Samples represented three of the four categories: No Signs, Negative; No Signs, Positive; 

and Signs, Positive. The difference between the natural log of the ratio of E. japonica DNA 

to plant DNA and the natural log of the cut-off ratio of these three categories were all 

significantly different from one another (P=0.05) (Table 3-5, Table 3-6, and Fig 3-3).  

Discussion 

Based on the ITS, β-tubulin, and EF 1-α regions sequenced, there is little genetic 

diversity between E. japonica isolates in these locations of the genome. Similarly, there is 

little difference in the M. atramentosa isolates in these locations as well. All but one isolate 

came from plants collected at a commercial nursery in North Carolina, with the additional 

isolate from a sample collected in Maryland in 1999 (13). This is not surprising when 

considering ornamental grasses are routinely propagated by division, where a single mother 

plant is used to propagate several new plants. In theory, a single infected plant could result in 

many infected plants after only a few phases of propagation. No differences were found in 

the M. atramentosa isolates, with all isolates from plants collected at a single nursery. Too 

few isolates were collected and sequenced to have a reliable sense of the diversity of the 

population present at this nursery.  

The initial hypothesis that these two diseases were caused by the same pathogen 

exhibiting different sexual stages was not accepted. The sequences generated in this study 
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showed large differences between the two fungi within the three regions sequenced ranging 

from 149 for 293 bp differences.  

The qPCR assay developed in this study is both sensitive and specific and can be used 

for the diagnosis of E. japonica in plants. In addition, the assay is also able to quantify the 

amount of E. japonica DNA present in host tissue, detecting as little as 10 fg of E. japonica 

DNA per ng of plant DNA. In plant tissue, the assay was able to detect DNA of E. japonica 

in plant samples before visual signs of disease were present in M. sinensis ‘Gold Bar’, 

‘Strictus’, and P. alopecuroides ‘Foxtrot’.  

Initial samples of M. sinensis ‘Morning Light’ were negative, despite signs of hyphae 

growing along stems and leaves. Isolates from these plants were sequenced to determine if 

the hyphae were E. japonica. Sequencing confirmed that the M. sinensis ‘Morning Light’ 

plants exhibiting signs were positive for E. japonica. The DNA from additional subsamples 

of the M. sinensis ‘Morning Light’ plants was re-extracted and the samples tested again with 

the qPCR assay. The second DNA extraction yielded the expected results indicating that 

initial samples were negative due to poor DNA extraction efficiency. In order to control for 

issues with DNA extraction and contamination, positive and negative controls are necessary 

in the extraction step of the assay as well as the PCR step.  

Though this assay was effective and reliable, additional experiments are needed to 

determine the robustness as a detection method. More cultivars of M. sinensis and P. 

alopecuroides need to be tested as well as additional plant species. The plant- specific 

primers and probe were designed to be quite general and may be able to detect DNA from 

other grass species besides M. sinensis and P. alopecuroides. 
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This assay could also be used to delve deeper into the biology of E. japonica. Little is 

known about how this fungus colonizes a tiller or how it overwinters (22). E. japonica could 

be tracked in host plants for location, movement, and quantities as the season progresses. It 

could also be used to determine how E. japonica survives from season to season as 

ornamental grasses are usually cut back to the ground before winter or even burned, yet 

reinfection occurs.  

Finally this assay may be useful for growers to test stock plants. Though qPCR can be 

costly, the sensitivity of this assay and rapid diagnosis may make the cost more practical, 

especially for primary propagators as propagating from clean plants is critical. Growers could 

test a subset of plants prior to propagation to determine if infection levels are high enough to 

warrant replacing plants with new, clean stock. Validation of the assay on other grass species 

and cultivars could provide a value-added detection method for the ornamental grass 

industry. 
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Table 3-1. qPCR Primer and Probe Sets. Sequence and fragment size of qPCR primers and fluorescently-

labeled probes developed for detection, quantification, and normalization of the Ephelis japonica qPCR assay. 

 
 

 

 

 

 

Oligonucleotide Sequence (5'-3') Fragment size (bp)

LEBF CCTGCGGAGGGATCATTA

LEBR CCGAAGCAACGGTAGAGG

LEBP (6~FAM)ACACTCCCAAACCCCTGTGAACCT(BHQ1a~6FAM)

PEF1F ACTCTGGCAAGTCGACCAC

PEF1R TCTCGAACCTCTCGATCACA

PEF1P (6~FAM)CTGGCCACCTGATCTACAAGCTTGG(BHQ1a~6FAM)

81

75



 

48 

Table 3-2. Category Designations for Visual 

Assessment and qPCR Result.  

 
Thirty-six plant samples were placed into categories 

based on a visual assessment of Ephelis japonica 

hyphae (signs or no signs) combined with the 

experimental result of the qPCR assay (positive or 

negative). 

 

 

 

Category Visual qPCR

1 No signs Negative

2 No signs Positive

3 Signs Negative

4 Signs Positive
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Table 3-3. Isolates of Ephelis japonica, Myriogenospora atramentosa, and Pyricularia grisea used in this 

study. 

 
zCulture obtained from the American Type Culture Collection (ATCC) submitted by Roberts and White (13). 

 

  

Isolate Host Location Year Pathogen

MYA-3317
z

Pennisetum alopcuroides MD 1999 Ephelis japonica

MS11-1 Miscanthus sinensis Durham, NC 2011 E. japonica

MS11-2 M. sinensis Durham, NC 2011 E. japonica

MS11-3 M. sinensis Durham, NC 2011 E. japonica

MS11-4 M. sinensis Durham, NC 2011 E. japonica

MS11-5 M. sinensis Durham, NC 2011 E. japonica

MS11-6 M. sinensis Durham, NC 2011 E. japonica

MS11-7 P. alopecuroides Durham, NC 2011 E. japonica

MS11-8 P. alopecuroides Durham, NC 2011 E. japonica

MS11-9 P. alopecuroides Durham, NC 2011 E. japonica

PA11-1 P. alopecuroides Durham, NC 2012 E. japonica

PA11-2 P. alopecuroides Durham, NC 2012 E. japonica

PA11-3 P. alopecuroides Durham, NC 2012 E. japonica

PA11-4 P. alopecuroides Durham, NC 2012 E. japonica

PA11-5 P. alopecuroides Durham, NC 2012 E. japonica

PA11-6 P. alopecuroides Durham, NC 2012 E. japonica

PA11-7 P. alopecuroides Durham, NC 2012 E. japonica

PA11-8 P. alopecuroides Durham, NC 2012 E. japonica

PA11-9 P. alopecuroides Durham, NC 2012 E. japonica
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Table 3-3 continued. 

 
  

Isolate Host Location Year Pathogen

PA11-10 P. alopecuroides Durham, NC 2012 E. japonica

PA11-11 P. alopecuroides Durham, NC 2012 E. japonica

PA11-12 P. alopecuroides Durham, NC 2012 E. japonica

PA11-13 P. alopecuroides Durham, NC 2012 E. japonica

PA11-14 P. alopecuroides Durham, NC 2012 E. japonica

PA11-15 P. alopecuroides Durham, NC 2012 E. japonica

MS12-1 M. sinensis Durham, NC 2013 E. japonica

MS12-2 M. sinensis Durham, NC 2013 E. japonica

MS12-3 M. sinensis Durham, NC 2013 E. japonica

MS12-4 M. sinensis Durham, NC 2013 E. japonica

MS12-5 M. sinensis Durham, NC 2013 E. japonica

MS12-6 M. sinensis Durham, NC 2013 E. japonica

MS12-7 M. sinensis Durham, NC 2013 E. japonica

MS12-8 M. sinensis Durham, NC 2013 E. japonica

MS12-9 M. sinensis Durham, NC 2013 E. japonica

MS12-10 M. sinensis Durham, NC 2013 E. japonica

MS12-11 M. sinensis Durham, NC 2013 E. japonica

MS12-12 M. sinensis Durham, NC 2013 E. japonica

MS12-13 M. sinensis Durham, NC 2013 E. japonica

MS12-14 M. sinensis Durham, NC 2013 E. japonica

MS12-15 M. sinensis Durham, NC 2013 E. japonica

MS12-16 M. sinensis Durham, NC 2013 E. japonica

MS12-17 M. sinensis Durham, NC 2013 E. japonica
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Table 3-3 continued. 

 
 
 

Isolate Host Location Year Pathogen

MS11-10 M. sinensis Durham, NC 2011 Myriogenospora atramentosa

MS12.2-1 M. sinensis Durham, NC 2012 M. atramentosa

MS12.2-2 M. sinensis Durham, NC 2012 M. atramentosa

MS12.2-3 M. sinensis Durham, NC 2012 M. atramentosa

MS12.2-4 M. sinensis Durham, NC 2012 M. atramentosa

MS12.2-5 M. sinensis Durham, NC 2012 M. atramentosa

MS12.2-6 M. sinensis Durham, NC 2012 M. atramentosa

MS12.2-7 M. sinensis Durham, NC 2012 M. atramentosa

MS12.2-8 M. sinensis Durham, NC 2012 M. atramentosa

SR14-1 Saccharum ravennae Durham, NC 2014 Pyricularia grisea

SR14-2 S. ravennae Durham, NC 2014 P. grisea

SR14-3 S. ravennae Durham, NC 2014 P. grisea
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Table 3-4. Accession Number and Length of Generated Sequences. Sequences of three partial 

regions of DNA from Ephelis japonica and Myriogenospora atramentosa. 

 
zAccession number as designated by GenBank. See Appendix A for complete sequences. 

 

 

  

Region Accession #
z

Sequence length (bp) Accession # Sequence length (bp)

ITS KM456195 652 KM456196 588

β-tubulin KM504525 497 KM504524 499

Elongation Factor 1-α KM504527 492 KM504526 910

Ephelis japonica Myriogenospora atramentosa
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Figure 3-1. Plant and Fungal Standard Curves. Two standard curves were calculated for 

every quantitative polymerase chain reaction (qPCR), one for Ephelis japonica and one for the 

host grass. Curves were calculated by amplifying 10-fold dilutions of known quantities of 

DNA. Standard curves were used to interpolate the total E. japonica and plant DNA in a 

sample. z The amplification cycle when sample fluorescence rose above a threshold value. y 

Starting quantity of DNA was determined by UV spectrometry and serial dilutions.  
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Table 3-5. qPCR ANOVA Results. 

The category term is significant, but the 

cultivar does not have an effect. 

 
 

 

 
Table 3-6. qPCR Means Separation of Categories. The 

mean of each category was statistically different from one 

another.  

 
z Means calculated by subtracting the natural log of the 

cut-off value from the natural log of the ratio of Ephelis 

japonica DNA to plant DNA 
y Groups with different letters are significantly different 

(P=0.05) based on the Waller-Duncan k-ratio test. 

 

 

Source DF F value Pr>F

Category 2 239.02 <0.0001

Cultivar 3 0.85 0.4787

Category

Signs, Positive 8.1 a
y

No Signs, Positive 1.9 b

No Signs, Negative −1.6 c

Mean of Normalized 

DNA Concentration
z
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Figure 3-2. qPCR Assay Results by Visual Assessment and Cultivar. Data from the qPCR assay were used to extrapolate the 

quantity of Ephelis japonica and plant DNA per sample. The ratio of E. japonica DNA to plant DNA was natural log transformed 

to correct for a non-normal distribution. Samples were determined to be positive if this ratio was above a cut-off value 

(determined separately for each experimental run). For each sample, the natural log of the cut-off value was subtracted from the 

natural log of the DNA ratio. For values > 0, samples were considered positive and for values ≤ 0, samples were considered 

negative for infection with E. japonica. “No signs” indicates no macroscopic hyphae visible on plant. “Signs” indicates hyphae 

could be seen unaided on the plant. “Tangle Top” indicates tangled leaves and stromata indicative of infection with 

Myriogenospora atramentosa, the causal agent of tangle top disease. 
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Figure 3-3. Visual Assessment and qPCR Assay Results Averaged across Cultivars. 

The natural log of the cut-off ratio subtracted from the natural log of the ratio of Ephelis 

japonica DNA to plant DNA was averaged across each cultivar and depicted as one of 

three categories based on the visual assessment before testing and the qPCR results. All 

categories were significantly different (P=0.05) from each other based on the Waller-

Duncan k-ratio test. 
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Chapter 4. Investigation of inoculation methodologies of Ephelis japonica on 

ornamental grass hosts 

Introduction 

Black choke is a disease of numerous hosts, including many ornamental grasses (7). 

The causal agent of black choke is Ephelis japonica, an epiphytic fungus within the 

Balansieae tribe of the family Clavicipitaceae (18). Black choke is characterized by mycelia 

growing epiphytically along the leaves, stems, and inflorescences (3, 5, 16) of its hosts. As E. 

japonica colonizes the plant, it can grow along the emerging inflorescence, eventually 

encapsulating it and producing a gray to black, hardened stroma. The name ‘black choke’ is 

derived from this characteristic stroma effectively choking the inflorescence and preventing 

full seed development (3, 5, 16). Ornamental grasses are valued for their showy 

inflorescences and therefore this disease can result in financial losses due to inventory that 

cannot be sold.  

Little is known about how E. japonica spreads from plant to plant or how it 

overwinters and re-infects in subsequent years. As an asexual fungus, E. japonica only 

produces conidia which are borne in a slimy mass on conidiomata and develop on both the 

hyphae and the stromata (3, 18). These slimy conidia are likely splash dispersed as is 

observed in other closely related species (12). Conidia produced by fungi in the Balansieae 

tribe do not overwinter and hosts typically die back, are cut back, or the foliage burned after 

the fall. Thus survival and re-colonization is likely achieved via colonization of buds in the 
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subterranean plant parts (18) as has been observed in other studies where hyphae of epiphytic 

fungi grew near the meristem and buds of new leaves (4, 9).  

To further study the life cycle of E. japonica, the relationship with specific hosts, and 

effective control measures, it is necessary to develop reliable inoculation methods. 

Inoculation attempts with other close relatives of E. japonica have been either unsuccessful 

(5, 6, 10, 14) or success in such low rates (17), that the methods were unreliable. E. japonica 

can be isolated into pure culture (1, 16), although colonies grow very slowly compared with 

many other fungi. The objective of this study was to develop an effective and reliable 

inoculation method for E. japonica for future black choke work.  

Materials and Methods 

January 2013 Inoculation Trial 

Miscanthus sinensis ‘Strictus’ and Pennisetum alopecuroides ‘Foxtrot’ grasses 

obtained from a nursery in Durham, NC were transplanted to 15 cm pots and grown under 

greenhouse conditions with a 12 hour photoperiod. Eleven days prior to inoculation, plants 

were trimmed to approximately 15 cm from the soil line with shears.  

Three isolates of E. japonica, two initially isolated from M. sinensis ‘Strictus’ and 

one from P. alopecuroides ‘Foxtrot’ were grown for six weeks on corn meal malt agar 

(CMMA) (1) at 28 °C in darkness (For media, temperature and spore production data, see 

Appendix B). Inoculum consisted of spores (conidia) or colonized grain seeds. Spores were 

harvested via scraping CMMA plates. An aqueous solution of spores was made from a 

combination of all three isolates and diluted to 100,000 spores/mL. Colonized grain inoculum 

was prepared by a modified method described by Holmes and Benson (8). Rye seed was 
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sterilized and CMMA agar plugs of the P. alopecuroides ‘Foxtrot’ isolate were grown on the 

medium for three months. Viability of conidial and grain inoculum was confirmed by plating 

inoculum on CMMA after inoculation.  

Four inoculation methods were tested along with one water control on both plant 

cultivars. Inoculum was applied to the plants by spraying the spore suspension on uncut 

plants, spraying the spore suspension on plants freshly cut to 15 cm above the soil line, 

dipping shears in the spore suspension then cutting plants back to 15 cm to simulate 

mechanical transmission from tools, or placing a colonized rye grain between the base of the 

leaf and the stem of a tiller (three grains per plant). Plants were placed in a high humidity 

chamber to promote leaf wetness immediately after inoculation. All treatments were tested at 

leaf wetness periods of 48 and 96 hours post inoculation. The water control and aqueous 

spore suspension were applied with a hand-pressurized sprayer until run-off.  

Plants were arranged in a three-way factorial randomized complete block design with 

10 replicates. Each of the 10 replicates contained 10 plants of each cultivar with each 

combination of five inoculation treatments and two leaf wetness periods. Plants were rated as 

positive or negative for infection based on macroscopically visible signs of mycelial growth 

along the leaves and stems. The number of infected tillers per pot were counted, the length of 

the hyphal growth measured, and the incubation period, defined as the number of days until 

sign development, was recorded. Results were analyzed with SAS (SAS 9.4, SAS Institute, 

Cary, NC). Inoculation method and leaf wetness effects were analyzed with an analysis of 

variance (ANOVA) test and differences between inoculation methods were determined with 

a Waller-Duncan k-ratio test.  
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May 2013 Inoculation Trial- Miscanthus sinensis ‘Strictus’ 

Miscanthus sinensis ‘Strictus’ grass was transplanted to 2.8 L (0.75 gallon, trade 

gallon) pots with limed bark potting medium. Plants were placed at the North Carolina State 

University (NCSU) Horticultural Field Lab (HFL) and grown under shade with daily 

overhead irrigation. Three days prior to inoculation, plants were trimmed to 15 cm above the 

soil line.  

At inoculation plants were moved to the greenhouse. Aqueous inoculum was prepared 

as described above and two inoculation methods were tested; spraying the spore suspension 

on uncut plants or spraying the spore suspension on plants freshly cut to 15 cm, along with an 

untreated water control. Immediately after inoculation, plants were covered with white 

plastic bags set above the canopy of the grass with bamboo stakes and skirted around the 

base of the pots to allow air flow while increasing humidity. Bags were removed 36 hours 

post inoculation and plants were relocated back to the HFL. Pots were spaced approximately 

one meter apart and arranged in a randomized complete block design with three treatments 

and four replicates.  

The disease incidence per pot and disease severity of the infected tillers per pot were 

recorded. Disease incidence was determined by the percentage of infected tillers per pot and 

the area under the disease progress curve (AUDPC) (11) was calculated using the disease 

incidence. Disease severity was determined by estimating the overall extent of tiller infection 

per pot, exclusive of uninfected tillers. Disease severity ratings were given as 1: no disease, 

2: ≤ 1%, 3: > 1 to 5%, 4: > 5 to 15%, 5: > 15 to 30%, 6: > 30 to 45%, 7: > 45 to 60%, and 8: 
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> 60%. Disease incidence, disease severity, and AUDPC results were analyzed with an 

ANOVA test. 

May 2013 Inoculation Trials- Pennisetum alopecuroides ‘Little Bunny’ 

Pennisetum alopecuroides ‘Little Bunny’ grass was transplanted, grown, inoculated, 

rated, and analyzed as in the previous May 2013 inoculation trial, with the exception that 

plants were not trimmed to 15 cm prior to inoculation due to the dwarf nature of the cultivar. 

Instead, plants to be cut for inoculation were trimmed by 2 to 3 cm. This inoculation was 

performed twice. 

January 2014 Inoculation Trial 

Miscanthus sinensis ‘Strictus’ grass obtained from a nursery in Glen Arm, MD was 

transplanted to 15 cm pots and grown under greenhouse conditions with a 12 hour 

photoperiod. Six days prior to inoculation, plants were trimmed to approximately 15 cm 

above the soil line. Three inoculation methods were tested along with one untreated water 

control. Two aqueous inoculum methods were tested as above in the May 2013 inoculation 

trials. The final inoculation method tested was a modified method first described by Tjosvold 

et al. (15). An agar plug colonized by E. japonica was placed in a microfuge cap and attached 

to the stem with a hair clip approx. 7.5 cm above the soil line. Five plugs were attached per 

plant. Plants were incubated as above but remained under greenhouse conditions. Non-

treated control plants were placed on a separate bench from the other study plants. The 

remaining plants were arranged in a randomized complete block design with three treatments 

and five replicates. Plants were rated and analyzed as above. After rating, one tiller from the 
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fifth replicate plant of each treatment was sampled and stored at -20 °C for use with the 

molecular diagnostic assay described in Chapter 3.  

Samples from five dates (before inoculation, 6 days post inoculation (dpi), 28 dpi, 52 

dpi, and 70 dpi) were taken from various locations along the tiller then combined and 

lyophilized. Sample tissue was pulverized with glass beads in a Beadbeater (Biospec 

Products, Bartlesville, OK) for 1-2 min at 4800 rpm. DNA was extracted from the samples 

with a Qiagen Plant DNeasy Mini Kit (Qiagen, Valencia, CA). Primers and fluorescently-

labeled probes for quantitative real-time PCR (qPCR) described in Chapter 3 to amplify E. 

japonica (LEBF LEBR, and LEBP) and M. sinensis ‘Strictus’ (PEF1F, PEF1R, and PEF1P) 

DNA were used to evaluate frozen samples.  

Samples were deemed as positive or negative based on a combination of the cycle in 

which they crossed the threshold (Ct), reliability of the standard curve for each run, and 

based on a cut-off determined from non-specific binding in negative controls (never ≤34 

cycles). Results were calculated by natural log transformation of the ratio of the total E. 

japonica DNA to the total plant DNA and subtracting the natural log transformation of the 

cut-off ratio of the cut-off value and the total plant DNA. For results greater than zero, 

samples were considered positive for E. japonica infection. For results less than zero, 

samples were considered negative for E. japonica infection.  

Results 

January 2013 Inoculation Trial 

Plants began to show signs of infection four weeks after inoculation with hyphae 

visible along the stems of some tillers. Eight weeks after inoculation, all but five plants in the 
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study had at least one tiller per pot exhibiting signs of infection with E. japonica (Table. 4-1). 

For M. sinensis ‘Strictus’, there were no significant effects from the inoculation method or 

the leaf wetness period on the number of tillers infected (F=0.19, P=0.9450 and F=0.00, 

P=0.9447, respectively), the length of mycelial growth (F=0.10, P=0.9821 and F=0.80, 

P=0.3738, respectively), or the incubation period (F=1.75, P=0.1455 and F=0.01, P=0.9278, 

respectively). For P. alopecuroides ‘Foxtrot’, there were no significant effects from the 

inoculation method but there was a significant effect of the leaf wetness period on the 

number of tillers infected (F=0.76, P=0.5556 and F=6.10, P=0.0154, respectively), the 

length of mycelial growth (F=0.67, P=0.6138 and F=7.00, P=0.0095, respectively), and the 

incubation period (F=1.74, P=0.1484 and F=4.19, P=0. 0435, respectively).  

No inoculation method was statistically different from the untreated water control, 

however, there was one significant difference in the inoculation method for the incubation 

period. The incubation period of the spore suspension that was sprayed onto freshly cut 

leaves was significantly lower than the treatment where shears were dipped into a spore 

suspension and then used to cut the plants for P. alopecuroides ‘Foxtrot’, but there were no 

significant differences for M. sinensis ‘Strictus’ (Table 4-1).  

May 2013 Inoculation Trial- Miscanthus sinensis ‘Strictus’ 

Plants began to show signs of E. japonica infection two weeks after inoculation with 

mycelia visible along the stems of some tillers, including one untreated water control plant. 

All plants, including all untreated water control plants, exhibited signs three weeks after 

inoculation. Although all plants exhibited signs, there were statistical differences between 

inoculation methods.  
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The AUDPC was significant (F=4.38, P=0.0469) and the Waller-Duncan k-ratio test 

showed significant differences between the water control treatment and the spore suspension 

that was sprayed onto freshly cut leaves (Table 4-2). The disease incidence was significant 

(F=8.28, P=0.0005); with overall significantly higher incidence in the two inoculated 

treatments compared to the non-inoculated water control (Table 4-2). The disease severity 

was not significant (F=2.65, P=0.0759); however, the overall disease severity of the 

treatment with the spore suspension sprayed onto freshly cut plants did show significant 

differences from the non-inoculated water control according to a Waller Duncan k-ratio test 

(Table 4-2). 

May 2013 Inoculation Trials- Pennisetum alopecuroides ‘Little Bunny’ 

P. alopecuroides ‘Little Bunny’ plants never developed any signs of disease for any 

of the treatments in either of the inoculation trials.  

January 2014 Inoculation Trial- visual assessment of signs 

Plants began to show signs of infection with E. japonica one week after inoculation 

with mycelia visible along the stems of some tillers, including one replicate of the untreated 

water control. Over half of the tillers in this control plant were infected and so this plant was 

removed from the data analyses. Other water control plants began to exhibit signs of disease, 

with mycelia growing along stems, beginning four weeks after inoculation. Although all 

plants exhibited signs, there were statistical differences between inoculation methods.  

The AUDPC was significant (F=6.92, P=0.0038) and the Waller-Duncan k-ratio test 

showed significant differences between inoculation methods; the colonized agar plug 

attached to the stem versus all other treatments including the water control were distinct 
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(Table 4-3). The overall disease incidence and disease severity were significant (F=11.34, 

P<0.0001 and F=7.76, P<0.0001, respectively) with the Waller Duncan k-ratio test showing 

significant differences between the colonized agar plug attached to the stem and all other 

treatments as well as difference between a spore suspension sprayed onto cut versus uncut 

plants (Table 4-3). 

January 2014 Inoculation Trial- qPCR assay assessment 

Of the five sample dates, the qPCR assay returned only one positive, from a plant 

sprayed with the spore suspension sampled 6 days post inoculation. With mostly positive 

results based on the visual assessment data, it and the qPCR result differ for the majority of 

dates and treatments compared (Fig. 4-1). Three subsamples were evaluated for each date 

and treatment combination with outliers removed before data analysis.  

Discussion 

Reliable inoculation with E. japonica on cultivars of M. sinensis and P. alopecuroides 

was unsuccessful in this study. Of the five inoculation trials, two did not result in any signs 

of E. japonica infection. The remaining three trials yielded variable unsatisfactory results. 

Some plants were rated as positive, indicating that certain inoculation methods were 

successful, however, use of the developed qPCR assay indicated that those data were most 

likely false positives. This is in contrast to other studies with closely related fungal species. 

Attempts to inoculate various hosts with several relative fungi has also had mixed results (5, 

6, 10, 14, 17), though negative ratings are typically more common than false positive ratings 

as seen in these studies.  
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There are two possibilities for the results obtained in these trials; true positives or 

false positives. True positives would indicate that plants rated as infected with E. japonica 

were actually positive (infected), but many of the negative (healthy) control plants resulted in 

positive ratings. One possibility for this could be that the study plants were infected before 

inoculation, but did not yet exhibit signs. The studies were conducted under high humidity 

conditions with regular watering which may have prompted the fungus to colonize the plant 

at much higher rates than before. In the final trial, January 2014, plants were sourced from an 

alternative nursery to control for this possibility. However, the results were similar to 

previous trials. Another possibility could be the negative control plants being treated at the 

same time the other study plants were inoculated. To control for this, the negative control 

plants were always treated first and bagged before any inoculum was opened. A final 

possibility for this scenario would be if there was some other kind of dissemination method 

occurring. White et al. (18) speculated that it may be possible that vectors are playing a role 

similar to the relationship between Epichloë spermatia and Phorbia flies (2). 

As stated earlier, the study conditions created a very humid microclimate which did 

attract different pests, slugs and shore flies, in particular. Shore flies were collected and 

processed with the E. japonica-specific primers described in Chapter 3 with some samples 

testing positive for E. japonica DNA, but without a full study, the data are anecdotal 

(Appendix C).  

If the plants with visible signs were not true positives, they were false positives. 

Several factors could have led to the plants being incorrectly rated as infected with E. 

japonica. Possibly, the hyphae that were seen were not E. japonica, but another fungus. With 
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such similar signs, the plants could have been infected with M. atramentosa at low levels 

without visible signs until the microclimate was favorable. Another result of such favorable 

growing conditions was rapid plant growth as well as turnover. As older tillers began to 

senesce, saprophytic fungi may have begun colonizing the outer stem or sheath exhibiting 

signs similar to black choke.  

The qPCR assay data seem to support the false positive scenario with only two 

samples testing positive for E. japonica. However, the negative samples may have been due 

to escape by the fungus. Only one tiller per treatment was collected for each sample date. The 

disease incidence calculated was defined as the number of infected tillers per pot. The 

average disease incidence each week was never above 40%, making escape a possibility. The 

positive results from the qPCR assay may also be false positives. Tadych and White (13) 

showed that Neotyphodium sp. conidia could remain viable for over a month under varying 

temperatures after desiccation. It is possible that the positive results from the qPCR study 

were merely detecting ungerminated spores remaining from the inoculation.  

In conclusion, more inoculation methods need to be examined to find one that can be 

reliably utilized. Though many inoculation studies have been performed on the closely 

related species within the family Clavicipitaceae, few successes have been realized. To learn 

more about the host relations and biology of these fungi, inoculation techniques are needed. 

  



 

68 

Literature Cited 

1. Bacon, C. W., Porter, J. K., Robbins, J. D., and Luttrell, E. S. 1977. Epichloë typhina 

from toxic tall fescue grasses. Applied and Environmental Microbiology 34:576-581. 

 

 

2. Bultman, T. L., White, J. F., Jr., Bowdish, T. I., Welch, A. M., and Johnston, J. 1995. 

Mutualistic transfer of Epichloë spermatia by Phorbia flies. Mycologia 87:182-189. 

 

 

3. Christensen, M. J., Takahashi, K., K., K., Tsukiboshi, T., and Kobayashi, M. 2000. 

Occurrence of an Ephelis fungus on Ishigaki Island and observation on its epiphytic 

association with host grasses. Japan International Research Center for Agricultural 

Sciences Journal 8:49-59. 

 

 

4. Clay, K., and Frentz, I. C. 1993. Balansia pilulaeformis, an epiphytic species. 

Mycologia 85:527-534. 

 

 

5. Diehl, W. W. United States Department of Agriculture. 1950. Balansia and the 

Balansiae in America. Agriculture Monograph 4. Washinton, D. C. 

 

 

6. Diehl, W. W. 1934. The Myriogenospora disease of grasses. Phytopathology 25:677-

681. 

 

 

7. Farr, D. F., and Rossman, A. Y. Fungal Databases, Systematic Mycology and 

Microbiology Laboratory. Agricultural Research Service, United States Department 

of Agriculture. Retrieved April 23, 2014, from http://nt.ars-grin.gov/fungaldatabases/. 

 

 

8. Holmes, K. A., and Benson, D. M. 1994. Evaluation of Phytophthora parasitica var. 

nicotianae for biocontrol of Phytophthora parasitica on Catharanthus roseus. Plant 

Disease 78:193-199. 

 

 

9. Leuchtmann, A., and Clay, K. 1988. Atkinsonella hypoxylon and Balansia cyperi, 

epiphytic members of the Balansiae. Mycologia 80:192-199. 

 

 



 

69 

10. Rykard, D. M., Bacon, C. W., and Luttrell, E. S. 1985. Host relations of 

Myriogenospora atramentosa and Balansia epichloë (Clavicipitaceae). 

Phytopathology 75:950-956. 

 

 

11. Shaner, G., and Finney, R. E. 1977. The effect of nitrogen fertilization on the 

expression of slow-mildewing resistance in knox wheat. Phytopathology 67:1051-

1056. 

 

 

12. Tadych, M., Bergen, M., Dugan, F. M., and White, J. F., Jr. 2007. Evaluation of the 

potential role of water in spread of conidia of the Neotyphodium endophyte of Poa 

ampla. Mycological Research 111:466-472. 

 

 

13. Tadych, M., and White, J. F., Jr. 2007. Ecology of epiphyllous stages of endophytes 

and implications for horizontal dissemination. In: 6th International Symposium on 

Fungal Endophytes of Grasses. Grassland Research and Practice Series No. 13. New 

Zealand Grass Association. Popay, A. J., and Thom, E. R., eds. Christchurch, New 

Zealand. 157-161. 

 

 

14. Tanaka, E., Kawasaki, S., Matsumura, K., Kusuda, R., Tanaka, C., Peng, Y.-L., 

Tsukiboshi, T., and Tsuda, M. 2001. Phylogenetic studies of Ephelis species from 

various locations and hosts in Asia. Mycological Research 105:811-817. 

 

 

15. Tjosvold, S. A., Koike, S. T., and Chambers, D. L. 2008. Evaluation of fungicides for 

the control of Phytophthora ramorum infecting Rhododendron, Camellia, Pieris, and 

Viburnum. Plant Health Progress. Online publication. doi: 10.1094/PHP-2008-0208-

01-RS. 

 

 

16. Tsukiboshi, T., Takahashi, K., Uegaki, R., and Sugawara, K. 2008. Black choke 

disease of warm season grasses caused by Ephelis japonica in Japan and its epiphytic 

features. Japan Agricultural Research Quarterly 42:173-179. 

 

 

17. Western, J. H., and Cavett, J. J. 1959. The choke disease of cocksfoot (Dactylis 

glomerata) caused by Epichloë typhina (Fr.) Tul. Transaction of the British 

Mycological Society 42:298-307. 

 



 

70 

18. White, J. F., Jr., Bacon, C. W., Hywel-Jones, N. L., and Spatafora, J. W. 2003. 

Clavicipitalean Fungi: Evolutionary Biology, Chemistry, Biocontrol, and Cultural 

Impacts. Marcel Dekker, Inc, New York, NY.  

 

 

 



 

71 

Table 4-1. January 2013 Ephelis japonica Inoculation Trial. Incubation period and percent of plants infected eight 

weeks after inoculation. 

 
z Means followed by the same letter are not significantly different (P=0.05) based on the Waller-Duncan k-ratio test. 

Each column was analyzed separately.  

 

  

Inoculation treatment

Plants infected 

eight weeks post 

inoculation

(both cultivars)

Water control 100% 37.5 a
z

51.5 ab

Spore suspension sprayed onto uncut plants 100% 35.7 a 52.3 ab

Spore suspension sprayed onto freshly cut plants 98% 35.1 a 46.3 b

Shears dipped in spore suspension used to cut plants 90% 36.7 a 54.3 a

Rye grain inoculum 98% 41.7 a 51.0 ab

Incubation period 

of Miscanthus 

sinesis  'Strictus' 

(days)

Incubation period 

of Pennisetum 

alopecuroides 

'Foxtrot' (days)
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Table 4-2. May 2013 Ephelis japonica Inoculation Trial- Miscanthus sinensis ‘Strictus’. 

The AUDPC and overall disease incidence were all significant, while the overall disease 

severity was not significant.  

 
z Area under the disease progress curve (AUDPC) calculated with disease incidence. (The 

ANOVA test for AUDPC was significant (P=0.0469)). 
y Values represent the percentage of tillers infected per pot (disease incidence) averaged over all 

assessment dates. (The ANOVA test for disease incidence across all dates was significant 

(P=0.0005)). 
x Values represent the disease severity rating of infected tillers averaged over all assessment 

dates. (The ANOVA test for disease severity across all dates was not significant (P=0.0759)). 
w Means within a column followed by the same letter are not significantly different (P=0.05) 

based on the Waller-Duncan k-ratio test. Each column was analyzed separately.  

Inoculation treatment

Water control 1486.1 b
w

30.9 b 3.6 b

Spore suspension sprayed onto uncut plants 2365.7 ab 48.6 a 4.1 ab

Spore suspension sprayed onto freshly cut plants 2949.0 a 60.3 a 4.3 a

AUDPC
z

Disease 

incidence
y

Disease 

severity
x
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Table 4-3. January 2014 Ephelis japonica Inoculation Trial. The AUDPC, overall disease 

incidence, and overall disease severity rating were all significant. 

 
z Area under the disease progress curve (AUDPC) calculated with disease incidence. (The 

ANOVA test for AUDPC was significant (P=0.0038)). 
y Values represent the percentage of tillers infected per pot (disease incidence) averaged over all 

assessment dates. (The ANOVA test for disease incidence across all dates was significant 

(P<0.0001)). 
x Values represent the disease severity rating of infected tillers averaged over all assessment 

dates. (The ANOVA test for disease severity across all dates was significant (P<0.0001)). 
w Means within a column followed by the same letter are not significantly different (P=0.05) 

based on the Waller-Duncan k-ratio test. Each column was analyzed separately. 

  

Inoculation treatment

Water control 1037.7 a
w

12.1 bc 2.3 bc

Spore suspension sprayed onto uncut plants 1087.1 a 11.8 c 2.2 c

Spore suspension sprayed onto freshly cut plants 1527.2 a 17.6 b 2.6 b

Colonized agar plug attached to stem 2273.8 b 27.7 a 3.1 a

AUDPC
z

Disease 

incidence
y

Disease 

severity
x
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Figure 4-1. Disease Incidence vs. qPCR results. Disease incidence data (bars) plotted against positive real-

time quantitative (q)PCR assay results (circles) from five dates (before inoculation (0 days post inoculation 

(dpi)), 6 dpi, 28 dpi, 52 dpi, and 70 dpi). Dates with no bar had no diseased tillers. Dates with no circle tested 

negative with the qPCR assay. Only one date tested positive for Ephelis japonica infection with the qPCR 

assay as opposed to relatively high disease incidence at several dates and treatments. 
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Appendices 
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Appendix A: Sequences submitted to GenBank 

Sequences of the internal transcribed spacer (ITS) region of the ribosomal (r)DNA 

Consensus sequences of 42 isolates of Ephelis japonica and 9 isolates of Myriogenospora 

atramentosa with primers: 

ITS4 (5’-TCCTCCGCTTATTGATATGC-3’)  

ITS5 (5’-GGAAGTAAAAGTCGTAACAAGG-3’) 

 

>BankIt 1754745 GenBank KM456195 

Ephelis japonica 18S ribosomal RNA gene, partial sequence; internal transcribed spacer 1, 

5.8S ribosomal RNA gene, and internal transcribed spacer 2, complete sequence; and 28S 

ribosomal RNA gene, partial sequence 

GGAAGTAAAAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTA

CCGAGTTTTACACACTCCCAAACCCCTGTGAACCTATACCTCTACCGTTGCTTCG

GCGGGCTCTCCCGCCCCGGCCGCCGCCCCCTTAGGGGCTGGCTCTAGGGCCTGG

GCTGCCCGTCGGAGGACCTGAACTCTTCTGTATTCTGCAACGTATGTCTGAGTGA

TTTGTACATTAAACGAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATC

GATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAA

TCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTG

TTCGAGCGTCATTTCAACCCTCAGTGCCCCCTTCAGGGCCTGGTGTTGGGGGTCG

GCCGTCCGCCGTCTGCGCCCGCGCAGGCGGCTGGCCGCCCCCGAAATGGATCGG

CGGCCCCGTCGCAGCCCTCCTCTTGCGTAGTAGCCTTCTACCACCTCGCAACCAG

GAGCGCGGCGCGGCCACTGCCGTAAAACGCCCAACTTTTTTCAAGAGTTGACCT

CGAATCAGGTAGGAGTACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAA 

 

>BankIt1755010 GenBank KM456196 

Myriogenospora atramentosa 18S ribosomal RNA gene, partial sequence; internal 

transcribed spacer 1, 5.8S ribosomal RNA gene, and internal transcribed spacer 2, complete 

sequence; and 28S ribosomal RNA gene, partial sequence 

TCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTTCGC

AACTCCCAGACCCGCGTGAACCTATATTCAGCCCCTTGCAGTTGCCTCGGCGCGG

CCCTTCGGCGGCCCGCCGGGCGACCCCCGACAATCCTGTATTCTAGAGCGTGTCT

GAGTGGTATGGTAACGGAAATGAATCAAAACTTTCAACAACGGATCTCTTGGTT

CTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAAT

TCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGG

CATGCCTGTTCGAGCGTCATTACAACCCCTCGAGGCCCCCAGGGGCGCTCGGTGC

TGGGGGTCGGCCGGTCGCGCCGCCCCTGAAATGGACCGGCGGACACTGCCGCGC

CCTTCCCTTTGCGTAGTAGCTCGCTTACACCTCGCAACCTGGGGAGCGCGGCGCC

CGTCCACTGCCGTAAAACGCCCCACGACTTCTCAAGAGTTGACCTCGAATCAGGT

AGGACTACCCGCTGAACTTAAGCATATCAATAAGCGGAGGA 
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Sequences of the internal transcribed spacer (ITS) region of the ribosomal (r)DNA 

Consensus sequences of 14 isolates of Ephelis japonica with primers: 

ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) 

ITS4 (5’-TCCTCCGCTTATTGATATGC-3’)  

 

>BankIt 1759181 GenBank KM582795 

Ephelis japonica 18S ribosomal RNA gene, partial sequence; internal transcribed spacer 1, 

5.8S ribosomal RNA gene, and internal transcribed spacer 2, complete sequence; and 28S 

ribosomal RNA gene, partial sequence 

GAACCTGCGGAGGGATCATTACCGAGTTTTACACACTCCCAAACCCCTGTGAAC

CTATACCTCTACCGTTGCTTCGGCGGGCTCTCCCGCCCCGGCCGCCGCCCCCTTA

GGGGCTGGCTCTAGGGCCTGGGCTGCCCGTCGGAGGACCTGAACTCTTCTGTATT

CTGCAACGTATGTCTGAGTGATTTGTACATTAAACGAATCAAAACTTTCAACAAC

GGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATG

TGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCA

GTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAGTGCCCCCTTC

AGGGCCTGGTGTTGGGGGTCGGCCGTCCGCCGTCTGCGCCCGCGCAGGCGGCTG

GCCGCCCCCGAAATGGATCGGCGGCCCCGTCGCAGCCCTCCTCTTGCGTAGTAGC

CTTCTACCACCTCGCAACCAGGAGCGCGGCGCGGCCACTGCCGTAAAACGCCCA

ACTTTTTTCAAGAGTTGACCTCGAATCAGGTAGGAGTACCCGCTGAACTTAAGCA

TATCAATA 

 

Sequences of the beta tubulin (Btub) gene 

Consensus sequences of 38 isolates of Ephelis japonica and 9 isolates of Myriogenospora 

atramentosa with primers: 

BT5F (5’- GCTCTAGACTGCTTTCTGGCAGACC -3’)  

BT5R (5’- CGTCTAGAKGTRCCCATACCGGCA -3’) 

 

>BankIt1757376 GenBank KM504525 

Ephelis japonica beta-tubulin (Btub) gene, partial cds 

GCTTTCTGGCAGACCATCTCTGGCGAGCACGGCCTCGAC 

AGCAATGGCGTGTATAATGGCACTTCCGAGCTGCAGCTCGAGCGCATGAGCGTC

TACTTCAACGAGGTAAGTCGAATACTCGAAGCTTAATGGAGCTTCGAACCACAT

GGAAAATGAAAAACGAAGCCTCGAGCCCTAACTCATATTAACTGCGGGCGACAG

GCTTCTGGCAACAAGTATGTTCCTCGCGCTGTCCTTGTCGATCTCGAGCCCGGTA

CCATGGATGCCGTTCGTGCTGGTCCTTTCGGTCAACTTTTCCGGCCCGACAACTT

CGTCTTTGGTCAGTCTGGTGCTGGCAATAACTGGGCTAAGGGTCATTACACCGAG

GGTGCTGAATTGGTCGATAACGTCCTTGATGTTGTTCGTCGCGAGGCCGAAGGCT

GCGACTGCCTTCAGGGTTTCCAGATCACCCACTCTCTGGGTGGTGGTACCGGTGC

CGGTATGGGCACCTCTAGACG 
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>BankIt1757369 GenBank KM504524 

Myriogenospora atramentosa beta-tubulin (Btub) gene, partial cds 

CTTTCTGGCAGACCATTTCTGGCGAGCATGGCCTGGACAGCAACGGTGTGTATAA

CGGCACTTCGGAGCTGCAGATTGAGCGCATGAGCGTCTACTTCAACGAGGTAAG

TTTCAGTTTCTTTCTTGAAGCTTGATTTGAAGCTTAAGCTTCAAAATCATCCCCCC

CCCTTGTTGAAAGTCACGACTCTTGCTCTAACGAGGTTTGGCAACAGGCTGCTGG

AAACAAATATGTCCCTCGTGCTGTCCTCGTCGATCTCGAGCCTGGTACCATGGAT

GCCGTCCGTGCTGGTCCTTTCGGCCAGCTTTTCCGCCCCGACAACTTTGTGTTTGG

TCAGTCCGGGGCTGGCAACAACTGGGCCAAGGGCCATTACACCGAAGGTGCTGA

ATTGGTCGACAACGTTCTTGACGTTGTCCGTCGTGAGGCTGAGGGCTGCGACTGC

CTCCAGGGTTTCCAGATCACTCACTCTCTGGGTGGCGGTACTGGTGCCGGTATGG

GCAC 

 

Sequences of the elongation factor (EF) 1α gene 

Consensus sequences of 42 isolates of Ephelis japonica with primers: 

EF1D (5’- ATCGAGAAGTTCGAGAAGGT -3’)  

EF1R (5’- CGGCAGCGATAATCAGGATAG -3’) 

 

>BankIt1757611 GenBank KM504527 

Ephelis japonica translation elongation factor 1-alpha (TefA) gene, partial cds 

TTTTTTTTTTTCCTCAATAGAAGCAGCTGTGCGAGTGGCTTCACTCGTCCGACCTG

CGGGCAAGCAAAATGCCTACCCCTCTTTTTTTTCGCCGCGAGTCAAAAAATTTTT

TTTCTTCCTTCGCCGCCGCGGGGCTCGGCTCTCTCTGACCTTTGGTGGGGCATCTA

ACCCCTCCATTAGTTCAGCTAGCCAGGGAAACGCGGTTCATGCTTTAGCTCACAG

TGCACAGAACAATTTACTAACGAGTTTCGTCTACAGGAAGCTGCTGAACTCGGC

AAGGGTTCCTTCAAGTATGCGTGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAG

CGTGGCATCACCATTGACATTGCTCTCTGGAAGTTCGAGACTCCCAAGTACTACG

TCACCGTCATTGGTAAGCCTCATTGATATAGCTGTCGGACACGACTGTCGTTGTA

TTGAATTTGACTACTAACTCCCTTTGACACAGACGCTCCCGGTCACCGTGAT 

 

Sequences of the elongation factor (EF) 1α gene 

Consensus sequences of 9 isolates of Myriogenospora atramentosa with primers: 

EF1F (5’- GGGTAAGGACGAAAAGACTCA -3’)  

EF1R (5’- CGGCAGCGATAATCAGGATAG -3’) 
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>BankIt1757379 GenBank KM504526 

Myriogenospora atramentosa translation elongation factor 1-alpha (TefA) gene, partial cds 

AGACTCACATCAACGTGGTCGTTATCGTAAGTTGATTCCAATTCGCATTTCTTCTT

CTCGACGACAAGTCGTTGCTGACAGTTGTTTGACAGGGGTATGTTTCTGTCCATT

TCTCACGCTCGCCCGCTCGATACGTTTCTGTCTATATTTACTAATTAAATCACAGC

CACGTCGATTCTGGCAAGTCTACCACCACTGGTCACTTGATTTACCAGTGCGGCG

GTATTGACAAGCGAACTATTGAGAAGTTCGAGAAGGTAAACAACCACGATTCAT

TTTCTTTTTTCTTTCTTTTTCTTTTTTGTGCGAAAATTTTTTTTGCCCATGTGTGCGA

CCCCTCACTTTCCGACCTGCGTGTGGGTCGGCGAATGAGCAACTGCCCCTCTTTT

CCTCTTTTCGCCGCCAGTCGAAATTTTTTTCCTGGCCGCGGGGCTCGCACACTTCT

CGTCTCTTGTCTCTTGGGAATGATCCCTCAATCATTCATACTTTATGGCTCTTTAT

GCCAGGCCAGAGAATTAAGATGCGTGATGATGATGACGATGATGAGAACGATAC

ATCGAGATACATCAATTCGTGATCAGCGCACGTGGAATCTTTGCTAACATTCGTT

CGTCTACAGGAAGCTGCTGAACTCGGCAAAGGTTCCTTCAAGTATGCATGGGTTC

TTGACAAGCTCAAGGCCGAGCGTGAGCGTGGTATCACCATCGATATTGCCCTCTG

GAAATTCGAGACTCCCAAGTACTACGTCACTGTCATCGGTACGTTGCGTCAACAC

AGCTATAGTCTTTGTGCTTTTACTCCAATCTTCAATTCACTAACCGTCATCCTATT

CTGCAGACGCCCCCGGCCATCGTGATTTCATCAAGAACATGATTACTGGTACTTC

TCAGGCCGATTGCGCTATCCTGAT 
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Appendix B: Medium, Temperature, and Sporulation  

Table B-1. Temperature and medium had 

significant effects on Ephelis japonica 

sporulation.  

 
 

 

 

Table B-2. The number of spores produced per mL 

was measured and natural log transformed showing 

significant differences based on which medium 

Ephelis japonica was grown.  

 
z Means within a column followed by the same letter 

are not significantly different (P=0.05) based on the 

Waller-Duncan k-ratio test.  

 

 

Source DF F value Pr>F

Temperature 1 4.25 0.041

Medium 12 9.16 <0.0001

Medium

Malt extract media 18.2 a
z

Corn Meal Malt Extract 17.9 ab

Leaf extract agar 17.7 ab

Malt extract peptone dextrose agar 17.7 ab

Malt extract dextrose peptone agar 17.2 ab

Malt extract agar with leaves added 16.9 bc

Oatmeal agar 16.8 bcd

Rice extract agar 15.8 cde

Lignocellulose agar 15.6 de

Rape seed infusion agar 15.2 ef

Rye medium A agar 15.2 ef

Leaf sucrose agar 14.1 fg

Water agar with leaves added 13.8 g

Mean
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Appendix C: Insect qPCR results 

 
Figure C-1. qPCR Assay Results on Shore Flies. Shore flies were collected via 

aspiration, DNA extracted, and samples assayed with qPCR. Fly DNA was not 

quantified and therefore data shown are the natural log transformed amount of Ephelis 

japonica DNA. The cut-off value was calculated based on the standard curve and non-

specific annealing. 
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Appendix D: Chapter 3 qPCR Raw Data 

Table D-1. Table of raw data used in Chapter 3.  

  

Cultivar Predicted qPCR Result Category

Ratio of Ephelis japonica 

DNA to plant DNA

Ratio of cut-off value to 

plant DNA ln(ratio) ln(cut-off)

Foxtrot No Signs Negative 1 3.44E-06 1.12E-05 -12.58 -11.40

Foxtrot No Signs Negative 1 7.73E-06 1.93E-05 -11.77 -10.86

Foxtrot No Signs Negative 1 3.79E-06 8.94E-06 -12.48 -11.62

Foxtrot No Signs Positive 2 3.11E-05 1.07E-05 -10.38 -11.44

Foxtrot No Signs Negative 1 3.62E-06 1.07E-05 -12.53 -11.45

Foxtrot No Signs Positive 2 4.49E-05 1.04E-05 -10.01 -11.47

Foxtrot No Signs Negative 1 4.42E-06 8.94E-06 -12.33 -11.62

Foxtrot No Signs Negative 1 8.79E-06 9.87E-06 -11.64 -11.53

Morning Light No Signs Negative 1 1.08E-06 1.84E-05 -13.73 -10.90

Morning Light No Signs Negative 1 2.81E-06 1.63E-05 -12.78 -11.02

Morning Light No Signs Negative 1 1.78E-06 4.28E-06 -13.24 -12.36

Morning Light No Signs Negative 1 8.58E-07 1.99E-05 -13.97 -10.82

Morning Light Signs Positive 4 7.73E-02 1.34E-05 -2.56 -11.22

Morning Light Signs Positive 4 2.24E-02 1.31E-05 -3.80 -11.24

Morning Light Signs Positive 4 4.86E-02 1.81E-05 -3.02 -10.92

Morning Light Signs Positive 4 2.33E-02 1.32E-05 -3.76 -11.24

Strictus No Signs Negative 1 2.09E-06 6.37E-06 -13.08 -11.96

Strictus No Signs Negative 1 9.55E-07 9.94E-07 -13.86 -13.82

Strictus No Signs Positive 2 1.27E-04 1.06E-05 -8.97 -11.46

Strictus No Signs Positive 2 8.55E-06 8.32E-06 -11.67 -11.70

Strictus Signs Positive 4 2.00E-02 7.82E-06 -3.91 -11.76

Strictus Signs Positive 4 2.22E-02 4.73E-06 -3.81 -12.26

Strictus Signs Positive 4 9.39E-03 4.34E-06 -4.67 -12.35

Strictus Signs Positive 4 2.30E-02 4.51E-06 -3.77 -12.31
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Table D-1 continued.  

 

Cultivar Predicted qPCR Result Category

Ratio of Ephelis japonica 

DNA to plant DNA

Ratio of cut-off value to 

plant DNA ln(ratio) ln(cut-off)

Gold Bar No Signs Negative 1 3.77E-07 1.15E-05 -14.79 -11.37

Gold Bar No Signs Negative 1 5.69E-06 1.16E-05 -12.08 -11.36

Gold Bar No Signs Positive 2 5.76E-04 1.27E-05 -7.46 -11.27

Gold Bar No Signs Positive 2 2.61E-04 1.12E-05 -8.25 -11.40

Gold Bar Signs Positive 4 2.77E-02 1.06E-05 -3.58 -11.45

Gold Bar Signs Positive 4 2.43E-02 1.03E-05 -3.72 -11.48

Gold Bar Signs Positive 4 4.59E-02 8.70E-06 -3.08 -11.65

Gold Bar Signs Positive 4 5.24E-02 8.84E-06 -2.95 -11.64

Gold Bar Tangle Top Positive 2 2.99E-03 1.20E-04 -5.81 -9.03

Gold Bar Tangle Top Positive 2 1.91E-03 1.47E-03 -6.26 -6.52

Gold Bar Tangle Top Negative 1 4.16E-04 3.83E-03 -7.78 -5.57

Gold Bar Tangle Top Negative 1 1.76E-05 7.63E-04 -10.95 -7.18


