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Epichloë typhina (Ascomycetes: Clavicipitaceae) is an endophytic fungus that 

infects perennial Pooid grasses and is the causal agent of choke disease. It is endemic 

to Europe and was inadvertently introduced into orchardgrass seed production fields in 

western Oregon. Choke disease, which was first recorded in Oregon in 1996, currently 

infects ~90% of cultivated orchardgrass seed fields in the region, resulting in yield 

losses >65%. Infective propagules (i.e. ascospores) are produced sexually by the 

bipolar heterothallic fungus and gamete outcross has been shown to be facilitated in 

the wild by Botanophila spp. (Diptera: Anthomyiidae), including Botanophila lobata. 

The fly - fungus interaction is generally considered to be one of obligatory mutualism 

based on studies conducted in areas endemism. However, recent evidence suggests 

that the fungus is able to sexually outcross in cultivated Oregon orchardgrass fields 

without the aid of fly "pollinators." Additionally, ascosporic fertilization has recently 



been implicated as an alternative mechanism for gamete transfer and might have 

important impacts on fungal reproduction in Oregon. The objectives of this study were 

to: 1) explore how two tightly linked species, which appear to have an obligate 

mutualistic relationship in areas of endemism, interact in a non-native context; 2) 

quantitatively examine the seasonal and diurnal presence of E. typhina ascospores in a 

cultivated Oregon orchardgrass field; and 3) test alternative transfer mechanisms of 

fungal spermatia for E. typhina.  

To address objective 1), the spatial variability and reproductive success of E. 

typhina and B. lobata were estimated during surveys of ten cultivated orchardgrass 

fields in 2008 and four fields in 2009.  Fungal distributions were spatially aggregated 

at five of the study sites in 2008 and three in 2009. Fly distributions were spatially 

aggregated at three sites in 2008 and one in 2009. Botanophila lobata density 

exhibited a positive linear relationship with E. typhina density, suggestive of positive 

density dependence of fly oviposition with fungal density. However, fungal 

reproductive success was not affected by fly density or fungal density within the range 

of distributions observed in this study.  

To address objective 2), airborne ascospores were monitored in a single 

cultivated orchardgrass field during 2008 and 2009 using a Burkard volumetric spore 

trap. Ascospore production began in early to middle May and continued into late July 

during both years of the study. Daily ascospore production exhibited a circadian 

rhythm, with production peaking on average at 1:08 am and 12:36 am, in 2008 and 

2009, respectively. The prolonged duration and high intensity of ascospore production 



during the growing season suggest a large window within which new plants are at risk 

to infection, and within which preventative management strategies must be adopted.

To address objective 3), splash fertilization, contact fertilization and B. lobata 

fertilization were tested in the greenhouse. Although only two replicates were 

completed, both contact and splash fertilization appeared to be viable mechanisms of 

sexual outcross for E. typhina. 

The results of this study strongly indicate that E. typhina can successfully 

reproduce without the presence of B. lobata. Splash and contact fertilization, as well 

as ascosporic fertilization, provide opportunities for reproduction of the fungus in 

absence of fly pollinators. It appears that the fly - fungus interaction has shifted from 

an obligatory mutualism to facultative mutualism or simple fungivory within the 

introduced range in western Oregon.
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CHAPTER 1
INTRODUCTION

The presence or absence of a pollinator may determine whether an introduced 

plant becomes locally dominant (i.e. invasive) (Parker 1997), established but non-

invasive (Richardson et al. 2000), or fails to establish a reproducing population 

(Richardson and Pysek 2006).  For example, in western North America, the Eurasian 

yellow star-thistle (Centaurea solstitialis) appears to be pollination limited, but has 

become widely invasive through interaction with Apis melifera, which was introduced 

from Eurasia around the same time (Barthell et al. 2001). Conversely, the majority of 

Ficus species introduced in Florida maintain only minimally established populations 

due to the lack of their respective specialist pollinators in the Hymonpteran family 

Agaonidae (Nadel et al. 1992). All species, however, are subject to the processes of 

natural selection, and evolution is shaped, in part, by conditions specific to areas of 

endemism. Interactions among mutualists, which may have resulted from coevolution 

within a certain environmental context, might change when the environmental context 

changes. How might the relationship between two species that are involved in an 

obligatory pollinator mutualism in their native range change when they are introduced 

into a non-native envirornment? Will they continue to mutually benefit each other, and 

establish new populations in the introduced range? Will they fail to interact 

beneficially and become locally extinct? Or, if they fail to interact in the new range, 

will they find alternative mechanisms to facilitate their reproduction and dispersal?  



To examine these questions, I studied a fungus, Epichloë typhina  

(Ascomycetes: Clavicipitaceae), which is "pollinated" by a fly, Botaonphila lobata  

(Diptera: Anthomyiidae), in its areas of endemism and which has recently been 

introduced into western Oregon. 

FUNGAL ENOPHYTES OF GRASS:  EPICHLOË/NEOTYPHODIUM SPP.

The epichloë fungi are an important group of endophytes that infect perennial 

Pooid grasses (Schardl et al. 2008).   The group includes sexually reproducing 

Epichloë species and their asexual relatives in the genus Neotyphodium (White 1987; 

Chung and Schardl 1997; Gentile et al. 2005; Schardl et al. 2008).  The epichloë fungi 

are geographically widespread and their symbioses with grasses span a spectrum from 

anatagonism to mutualism (Schardl, et al. 2008).  This dynamic group of closely 

related species provides model organisms with which to examine the co-evolution of 

mutualism (Schardl et al. 1997; Jackson 2004; Sullivan and Faeth 2004; Piano et al. 

2005; Schardl et al. 2008) and competition in a community context (Faeth et al. 2004; 

Rudgers and Clay 2008; Harri et al. 2008; Rudgers and Orr 2009).  Moreover, 

epichloë endophytes are of considerable interest in agricultural research as pathogens 

in cultivated grass seed fields (Pfender and Alderman 1999), as causal agents of 

livestock toxicosis (Belesky and Bacon 2009), and as beneficial organisms which 

reduce insect herbivory as well as increase drought tolerance of host plants (Schardl 

1996). 
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Species in the sexual genus Epichloë are bipolar heterothallic; they are obligate 

out crossers (White and Bultman 1987).  During the vegetative growth phase of the 

host plant, the fungus is characterized by intercellular hyphal growth with little to no 

penetration of the host cell wall (Christensen et al. 2002).  When the host enters the 

reproductive phase, branched hyphal masses (stromata) form epiphytically on grass 

culms, and occasionally on vegetative tillers (Schardl 1996; Christensen et al. 2008). 

Stromal growth mechanically inhibits host inflorescence development and production 

of viable grass seed.  This syndrome is known as choke disease (Bucheli and 

Leuchtmann 1996).  Stromata of all Epichloë species produce haploid spermatia and 

receptive hyphae of one of two possible mating types (MAT1-1-1 or MAT1-2-1) 

(Chung and Schardl 1997).  Cross fertilized stromata develop perithecia which eject 

haploid ascospores (Chung and Schardl 1997).  Ascospores are meiotically derived 

propagules which, once airborne, allow dispersal of the fungus to susceptible hosts 

(Chung and Schardl 1997; Leyronas and Raynal 2008).  Once ejected, ascospores can 

remain viable for about 3 or 4 days (Alderman pers. comm.).  Some Epichloë species 

are also transmitted vertically (i.e. clonally) through grass seed (Schardl 1996). 

Vertical transmission is the common mode of reproduction reported among the 

asexual Neotyphodium (White and Morganjones 1987).  Asexual vertically transmitted 

grass endophytes have been derived multiple times from sexual ancestors (Clay and 

Schardl 2002).

White (1988) devised a classification system based the varied reproductive 

histories of Epichloë and Neotyphodium endophytes:  Type I, Type II and Type III 

3



species. Type I species, exemplified by Epichloë typhina, require heterothallic out-

crossing and the subsequent production of ascospores to spread the fungus outside of 

the host and into susceptible individuals in the grass population.  Type I species cannot 

be transmitted vertically through seed.  Type II species, exemplified by Epichloë  

festucae, also have the potential to reproduce sexually through heterothallic out-

crossing and ascospore production.  In addition to sexual reproduction, however, Type 

II species may propagate clonally through vertical transmission with grass seed (White 

1988).  Type III species are represented by the asexual Neotyphodium (Schardl 1996). 

Among Type III species, no stromata are produced and the sole mechanism of 

population spread is vertically through seed.  Consequently, sexual recombination of 

genetic material is impossible for Type III endophytes (Gentile et al. 2005).  It is 

hypothesized that for Type III endophytes, hybridization, via hyphal somatic fusion 

(anastmosis) resulting in polyploidy or aneuploidy, has been a means of maintaining 

genetic viability in the face of random deleterious mutations over time (i.e. Muller's 

ratchet) (Felsenstein 1974; Moon et al. 2004).  

INTERACTION OF EPICHLOË SPP. WITH A "POLLINATOR FLY, 
BOTANOPHILA SPP.

For sexual reproduction in Type I and Type II Epichloë spp., spermatia 

produced on the stromata must be transported to stromata of the opposite mating type 

for gamete transfer and meiosis to occur.  Each fungal body produces spermatia of 

only one mating type (Schardl 1996).  Spermatia are not carried by wind (Bultman et 
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al. 1995).  Several studies have demonstrated that flies in the genus Botanophila 

(Diptera: Anthomyiidae) (previously Anthomyia spreta Meigen; Phorbia phrenione 

Seguy) serve as “pollinators” for the fungus (Parker and Bultman 1991; Welch and 

Bultman 1993; Bultman et al. 1998; Bultman et al. 2000).  Female Botanophila flies 

defecate previously consumed Epichloë spermatia as they drag their abdomen along 

the stroma surface during an oviposition behavior.  The insect deposits solitary eggs 

on the stromata (Kohlmeyer and Kohlmeyer 1974).  Larvae develop on a single stroma 

and feed on intermingled plant and fungal tissue, forming a brood chamber, before 

dropping to the ground in mid to late summer to diapause in the soil as pupae (Lucas 

1909).  Botanophila lobata is univoltine and its lifecycle is well timed with Epichloë  

spp. stromata emergence (Kohlmeyer and Kohlmeyer 1974). 

Five species of Botanophila flies are confirmed or suspected of interacting 

with Epichloë spp. These include B. phrenione, B. dissecta, B. laterella, B. lobata, and 

B. cupidata (suspected) (Leuchtmann 2007).  Other members of the Botanophila  

genus include rosette crown-feeders on thistle, B. spinosa and B. turcica (Vitou et al. 

2001), flower head feeders of tansy ragwort, B. seneciella (McLaren et al. 2000), and 

seed feeders, B. helviana (Michelsen 2009). Botanophila spp. associated with 

Epichloë spp. are known to host at least one parasitoid, Phaenocarpa ruficeps  

(Hymenoptera: Ichneumonidae) (Kohlmeyer and Kohlmeyer 1974).
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EPICHLOË IN OREGON

There are two recorded species of Epichloë in the Willamette Valley:  E. 

festucae infecting fine fescue, Festuca spp., and E. typhina infecting orchardgrass, 

Dactylis glomerata (Pfender and Alderman 1999; Rao et al. 2005).  Epichloë typhina, 

a Type I grass endophyte, was first recorded in Oregon in 1996, and was almost 

certainly introduced from Europe where the species is native (Gentile et al. 2005; 

Pfender and Alderman 2006).  By 2000, approximately 90% of orchardgrass seed 

production fields in Oregon were host to the fungus (Pfender and Alderman 2006). 

Epichloë typhina infections in orchardgrass are a serious problem for orchardgrass 

seed growers in Oregon, who produce 95% of United States orchardgrass seed 

(Pfender and Alderman 1999).  For every 1 percent increase in infection incidence, 

there is a corresponding 1 percent seed yield loss from choked tillers (Pfender and 

Alderman 2006).  Epichloë typhina is reported to infect only orchardgrass in Oregon.  

Epichloë festucae, a Type II grass endophyte, was first reported on Oregon 

Festuca rubra fields in1990 (Rao et al. 2005).  Epichloë festucae is native to Europe 

(Leuchtmann et al. 1994).  The first report of E. festucae in Oregon was in Chewing's 

fescue, F. rubra ssp. commutata, in 1990 (Rao et al. 2005).  It is also widespread in 

cultivated creeping fescue fields, F. rubra ssp. rubra (Rao et al. 2005).  It is quite 

possible that E. festucae was established but went unreported in Oregon well before 

1990, because it produces relatively small stromata and is not considered a major 
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concern in cultivated fine fescue fields because stromata rarely choke developing 

inflorescences (Rao et al. 2005).  

EPICHLOË - BOTANOPHILA LOBATA INTERACTION IN OREGON

Botanophila lobata is reported to interact with both E. festucae and E. typhina 

in Oregon (Rao and Baumann 2004; Rao et al. 2005).  The identity of the fly in 

Oregon was confirmed based on COI DNA sequence analysis (Rao et al. 2005; 

Leuchtmann 2007).  It is uncertain when or from where the fly was introduced to 

Oregon.  Botanophila lobata is considered to have a holarctic distribution, but the 

taxon is currently awaiting revision (Rao et al. 2005).   If the fly was present in 

Oregon prior to the inadvertent introduction of E. typhina or E. festucae, it must have 

persisted on an as yet unreported fungal species (Rao et al. 2005).  Alternatively, B. 

lobata may have established its population in Oregon after E. typhina or E. festucae  

introduction.

Studies in areas of endemism generally consider the Botanophila - Epichloë  

interaction to be one of obligatory mutualism (Parker and Bultman 1991; Bultman et 

al. 1995, 1998; Leuchtmann 2006).  However, findings in Oregon do not support 

inference of a mutualistic relationship (Rao and Baumann 2004; Rao et al. 2005).  In 

Oregon, E. festucae stromata were found in cultivated fescue fields with high numbers 

of B. lobata larvae, but with very little evidence of fungal cross fertilization (Rao et al. 

2005).  Interestingly, no significant weight differences were found between pupae 

from larvae that developed on unfertilized versus fertilized E. festucae stromata, and 
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adults emerged successfully from both groups (Rao et al. 2005).  Thus, it has been 

speculated that fertilization of E. festucae stromata is not necessary for B. lobata 

nutrition and development.  It is interesting that in this study B. lobata frequently 

failed to fertilize E. festucae stromata when the fly did indeed visit the fungus to lay 

eggs (Rao et al 2005).  Rao et al. (2005) hypothesize that one mating type might be 

present in disproportionately high abundance in the sampled area, decreasing the 

probability of successful cross fertilization.  Due to the ability of Type II species to 

disperse clonally, it is possible that one mating type could dominate a local area. 

Although B. lobata failed to fertilize E. festucae stromata, the fly was able to complete 

it life cycle.  Fly presence apparently did not benefit the fungus, and fungal 

fertilization did not appear to benefit the fly, hence the interaction of B. lobata and E. 

typhina does not appear to be an obligatory mutualism in the introduced range in 

western Oregon.

Similar to the E. festucae - B. lobata interaction, E. typhina - B. lobata 

interaction in Oregon does not support a mutualism hypothesis.  In 2003, thirteen 

cultivated western Oregon orchardgrass fields were surveyed for the presence of E. 

typhina and B. lobata (Rao and Baumann 2004).  Epichloë typhina infections were 

found in all surveyed fields, and sexual outcross was observed on all stromata 

sampled.  However, evidence of fly visitation on stromata in each field ranged from 0 

to 98 percent (Rao and Baumann 2004).  This suggests that a mechanism other than 

Botanophila-vectored transfer of spermatia was able to out-cross fungal mating types. 

If flies are not necessary to provide fertilization of the fungus, then the B. lobata - E.  
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typhina interaction is a case of simple fungivory, or perhaps facultative mutualism, not 

obligatory mutualism (Rao and Baumann 2004). Some mechanism other than B. 

lobata transfer must be outcrossing spermatia between stromata of opposite mating 

types. 

Interestingly, ascosporic fertilization has been observed in lab studies of 

Oregon E. typhina (Alderman and Rao 2008).  Ascosporic fertilization occurs when 

ascospores settle on unfertilized stromata, thereupon transferring gametes and 

initiating meiosis and the production of more ascospores.  Ascospores appear to cross-

fertilize stromata with the same 50:50 success rate expected from a bipolar, 

heterothallic fungus (Alderman and Rao 2008).  If fertilization of a few stromata by 

transfer of spermatia cause ascospores to develop and become airborne, the ascospores 

could potentially fertilize remaining unfertilized stromata.  It is unknown if ascosporic 

fertilization is a trait unique to the Oregon E. typhina population or if it occurs in other 

areas of the E. typhina population range.  However, it is unknown when during the 

season and at what intensity airborne ascospores are present in the field, therefore it is 

difficult to infer magnitude of the impact ascosporic fertilization might confer on E. 

typhina reproductive dynamics. Moreover, other alternative mechanisms of gamete 

transfer might contributing to fungal fertilization in Oregon, as well (e.g. water splash 

fertilization, contact fertilization, other biological vectors).
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RESEARCH OBJECTIVES

How might the relationship of two tightly linked organisms change upon 

introduction outside of their areas of endemism? The Epichloë typhina - Botanophila  

lobata interaction appears to have shifted from obligatory mutualism to simple 

fungivory or facultative mutualism upon introduction to Oregon (Rao and Baumann 

2004).  However, little is known about why this change might have taken place.  In 

Oregon E. typhina is heterothallic; it is not self-fertile (Alderman and Rao 2008). 

Transfer of fungal gametes by the fly, a behavior that likely evolved under the more 

heterogeneous spatial conditions found in its native European habitat (Leuchtmann 

1992), may have lost its importance under contemporary conditions in the western 

Oregon agricultural landscape, which is characterized by dense monoculture stands of 

well fertilized orchardgrass with often little separation between adjacent fields. 

Alternative mechanisms for outcrossing of spermatia might occur due to physical 

contact of neighboring stromata when fungal population density is very high, as in 

cultivated orchardgrass fields.  High precipitation, common during the spring months 

in western Oregon, might allow rain splash to transfer spermatia in densely populated 

orchardgrass fields.  Ascosporic fertilization presents another alternative that may 

explain fungal outcross observed in absence of fly "pollinators."

In the following chapters, I characterize within-field fly and fungal spatial 

distributions and examine the relationship between fly reproduction and fungal 

density, as well as the relationship between fungal reproduction and both fly and 
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fungal densities (Chapter 2).  To examine implications of fungal reproduction and 

disease spread, I present analyses of seasonal and diurnal change in ascospore 

production in a cultivated orchardgrass seed field in 2008 and 2009 (Chapter 3). 

Additionally, I present a pilot study which attempted to artificially test water splash 

and contact transfer of E. typhina spermatia as possible mechanisms of sexual 

outcrossing (Chapter 4).
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CHAPTER 2
EPICHLOË TYPHINA - BOTANOPHILA LOBATA INTERACTION 

AFTER INVASION IN AN AGROECOSYSTEM: SPATIAL 
VARIABILITY OF AN INTRODUCED "POLLINATOR"

J. M. Kaser and S. Rao

ABSTRACT

Epichloë typhina is an endophytic fungus that was inadvertently introduced 

into cultivated orchardgrass fields in western Oregon.  The endophyte was first 

reported in 1996 in Oregon, but has quickly spread to > 90% of cultivated 

orchardgrass fields in the region, causing significant crop losses.  Outside of the 

introduced range in Oregon, E. typhina maintains an apparently obligatory mutualism 

with a fly, Botanophila lobata, which "pollinates" the heterothallic fungus during 

oviposition.  In Oregon, the fungus has been reported to reproduce sexually in the 

absence of the fly, and it is speculated that environmental conditions in western 

Oregon (e.g. abundance of dense monoculture stands of cultivated orchardgrass) have 

permitted a shift in fly - fungal interaction from obligatory mutualism to facultative 

mutualism or simple fungivory.  The present study was conducted to gain insights on 

the spatial distribution of both E. typhina and B. lobata, which could lead to inferences 

about factors influencing population dynamics of the two organisms in an introduced 

range. We examined the spatial variability and reproductive success of E. typhina and 

B. lobata in surveys of 10 cultivated orchardgrass fields in 2008 and four fields in 

2009.  Fly and fungal distributions were spatially aggregated at several of the study 

sites.  Botanophila lobata density exhibited a positive correlation with increased E. 

18



typhina density, providing evidence of positive density dependence.  However, fungal 

reproductive success showed no relationship to fly density or fungal density within the 

range of distributions observed in this study.  This study suggests that E. typhina - B. 

lobata interaction has shifted toward facultative mutualisms or simple fungivory 

within the introduced range in western Oregon. 

KEY WORDS: Epichloë typhina, Botanophila lobata, mutualism, plant pathogen, 

biological invasion, spatial variability, density dependence

INTRODUCTION

Epichloë typhina (Clavicipitaceae: Ascomycetes) is an endophytic fungus that 

infects a diversity of cool season Pooid grasses including sweet vernalgrass, 

Anthoxanthum odoratum; timothy, Phleum pratense; wood bluegrass, Poa nemoralis; 

rough bluegrass, P. trivialis; Kentucky bluegrass, P. pratensis; perennial ryegrass, 

Lolium perenne; and orchardgrass, Dactylis glomerata L. (Leuchtmann et al. 1994; 

Leuchtmann and Schardl 1998).  The fungus develops intercellularly and maintains 

systemic endophytic growth in aerial vegetative host tissues. When the host plant 

enters its reproductive phase, branched hyphal masses (stromata) form epiphytically 

on grass culms, and occasionally on vegetative tillers (Schardl 1996; Christensen et al. 

2008).  This affects the emergence of the inflorescence and, as a result, no seeds are 

produced on the affected tillers. Hence, the expression of E. typhina in host grasses is 

called choke disease. 
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Epichloë typhina does not appear to transmit itself vertically through seed in 

orchardgrass (Leyronas and Raynal 2008). Therefore, sexual reproduction is critical 

for disease transmission.  Epichloë typhina is bipolar heterothallic; it is an obligate 

outcrosser (White and Bultman 1987). Cross fertilized stromata develop perithecia that 

eject haploid ascospores, which can cause new infections in susceptible host plants 

(Chung and Schardl 1997).  

Each stroma produces spermatia of one of two possible mating types (Schardl 

1996). Spermatia produced on the stromata are not outcrossed by wind (Bultman et al. 

1995).   In native habitats, a fly, Botanophila lobata (Diptera: Anthomyiidae), serves 

as a “pollinator” for the fungus (Parker and Bultman 1991; Welch and Bultman 1993; 

Bultman et al. 1998; Bultman et al. 2000).  Female flies visit the fungus to feed, and to 

lay solitary eggs on the stroma (Kohlmeyer and Kohlmeyer 1974).  During an 

elaborate oviposition behavior, the fly defecates previously consumed fungal 

spermatia, enabling cross fertilization of the fungus as it drags its abdomen along the 

stroma surface (Bultman and Leutchmann 2003).  Botanophila lobata larval 

development occurs on the stroma.  The univoltine insect forms a brood chamber and 

burrows into the stroma to feed on intermingled fungal and plant tissue.  In mid to late 

summer the larvae drop to the ground to diapause in the soil as pupae (Lucas 1909). 

Adult emergence the following spring is synchronized with the emergence of the E. 

typhina stroma.

Epichloë typhina is native to Europe (Gentile et al. 2005).  It was inadvertently 

introduced into cultivated orchardgrass in western Oregon, and by 2000, 
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approximately 90% of orchardgrass seed production fields in the area were host to the 

fungus (Pfender and Alderman 2007).  The Willamette Valley in western Oregon is 

the principal grass seed growing region in the United States. Orchardgrass has been 

grown for seed in the region for at least 100 years.  In addition, naturalized 

orchardgrass is widespread throughout the Willamette Valley (pers. observation). 

Orchardgrass is a perennial crop that often is grown in an individual field for up to 20 

- 30 years.  For every one percent increase in E. typhina infection incidence, a 

corresponding one percent yield loss in orchardgrass was recorded (Pfender and 

Alderman 2006). Oregon produces 95% of United States orchardgrass seed (Pfender 

and Alderman 1999), and due to its direct impact on production of seed, this recent 

biological invasion presents a serious concern to seed producers.

In areas of endemism, E. typhina and B. lobata are considered to be obligate 

mutualists (Parker and Bultman 1991; Bultman et al. 1995, 1998; Leuchtmann 2006). 

Conditions in western Oregon provide a unique habitat for the fly - fungus interaction 

(e.g. dense monoculture stands of well-tended orchardgrass hosts for the fungus and 

absence of parasitoids in the new environment for the fly), which could have altered 

the relationship upon introduction to one of facultative mutualism or parasitism (i.e. 

simple fungivory by the fly).  In 2003, thirteen cultivated western Oregon 

orchardgrass fields were surveyed for presence of E. typhina and B. lobata (Rao and 

Baumann 2004).  Epichloë typhina infections were found in all surveyed fields.  While 

perithecia development, a sign that sexual outcrossing has occurred, was observed on 

all stromata sampled, fly presence was quite variable.  Evidence of fly visitation on 
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stromata in each field ranged from 0 to 98 percent (Rao and Baumann 2004).  Given 

that the fungal reproductive success was similar both in the presence and the absence 

of the fly vector, the impact of the fly might best be described as simple fungivory 

(Rao and Baumann 2004).  

Invasion into large monocultures of orchardgrass might have permitted the 

occurrence of quite different spatial distributions of the fungus and the fly compared to 

areas of endemism where they probably co-evolved, potentially altering the balance of 

a mutualism in the area of introduction.  However, little is known of how the spatial 

variability about E. typhina and B. lobata may affect reproduction and population 

growth of either organism.  For example, does the density of E. typhina in cultivated 

orchardgrass seed fields permit alternative mechanisms for transfer of spermatia 

between mating types of E. typhina releasing its dependence on the fly?  The present 

study was conducted to gain insights on the spatial distribution of both E. typhina and 

B. lobata, which could lead to inferences about factors influencing population 

dynamics of the two organisms. The objectives of the observational study were to: 1) 

characterize the spatial variability of both fly and fungus within cultivated 

orchardgrass fields, 2) examine the relationship of fly oviposition to spatial variability 

of the fungus, and 3) examine the reproductive success of the fungus in relation to 

spatial variability of the fly and the fungus.  

MATERIALS AND METHODS
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Study Area

The study was conducted in the Willamette Valley in western Oregon in 

orchardgrass fields within a 10 kilometer radius of the city of Corvallis (44.57° N 

123.25° W).  The landscape is dominated by agricultural land use intermingled with 

natural and urban areas.  One seed crop is harvested per year.  

Sampling Design

The study was conducted over two years. Transect sampling took place at the 

end of the growing season, between June 19 and June 29, 2008.  Ten commercial 

seed-production fields of orchardgrass, "Potomac" variety, were selected to represent a 

range of field ages, from 1 to 28 years since original planting (Table 1).  At each field 

site, sampling was conducted along five transects arranged roughly perpendicular to 

the longest field edge. The first transect was arranged approximately 10 meters in 

from the field edge that was roughly parallel to it. All other transects were spaced at 

equidistant locations perpendicular to the longest field edge for a minimum spacing of 

75 meters and a maximum spacing of 125 meters, depending on field size.  Along each 

transect, a grid (1 m2 quadrat) constructed using pvc pipes was placed at 10 locations 

and were spaced a minimum of 10 meters and a maximum of 25 meters apart, 

depending on field width.  The first quadrat in each transect was placed 5 meters in 

from the field edge that was perpendicular to it. The first transect in each site began 5 

meters in from the longest field edge, and the second transect began 5 meters in from 

the field edge roughly parallel to the longest field edge. The remaining transects 

alternated starting points between these two roughly parallel edges of the field. Site 5 
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had an unusually narrow section which did not permit 10 well spaced quadrat 

positions. Hence, at this site, sampling was conducted at one additional transect 

because transects three and four had only five quadrats per transect.  Fifty quadrats 

were sampled at all field sites. GPS locations were recorded at each quadrat using a 

Magellan Sportrak (Datum: WGS 1984; Coordinate system: UTM).  

Within each quadrat, the total number of orchardgrass plants was recorded. 

Each plant was categorized as being either infected or uninfected based upon the 

presence of stromata.  If infected, the number of fertilized and unfertilized stromata 

were recorded.  Fertilized stromata are characterized by perithecial development, 

which is recognizable by a conspicuous change in stroma thickness and texture, and a 

change in color from white to bright orange.  Each stroma was inspected for B. lobata 

eggs or brood chambers which were counted to estimate fly presence.  Evidence of 

predation on B. lobata was recorded by noting damage to eggs, the presence of brood 

chambers or egg cases with missing larvae, or predators directly observed feeding on 

fly eggs or larvae.  When an egg or larvae is physically removed from a stroma, some 

indentation or feeding damage is typically evident on the fungus. Stromata marked as 

unvisited did not have any of these signs. Additionally, over 3000 larvae were 

gathered from an arbitrarily chosen subset of the study sites (site 2, site 3, site 4, and 

site 7), reared to adulthood and monitored for the presence of parasitoids.

This transect sampling was repeated in 2009 at four of the sites (site 1, site 2, 

site 3 and site 4) to examine variability in the following year. The remaining sites 

could not be sampled due to early harvest resulting from an unusually hot summer. 
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The new quadrats were placed in different within-site locations in 2008 and 2009 but 

were spaced over approximately the same region of the field during both years. In 

2009, sampling occurred between June 18 and June 26. 

Data Analysis

Spatial patterns of fly density per quadrat, stromata per quadrat and infected 

orchardgrass hosts per quadrat were characterized using Spatial Analysis by Distance 

Indices (SADIE) (Perry 1995).  The SADIE index of aggregation, Ia, was used to 

represent overall site aggregation of infections, stromata and flies.  Index values near 

unity represent spatially random count patterns (Perry 1996).  Values greater than one 

represent clustering of counts, and values less than one represent a regular spatial 

pattern.  SADIE produces another value, Pa, which is an estimated probability that an 

Ia value greater than or equal to the observed value would occur due to chance. 

Another SADIE index, ν, categorizes, for each parameter, individual quadrat locations 

as above average “clusters” or below average “gaps” (Perry 1995).  A gap is indicated 

by a νi value less than -1.5, and a cluster is indicated by a νi value greater than +1.5 

(Winder et al. 2001).  Values between -1.5 and +1.5 were considered to be spatially 

random.  All SADIE values were calculated using the nonparametric methodology to 

account for skewed data. Gaps and clusters were mapped using ArcMap (v. 9.3) with 

the Spatial Analyst extension.  Interpolation of νi values was accomplished using the 

inverse distance weighted method (IDW) (Shepard 1968; Walton et al. 2007).  
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Fly oviposition was examined in relation to fungal density at the quadrat and 

plant scale, for each site.  The response variable was the average number of flies per 

stroma in each quadrat or on each host plant. In separate regressions, either the 

number of stromata per quadrat or the number of stromata per host was treated as the 

explanatory variable.  A simple linear regression, performed independently for each 

site, was used to quantify the degree to which oviposition response appeared to be 

density dependent. 

To explore the relationship between fly or fungal spatial pattern with change in 

probability of fungal reproductive success, a logistic regression was performed 

separately for each site using the following variables:  1) proportion of plants infected 

per quadrat; 2) the number of stromata per quadrat; 3) the number of flies per 

stromata; and 4) presence or absence of unfertilized stromata (dependent variable). 

The presence of stromata was treated as a binary response, with 1 for quadrats with > 

0 unfertilized stromata, 0 for quadrats with no stromata.  The proportion of plants 

infected was calculated as the number of infected plants divided by total plants in each 

quadrat.  Flies per stromata was calculated as the sum of flies per quadrat divided by 

the sum of stromata per quadrat. Stromata were totaled at the quadrat scale.  For the 

logistic regression analysis, only quadrats within each site that had > 0 infected plants 

were included.  To adjust for non-normality, variables 1, 2 and 3 were transformed 

with arcsine square root (for proportional data), log, and square root transformations, 

respectively. Square root transformation was used for variable 3 in place of log 

transformation because of zeros in the data.
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To assess change between 2008 and 2009 the proportion of plants infected per 

quadrat, stromata per quadrat, and flies per quadrat were compared separately for each 

site using the nonparametric Wilcoxon rank sum procedure (due to the excess of zero 

counts in all sites).  

Additionally, the age of field was treated as an explanatory variable for the 

following responses across sites: 1) proportion of infected plants; 2) total stromata; 

and 3) mean flies per stromata.  For simplicity, within-field variation of variables 1 

through 3 was not taken into account when performing these regressions.  All analyses 

were performed with the R statistical package (v. 2.7.2).

RESULTS

Incidence of E. typhina

In 2008, a total of 3,979 plants were surveyed in 10 orchardgrass seed 

production fields, of which 1,207 (30.3%) plants were observed to be infected with E. 

typhina (Table 2a).  Across all sites, 24,613 stromata were recorded on the hosts, of 

which only 17 (0.07%) were unfertilized.  Unfertilized stromata were found in only 50 

% of the fields sampled; at sites 3, 5, 6, 7, and 9.  All unfertilized stromata were 

observed on hosts expressing fertilized stromata elsewhere on the same plants.  In 

2009, a total of 1,462 plants were surveyed, of which 328 (22.4%) plants infected with 

E. typhina.  Across the 4 sites included in 2009, 5,338 stromata developed on the 

hosts, of which only three (0.06 %) stromata were unfertilized.  Only one of the three 
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unfertilized stromata was on a plant that did not have fertilized stromata elsewhere. 

All unfertilized stromata were found in site 1.  

Abundance of B. lobata

In 2008, on the 24,613 stromata recorded, 70,047 B. lobata eggs, larvae or 

brood chambers were recorded, providing evidence of fly visitations (mean = 2.8 flies 

per stroma). We noted 37 (3.1%) infected plants which had no fly visitation (Fig 1a). 

Across all sites, the number of flies per stroma on each plant varied from 0 to 9.9, with 

a mean of 2.48 (±S.E. 0.05).  There were 215 (17.83% of infected plants) hosts with 

means of < 1 flies (Fig 1b).  The presence of unfertilized stromata did not vary 

logistically with: a) the proportion of plants infected per quadrat (P = 0.54); b) 

stromata per quadrat (P = 0.91); and c) flies per stroma (P = 0.10).  From the larvae (> 

3,000) reared to adulthood, no parasitoids were detected.  In addition, no predators 

were observed feeding on fly eggs or larvae in the field.  We did, however, observe 

many larval brood chambers with no larvae present, at all sites.  It is unclear if this 

represents insect mortality or early diapause.  In 2009, There were 63 (19.2%) infected 

plants which had no fly presence (Fig. 1c).  Across all sites, the number of flies per 

stroma on each plant varied from 0 to 5.64, with a mean of 1.39 (±S.E. 0.06).  There 

were 173 (52.7% of infected plants) hosts which had mean fly per stroma density <1.0 

(Fig. 1d).  The presence of unfertilized stromata did not vary logistically with: a)  the 

proportion of plants infected per quadrat (P = 0.45); b) stromata per quadrat (P = 

0.39); and c)  with flies per stroma (P = 0.12).  No predators were observed feeding on 
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eggs or larvae.  At all sites, as in 2008, we observed larval brood chambers and egg 

cases with no larvae present.

Between Year Comparison

Between 2008 to 2009, there was no difference in mean proportion of infected 

to uninfected plants for site 2 (W=1235; df=98; P=0.92), site 3 (W=1185; df=98; 

P=0.65), and site 4 (W=1463; df=98; P=0.095).  There was an increase in mean 

proportion of infected to uninfected plants for site 1 from 2008 to 2009 (W=618, 

df=98; P>0.00001).  Mean stromata per quadrat also  increased significantly at site 1 

(W=646.5; df=98; P<0.00001), but not at site 2 (W=1263; df=98; P=0.93), site 3 

(W=1371; df=98; P=0.40) or site 4 (W=1471; df=98; 0.085).  Mean flies per quadrat 

increased significantly from 2008 to 2009 at site 1 (W=958; df=98; P=0.004), and did 

not change significantly at site 2 (W=1352; df=98; P=0.46).  Mean flies per quadrat 

decreased at site 3 (W=1576; df=98; P=0.02) and site 4 (W=1692.5; df=98; P=0.001). 

There was no mean change in the number of unfertilized stromata per quadrat between 

2008 and 2009 for site 1 (W=1175; P=0.08) and site 3 (W=1275; P=0.33).  There were 

no unfertilized stromata found at site 2 or site 4 in either year, so significance tests 

were unnecessary. 

Spatial Characterization

E. typhina: In 2008, the number of plants infected per quadrat was not spatially 

random, showing distinct clustering in site 2, site 4, site 7 and site 10 (Table 3a; Figs. 

2 and 3).  The number of stromata observed per quadrat showed significant spatial 
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clustering in site 2, site 4, site 5, site 9 and site 10, in 2008.  In 2009, two of the four 

sites sampled showed clustering of infections (site 1 and site 2) (Table 3b; Fig. 2). 

Stromata per quadrat were clustered at site 1, site 2 and site 3, in 2009. In both 2008 

and 2009, IDW plots depicted clusters and gaps with variable within-site distributions 

(Figs. 2 and 3).  However, between 2008 and 2009, within site locations expressing 

gaps and clusters tended to remain similar for individual sites 2 and 3, and to a lesser 

extent sites 1 and 4 (Fig. 2).

The age of the orchardgrass stand in fields included in the study ranged from 

one to 29 years (Table 1).  In 2008, the proportion of the field infected with E. typhina 

had no positive trend with field age and a simple linear regression did not show a 

significant fit (df=8; P=0.25) (Fig. 4a).  Similar results were obtained in 2009 (df=2; 

P=0.26).  In 2008, the mean number of stromata per infection also did not show a 

linear relation with age (df=8; P=0.19) (Fig. 4b).  Neither was a trend found in 2009 

(df=2; P=0.25). 

B. lobata: The number of flies per quadrat was clustered in site 2, site 4, site 9 

and site 10, in 2008.  Fly oviposition per stroma increased with stromata density at the 

quadrat scale for sites 2, 5, 6, 7 and 9 (Table 4a; Fig. 5a) while flies per stroma 

increased with stromata density at the host plant scale for sites 2, 3, 4, 5, 7, 9 and 10 

(Fig. 6a). In 2009, flies per quadrat were clustered only at site 2. Flies per stroma 

increased with stromata density for sites 1 and 2 at the quadrat scale (Table 4b; Fig. 

5b) while flies per stroma increased with stromata density at the host plant scale for 
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sites 1, 2 and 4 (Fig. 6b).  The number of flies per stromata did not appear to increase 

with field age, in 2008 (df=8; P=0.83), or in 2009 (df=2; P=0.93).

DISCUSSION

This study presents the first spatially explicit characterization of the expression 

of an invasive endophytic pathogenic fungus in an agroecosystem, and of a fly species 

with which the fungus is considered to have an obligatory mutualistic interaction in 

areas of endemism.  The consistency in location of infection "gaps" observed in the 

SADIE νi plot analysis documented that both within-field spatial patterns of stromata 

and visible infection densities were fairly consistent across the two years of the study 

at Sites 2 and 3. Site 4 had somewhat similar locations of gaps and clusters between 

2008 and 2009. However, the overall spatial pattern appeared closer to a random 

distribution in 2009 in Site 4. It Site 1, there was an increase in the proportion of 

plants visibly infected and an increase in stromata density in the northeast corner of 

Site 1. The increase in visible infections over the two year period at Site 1 is not 

surprising as the field was planted with orchardgrass only in 2007. The other sites 

surveyed during both 2008 and 2009 had been planted between 1982 and 1999. 

Pfender and Alderman (1999) found that infections increased in fields quite rapidly in 

the first four years after planting. However, they did not find a clear trend with time 

when including fields in older age classes (Pfender and Alderman 2006).  Our results 

also show a lack of correlation between field age and infection when including all age 

classes (Fig. 3a, b).  Pfender and Alderman (2006) suggest that the lack of a trend with 
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age might be due to the confounding effect of growers taking highly infected fields out 

of rotation.  We present an alternative hypothesis which is that certain hosts tend to 

remain resistant to infection expression across seasons due to abiotic micro-site 

conditions or plant genetics. Further, it is possible that the rapid increase in abundance 

of symptomatic plants during the early years after planting do not represent a rapid 

increase in infections but, rather, a rapid increase in disease expression. It might be 

that nearly all susceptible plants in a field become infected during the first year after 

planting, in cultivated Oregon orchardgrass, but show variable expression of disease 

over the course of a few years. The current study measured disease expression; only 

those producing epiphytic stromata were counted as infected. Infected hosts are known 

to remain asymptomatic, even during host flowering (Samson 1933).

Based on the SADIE νi plot analysis, visibly infected host and stromata density 

were aggregated spatially at some sites, but not all.  Interestingly, site locations of high 

stromata density did not always coincide well with locations of high host infection 

density, which we measured as individual plants producing at least one stroma.  For 

example, at site 7, a large cluster of stromata was present in the southeast corner of the 

field, yet individual symptomatic hosts were more highly clustered in the southwest 

corner.  Site 9 provides another example.  While stromata and visible infection 

clustering tended to be broadly similar, these data further suggest that conditions 

which favor increased expression of infection (i.e. increased stromata per quadrat) are 

not necessarily the same conditions which favor increased infection density (i.e. 

increased visibly infected plants per quadrat).  
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In a common garden experiment with E. sylvatica (a closely related endophyte 

which infects Brachypodium sylvaticum), the level of stromata expression was 

strongly dependent on plant genotype, and also varied with fertilizer input (Meijer and 

Leucthmann 2000).  Their findings lend further support to the hypothesis that certain 

plants remain less susceptible to disease expression across multiple seasons. However, 

we would expect that the effect of genotype in the current study would result in a 

random spatial distribution of expression. When a field is initially planted, genetic 

variation among seeds would likely be randomly spatially distributed because seeds 

are well mixed within the planters. Abiotic factors (e.g. soil properties), however, are 

likely to vary non-randomly within a field (Stafford 2000). Future studies should 

examine correlations between within-field variation in abiotic variables and expression 

of E. typhina infection (e.g. overlaying asoil nutrient map on a map of disease 

expression). Additionally, documenting what percentages of infected plants are 

typically asymptomatic within fields of varying age classes would be valuable. Choke 

is not seed transmitted in orchardgrass (Leyronas and Raynal 2008), therefore 

expression of infection (i.e. choking of tillers), rather than presence of asymptomatic 

infections, is the greater economic concern for seed producers.

Botanophila lobata also showed aggregation in several sites.  As in the case of 

E. typhina, within-field locations of B. lobata clusters were fairly consistent between 

2008 and 2009.  Site 1 was also the only field which showed an increase in fly density 

between 2008 and 2009, as quantified by Wilcoxon rank sum procedure. 

Interestingly, a cluster of stromata which appeared in site 1 in 2009 was also the 
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location of a fly cluster in 2009.  This may suggest that B. lobata is able to find 

oviposition sites on fungal stromata quite rapidly.  Two compounds produced by 

Epichloë endophytes have been found to attract B. lobata (Steinbrunner et al. 2008a, 

b).  

We observed a relationship between fly density per stroma and stromata 

density at most sites at both the plant and the quadrat scale. Although many 

regressions were not significant at a 0.05 p-value, and r2 values were often quite low, a 

positive trend was apparent in most sites in this study. While we should be cautious 

not to infer process from pattern, we speculate that fly oviposition is density 

dependent with fungal density. Alternatively, the observed positive density 

relationship could be an artifact of colinearity between local stromata increase and 

local fly increase through time.  However, there was no linear trend of fly numbers per 

stroma with field age (Fig 4c).  Neither was there a trend with infections or stromata 

production through time (Fig. 4a and b).  Again, however, the confounding effect of 

growers taking highly infected fields out of rotation could make a temporal trend 

difficult to uncover, if one exists. It would be interesting to investigate the positive 

density relationship between B. lobata and E. typhina in naturalized areas where the 

hosts are less dense, and grower practices do not confound analysis.  Additionally, it 

would be valuable to sample flies via other methods (e.g. sweep netting or sticky 

traps) to gain a perspective on adult fly presence. 

Generally, little is known of the population dynamics of B. lobata , nor of the 

range of endemism. The apparent lack of natural enemies, particularly of parasitoids 
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that are known elsewhere in the B. lobata population range (Kohlmeyer and 

Kohlmeyer 1974), supports the hypothesis that B. lobata has recently colonized 

western Oregon. However, it is not clear what factors are limiting B. lobata population 

growth and spread to all available oviposition sites. Natural enemies, available food 

and oviposition sites do not appear to be limiting the B. lobata population, as no 

natural enemies were recorded and evidence of unvisited stromata were commonly 

observed. Patterns of fly movement and dispersal might limit the fly population's 

ability to exploit all available resources in western Oregon. Interestingly, in a study of 

Botanophila flies which developed on the host E. elymi, Bultman et al. (2000) found 

that fly mortality increased with egg load per stroma. Perhaps aggregation of fly 

oviposition with increased host density is increasing larval mortality in locations of 

high fungal density, limiting population growth. Alternatively, the Oregon B. lobata 

population might still be increasing and has not yet had time to reach its carrying 

capacity.

Regarding E. typhina reproduction, our analysis suggests that fungal gamete 

transfer by the fly does not enhance the overall reproductive success of the fungus in 

western Oregon.  We found that while fly density, proportion of plants infected, and 

stromata density per quadrat were quite variable between and within each site (Table 

2), fertilization rates of E. typhina varied only slightly between and within sites during 

both years of the study.  At all sites, we found almost complete perithecial 

development on certain stroma without evidence of fly visitation.  Neither fly nor 

stromata density, nor the proportion of plants infected per quadrat correlated with the 
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probability of unfertilized stromata presence.  These results correspond with previous 

observations of Rao and Baumann (2004).  Thus, we might conclude that in western 

Oregon the fly is best described as a simple fungivore or facultative, rather than as an 

obligate mutualist of the fungus.  Alderman and Rao (2008) observed that ascosporic 

cross fertilization is possible among the E. typhina populations in western Oregon. 

Ascosporic cross fertilization occurs when ejected ascospores settle on unfertilized 

stromata, thereby outcrossing gametes and initiating further ascospore production.  It 

is not yet known if ascosporic fertilization is a trait unique to the Oregon E. typhina  

population, or if it occurs in Eurasia where the fungus likely co-evolved with B. 

lobata.  In Oregon, early season “pollination” via fly vectors might permit ascospores 

to be released into the air, thereby cross fertilizing individuals which are spatially 

isolated from the fly (Alderman and Rao 2008). Fertilization "trails" leading to fly 

eggs, similar to those described by Bultman et al. (1998), were commonly observed on 

stromata early in the season (pers. observations). However, by June, when the current 

study was conducted, the stromata were typically completely fertilized with no 

obvious trails.

Due to ascosporic fertilization, characterization of B. lobata interaction with E. 

typhina as either an obligate mutualist, a facultative mutualist, or a fungivore becomes 

more complex.  It is unknown at what distances ascosporic fertilization is functional in 

the field.  Hypothetically, if a single cross fertilization event had occurred in western 

Oregon as a result of spermatia transfer between stromata, could the 99.93% 

fertilization success observed in 2008, or the 99.95% fertilization success observed in 
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2009 have resulted due solely to a cascade of ascosporic fertilization?  From this 

study, it remains unclear at what scale, if any, the fly is needed for fungal sexual 

outcross in western Oregon.  We speculate that at high host density the fungus could 

outcross via novel mechanisms in western Oregon.  We found up to 11 infected plants 

per 1 meter square.  It is plausible that the occasional stromata could brush against 

stromata of the opposite mating type, initiating cross fertilization.  In addition, as 

typical western Oregon climate is characterized by high precipitation during spring 

and early summer months, rain splash fertilization could be a major factor in E. 

typhina reproduction in western Oregon.  Additionally, we cannot rule out an alternate 

biological vector (e.g. slugs) which might have taken on the role of “pollinator” in 

Oregon, as has been previously suggested (Rao and Baumann 2004).  Further research 

is needed to determine factors involved in near-complete fertilization of E. typhina 

stroma that we have observed in Willamette Valley orchardgrass seed production 

fields.

In summary, our study indicates that reproductive success of E. typhina is not 

influenced by either fly or fungal density within the spatial scale and range of densities 

that we observed in cultivated orchardgrass fields in western Oregon.  However, 

fungal density does correlate with increased fly oviposition.  We cannot conclude from 

this study whether B. lobata is best characterized as a mutualist which “pollinates” E. 

typhina, or if the interaction is better characterized as simple fungivory within western 

Oregon.  Our study sites exhibited a range of spatial pattern of endophyte infections, 

stromata production and oviposition, which were depicted as gaps, random spatial 
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arrangements, and highly aggregated zones.  More research is needed to understand 

what factors increase probability of certain plants within a field becoming infected 

while others remain healthy.  Additionally, controlled experiments documenting 

alternate modes of fertilization in the field would be valuable in explaining B. lobata -  

E. typhina reproductive dynamics in western Oregon. 
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Table 2.1  Year of survey and age of field since original planting for sites included in 
the study.

Location Survey Year Field Age (Years)
Site 1 2008 1
Site 2 2008 9
Site 3 2008 26
Site 4 2008 17
Site 5 2008 29
Site 6 2008 13
Site 7 2008 28
Site 8 2008 9
Site 9 2008 4
Site 10 2008 17
Site 1 2009 2
Site 2 2009 10
Site 3 2009 27
Site 4 2009 18
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Table 2.2.  Incidence of E. typhina and presence of B. lobata in 10 orchardgrass fields surveyed in 2008 (a) and 4 sites 
surveyed in 2009 (b). 

a) 2008 Survey
Location Proportion of Plants Infected per Quadrat Stromata per Infection Flies per Stroma

Mean (±SE) Min Max n  1  Mean (±SE) Min Max n  1  Mean (±SE) Min Max n  1  
Site 1 0.01 (0.005) 0 0.14 50 6.25 (2.36) 3 13 4 2.32 (0.43) 1.33 3.33 4
Site 2 0.24 (0.04) 0 0.87 50 16.13 (1.65) 1 88 99 1.83 (0.10) 0 4.5 99
Site 3 0.23 (0.04) 0 1.0 50 22.63 (1.73) 1 96 100 0.34 (0.03) 0 1.39 100
Site 4 0.34 (0.03) 0 0.92 50 19.42 (1.11) 1 66 155 3.42 (0.11) 0 9.90 155
Site 5 0.31 (0.03) 0 0.9 50 14.87 (0.95) 1 67 136 2.04 (0.10) 0 6 136
Site 6 0.26 (0.03) 0 1.0 50 15.13 (1.24) 1 57 95 1.86 (0.09) 0 4.5 95
Site 7 0.57 (0.03) 0.12 1.0 50 31.03 (1.32) 1 101 223 4.32 (0.10) 0.28 8.86 223
Site 4 0.34 (0.03) 0 0.92 50 19.42 (1.11) 1 66 155 3.42 (0.11) 0 9.90 155
Site 9 0.39 (0.03) 0 0.87 50 19.22 (1.33) 1 86 148 2.22 (0.09) 0 6 148
Site 10 0.20 (0.03) 0 0.87 50 16.95 (1.34) 1 52 81 1.59 (0.13) 0 6.26 81

b) 2009 Survey
Location Proportion of Plants Infected per Quadrat Stromata per Infection Flies per Stroma

Mean (±SE) Min Max n Mean (±SE) Min Max n Mean (±SE) Min Max n
Site 1 0.14 (0.03) 0 0.8 50 6.61 (9.49) 1 60 52 0.63 (0.12) 0 4 52
Site 2 0.24 (0.04) 0 0.83 50 16.35 (1.79) 1 94 86 1.23 (0.11) 0 4.62 86
Site 3 0.23 (0.03) 0 0.78 50 17.43 (1.46) 1 55 82 0.25 (0.05) 0 2.5 82
Site 4 0.27 (0.03) 0 1.0 50 19.99 (1.53) 1 78 108 2.11 (0.11) 0.33 5.64 155

1Under columns indicating stromata per infection and flies per stroma, n is equal to the number of infections per site.
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Table 2.3. Spatial distribution of E. typhina and B. lobata in orchardgrass fields sampled in 2008 and 2009.

a)  2008 Survey

Location Total Plants Infected per Quadrat Stromata per Quadrat Flies per Quadrat
Mean (±SE) Min Max n Ia

1 Pa
2 Mean (±SE) Min Max n Ia

1 Pa
2 Mean (±SE) Min Max n Ia

1 Pa
2

Site 1 0.08 (0.04) 0 1 50 0.97 0.5 0.5 (0.3) 0 13 50 0.99 0.4 1.2 (0.7) 0 34 50 0.98 0.4
Site 2 2.0 (0.3) 0 7 50 1.66 0.03 31.9 (6.9) 0 159 50 1.58 0.03 68.8 (16.5) 0 423 50 1.63 0.03
Site 3 2.0 (0.3) 0 10 50 1.32 0.08 45.3 (8.9) 0 239 50 1.31 0.09 18.7 (3.8) 0 117 50 0.98 0.4
Site 4 3.2 (0.3) 0 11 50 1.80 0.001 61.4 (8.7) 0 304 50 2.18 0.001 228.6 (34.4) 0 1281 50 1.89 0.006
Site 5 2.7 (0.3) 0 9 50 1.25 0.1 40.4 (5.6) 0 165 50 1.45 0.05 92.8 (17.0) 0 694 50 1.35 0.09
Site 6 1.9 (0.2) 0 8 50 1.22 0.1 28.7 (4.6) 0 358 50 1.027 0.4 56.3 (9.6) 0 358 50 1.016 0.4
Site 7 4.5 (0.3) 1 8 50 1.43 0.03 138.4 (11.5) 21 376 50 1.27 0.09 615.5 (55.5) 6 1705 50 1.068 0.3
Site 8 3.3 (0.3) 0 8 50 1.28 0.2 62.4 (8.0) 0 208 50 1.026 0.4 137.8 (22.7) 0 628 50 1.034 0.3
Site 9 3.0 (0.26 0 7 50 1.23 0.1 56.9 (5.9) 0 178 50 1.45 0.02 136.5 (15.7) 0 454 50 1.38 0.03
Site 10 1.6 (0.3) 0 7 50 1.47 0.04 27.5 (5.6) 0 181 50 1.49 0.03 49.4 (10.9) 0 288 50 1.36 0.07

b)  2009 Survey

1 SADIE index of aggregation, Ia.  2The probability of observing a value greater than or equal to Ia is estimated by Pa, for each site.  Bolded Ia values 
indicate significant within-field spatial aggregation (Pa < 0.05).
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Location Total Plants Infected per Quadrat Stromata per Quadrat Flies per Quadrat
Mean (±SE) Min Max n Ia

1 Pa Mean (±SE) Min Max n Ia
1 Pa Mean (±SE) Min Max n Ia

1 Pa

Site 1 1.04 (0.2) 0 5 50 1.80 0.01 6.9 (1.8) 0 60 50 1.66 0.03 4.8 (2.02) 0 92 50 1.41 0.09
Site 2 1.7 (0.2) 0 5 50 2.029 0.009 28.1 (6.4) 0 262 50 2.17 0.005 38.5 (10.9) 0 469 50 2.22 0.002
Site 3 1.6 (0.2) 0 7 50 1.51 0.07 28.6 (5.6) 0 169 50 1.88 0.01 6.4 (1.8) 0 81 50 1.38 0.1
Site 4 2.2 (0.2) 0 7 50 1.23 0.2 43.2 (6.3) 0 146 50 1.22 0.2 98.3 (14.5) 0 349 50 1.036 0.4



Table 2.4.  Simple linear regression results of the dependent variable, flies per stroma, against stroma density in 2008 (a) and 
2009 (b). Analysis is presented for two scales of observation: at the quadrat scale and the host plant scale. Sites with β1 

estimates having P < 0.05 are shown in bold.

a) 2008 Survey

b) 2009 Survey
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Location Quadrat Scale
Mean β1 (±95% CI) P R  2  df

Site 1 0.95 (3.92) 0.89 0.01 2
Site 2 1.17 (1.08) 0.0002 0.38 29
Site 3 1.03 (1.11) 0.53 0.01 31
Site 4 1.03 (1.09) 0.49 0.01 44
Site 5 1.18 (1.13) 0.006 0.16 43
Site 6 1.13 (1.11) 0.02 0.11 42
Site 7 1.20 (1.13) 0.004 0.16 48
Site 8 1.17 (1.21) 0.11 0.07 38
Site 9 1.01 (1.12) 0.001 0.80 44
Site 10 1.16 (1.17) 0.07 0.09 34

Location Quadrat Scale
Mean β1 (±SE) P R  2  df

Site 1 1.28 (1.18) 0.004 0.27 26
Site 2 1.23 (1.15) 0.004 0.26 28
Site 3 1.04 (1.12) 0.41 0.02 33
Site 4 1.07 (1.13) 0.26 0.03 38

Host Plant Scale
Mean β1 (±SE) P R  2  df
1.26 (1.19) 0.01 0.12 50
1.15 (1.13) 0.02 0.06 84
1.01 (1.09 0.74 0.001 80
1.15 (1.09) 0.002 0.08 106

Host Plant Scale
Mean β1 (±95% CI) P R  2  df
0.95 (3.92) 0.89 0.01 2
1.14 (1.08) 0.002 0.09 97
1.13 (1.07) 0.0004 0.12 98
1.18 (1.07) <0.00001 0.14 153
1.20 (1.10) 0.0001 0.10 134
1.08 (1.09) 0.07 0.03 93
1.09 (1.05) 0.0009 0.05 221
1.03 (1.11) 0.60 0.002 164
1.16 (1.08) 0.0001 0.09 146
1.23 (1.14) 0.002 0.12 79



a) 2008 Survey b) 2008 Survey

c) 2009 Survey d) 2009 Survey

Figure 2.1
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Figure 2.1.  Abundance of B. lobata flies per infected plant in 2008 (a) and 2009 (c). 
Average number of flies per stroma per infected plant in 2008 (b) and 2009 (d). 
Frequency is equal to the total number of plants in each level on x-axis.
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Figure 2.2.  νi plots depicting spatial aggregation in sites 1-4 in 2008 and 2009. Within each box, from left to right: 
spatial pattern of count data for infections per quadrat, stromata per quadrat and flies per quadrat are depicted.  Dots 
represent quadrat locations. The νi values < -1.5 represent gaps (light grey); values between -1.5 and 1.5 represent 
random spatial arrangements (dark grey); values > 1.5 represent clusters (black). The black lines visible within each 
box represent field borders. 
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Figure 2.3. Sites 5 through 10, surveyed in 2008, depicting νi plots of infections per 
quadrat, stromata per quadrat, and flies per quadrat.  Dots represent actual quadrat 
locations. See Figure 2 (above) for an explanation of the legend. The black lines 
visible within each box represent field borders. 



a)

b) c)
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Figure 2.4. The combined data from 2008 and 2009 for each site plotted against 
age of field, for:  a) Proportion of plants infected in each quadrat; b) Mean 
stromata per host for each quadrat; and c) Mean flies per stroma for each 
quadrat. Open circles indicate sites from 2008, and filled circles indicate 2009. 
Standard error bars are depicted.
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Figure 2.5. Quadrat Scale: Density of stromata per quadrat (x-axis) in 
relation to fly per stroma density for each quadrat (y-axis) for 2008 (a) and 
2009 (b).  Simple linear regression line is shown. See Table 4 for β1, r2, and 
P-values.
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Figure 2.6.  Plant Scale: Density of stromata per host (x-axis) in relation to fly 
per stroma density for each host (y-axis) for 2008 (a) and 2009 (b).  Simple 
linear regression line is shown. See Table 4 for β1, r2, and P-values.



CHAPTER 3
SEASONAL PRODUCTION OF INFECTIVE ASCOSPORES OF THE 

CHOKE PATHOGEN, EPICHLOË TYPHINA, IN 
ORCHARDGRASS IN WESTERN OREGON

J. Kaser, S. Rao and S. C. Alderman

ABSTRACT

Choke disease is a major pest concern for orchardgrass seed producers in 

western Oregon.  The disease is caused by the introduced fungus Epichloë typhina, 

which was first reported in Oregon in 1996.  New infections are caused by airborne 

ascospores, and recent evidence suggests that ascospores may also be involved in the 

transfer of gametes during sexual reproduction of the fungus.  The objective of this 

study was to quantitatively determine the seasonal and diurnal variation in ascospore 

abundance. Ascospore production was monitored hourly in a single cultivated 

orchardgrass field in western Oregon in 2008 and 2009, during the summer months of 

each year.  Ascospores were present in the air from early May through late July, 

reaching >1,000 spores per hour on May 25, in 2008, and May 28, in 2009.  Daily 

ascospore production exhibited a circadian rhythm, with airborne ascospore counts 

peaking on average at 1:08 am and 12:36 am, in 2008 and 2009, respectively.  Daily 

spore counts reached >50,000 during both years of the study, suggesting high infection 

pressure in western Oregon. Also, the long duration of high airborne ascospore 

abundance suggests that any management strategy aimed at preventing new infections 

must cover several weeks the summer, from May through July. Additionally, these 
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findings indicate that ascosporic fertilization may contribute significantly to the 

reproductive dynamics of E. typhina within the introduced range of western Oregon.

KEY WORDS:  Epichloë typhina, ascospores, circadian rhythm, sexual reproduction, 

infection pressure 

INTRODUCTION

Choke disease has been a major concern in orchardgrass (Dactylis glomerata 

L.) seed production in western Oregon since it was first recorded in western Oregon in 

1996 (Pfender and Alderman 1999).  Western Oregon is the principal orchardgrass 

growing region in North America; it produces 95% of United States orchardgrass seed 

(Pfender and Alderman 1999).  Nearly all orchardgrass fields in western Oregon are 

infected with the choke pathogen (Pfender and Alderman 2006).  Pfender and 

Alderman (2006) found that each percent increase of choke incidence resulted in an 

equal percentage estimate of yield reduction. The causal agent of choke disease is the 

fungus Epichloë typhina (Clavicipitaceae: Ascomycetes), which grows intercellularly 

within the infected host plants throughout the year (White and Bultman 1987).  When 

the host plant begins rapid vegetative growth precipitating inflorescence development, 

branched hyphal masses (stromata) develop externally on the grass culms and 

vegetative tillers (Christensen et al. 2008).  Stromata development mechanically 

inhibits inflorescence development and viable seed production. Hence, the name for 
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the expression of stromata on grass hosts is termed "choke disease" (Chung and 

Schardl 1997; Christensen et al. 2008).  

Epichloë typhina has a bipolar heterothallic reproductive system; it is an 

obligate outcrosser (Schardl 1996).  A fly, Botanophila lobata (Diptera: 

Anthomyiidae) has been shown to “pollinate” the fungus by transferring viable 

spermatia between stromata (Parker and Bultman 1991; Welch and Bultman 1993; 

Bultman et al. 1998; Bultman et al. 2000).  Sexual outcross culminates in the 

production of ascospores, which are infective propagules of the fungus (Chung and 

Schardl 1997).  Epichloë typhina is not believed to be transmitted vertically through 

seed in orchardgrass (Leyronas and Raynal 2008), therefore, infection via ascospores 

is likely the major cause of disease spread.  Studies in areas of endemism have 

credited B. lobata "pollination" as the principal mechanism of sexual outcross in the 

field (Parker and Bultman 1991; Bultman et al. 1995, 1998).  However, Alderman and 

Rao (2008) found that ascosporic cross fertilization is also possible among the E. 

typhina population in Oregon.  Ejected ascospores which settle on the stroma surface 

were found to transfer gametes and initiate the production of more ascospores 

(Alderman and Rao 2008).  

The extent of ascosporic fertilization in western Oregon is unknown. The role 

of ascosporic fertilization in western Oregon will depend in part on when ascospores 

are first produced. If ascospores are first released late in the season, we speculate that 

they would not play a large role in cross fertilization of E. typhina prior to crop 

harvest, which typically occurs in late June in western Oregon.  If ascospores are 

54



released early in the season, they might have a significant impact on sexual outcross, 

and hence the overall reproductive output of the fungus.  Currently, there is no 

information on the diurnal or seasonal production of E. typhina ascospores in 

orchardgrass seed production fields in western Oregon.  To develop strategies to 

manage choke disease and to minimize new infections in the field, it is critical to 

understand when ascospores are released.  Additionally, the timing of ascospore 

release is critical to understand the role of ascosporic fertilization in the reproductive 

dynamics of the fungus.  The objectives of this study were to quantitatively determine 

the seasonal and diurnal timing of ascospore production within an orchardgrass field 

near Corvallis, Oregon, and assess the implication of this information for management 

of choke disease.  

MATERIALS AND METHODS

Study Site and Ascospore Capture

The study was conducted in an orchardgrass field, planted with "Potomac" 

variety, that was infected with choke disease.  The field was located in the Willamette 

Valley of western Oregon (44° 33' 42.10" N 123° 12' 00.56" W). In this study, 

ascospores were monitored from May through July of 2008 and 2009.  Ascospore 

sampling was conducted using a Burkard 7-day volumetric spore trap (Burkard 

Manufacturing Co., Ricksmanworth, Hertfordshire, U.K.) (Fig. 1) which was placed 

above an irrigation pumphouse located in the center of the field. The study site was 
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surrounded on four sides by orchardgrass fields that were also infected with E. 

typhina.

The Burkard spore trap consisted of a chamber into which ascospores were 

sucked through an air intake.  Inside the chamber was a rotating drum onto which 

plastic tape coated with a silicone grease mixture, including phenol to prevent spore 

germination, was attached for capture of ascospores.  Air intake was generated by a 

suction fan powered by a 27 V deep cycle RV battery.  The intake was approximately 

2.13 meters above the ground.  By determining the location of a given spore along the 

silicone coated tape, we could approximate the date and hour that the spore entered the 

trap. The trap tape was exchanged weekly. The spore tape was cut into daily and 

hourly sections marked using templates provided by the manufacturer. The tape 

segments were mounted on slides and stained using 30 mg aniline blue; 20 mL 

deionized water; 10 mL glycerol; 10 mL lactic acid (Alderman pers. comm.).  Spores 

were counted under a compound microscope at 40X magnification.  Spore were 

identified based on morphology, and by comparison to reference slides of known E. 

typhina ascospores. 

Air intake was monitored at least once per week. In 2008, trap intake was 

successfully maintained at 10 L/minute. In 2009, the spore trap began to have sporadic 

air throughput, due to a malfunctioning fan. On June 23, throughput was recorded at 3 

L/minute, rather than 10 L/minute.  The suction was adjusted back to 10 L/minute, but 

on June 30, low throughput was again recorded at 3 L/minute.  On July 7, throughput 

was recorded at < 1 L/minute.  From July 7 through July 16, suction was monitored 
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daily, but we were unable to fix the fan.  On July 16 the trap was removed from the 

field.

Data Analysis

To assess daily change in spore production, mean hourly spore count per day 

was regressed against a consecutive integer index of day, with the first day of 

observation designated as one.  For a better fit, the "feet" on the tail ends of the data 

were removed (i.e. the first 4 days and last 8 days of spore production during the 2008 

season, and the first 14 days and the last 5 days of spore production during the 2009 

season). An integer of one was added to all daily count averages prior to log 

transformation in order to account for values equal to zero.  Mean hourly spore count 

was log transformed to equalize variance (plus 0.05 added to account for counts of 

zero). To examine daily cycles in spore production, the time of daily maximum spore 

count was plotted against an index of day.  Time of day was quantified as a fraction of 

day, which was calculated with R statistical software (v. 2.7.2), with an add-on 

package, "chron" (James and Hornik 2008).  Prior to regression analysis, time of day 

values were first shifted by 0.5 (i.e. half a day).  This was done because the mean was 

very close to midnight, and the data contained many individual time values that were 

either very close to zero or very close to 1.0 (i.e. before or after midnight).  This is 

misleading, because the mean of 0 and 1.0 is 0.5 (i.e. noon).  In fact, zero days had an 

hour of peak spore production that was close to noon.  By shifting all data by a value 
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of half a day, the transformed data had much less variation about the mean.  Reported 

population mean estimates were back-transformed by shifting back 0.5 day.

RESULTS

In 2008, 2,011 hourly counts of ascospores trapped between May 2 and July 25 

were analyzed (Fig. 2a).  The first spore was recorded on May 15 and the last spore 

was recorded on July 24.  Ascospore counts increased to > 1,000 spores per day by 

May 25.  The maximum hourly spore count was 6,447, which was recorded on June 

22 between 1:30 and 2:30 am.  The maximum daily count, which occurred on June 21, 

was 50,765 spores.  

In 2009, we analyzed 1731 hourly counts of ascospores trapped between May 

5 and July 16, (Fig. 2b).  The presence of the first spore was recorded on May 5 and 

the last spores, a total of 6 spores for the day, were recorded on July 16. the first day 

of observation.  Ascospore counts increased to > 1,000 spores per day by May 28. 

The maximum hourly spore count was 8,232, which was recorded on June 12 between 

10:00 pm and 11:00 pm.  The maximum daily count, which occurred on June 10, was 

67,845 spores.  

In 2008, on June 27, there was a decline in spore count from 23,923 to 2,571 

the following day.  This drop coincided with swathing in the field for seed harvest. 

Most orchardgrass fields in the vicinity were swathed on or within a few days of June 

27.  By July 2, the daily count had risen back to 32,050 spores, but the numbers slowly 

declined thereafter.  Swathing again occurred on June 27, in 2009.  In 2009, on June 
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27, there was a decline in spore count from 10,218 spores to 3022 spores observed the 

following day.  

In 2008, quadratic regression model fit the log transformed data for the entire 

season (adjusted R2 = 0.88; P < 0.00001) (Fig. 3a). A quadratic regression fit the 2009 

data after log transformation (Adjusted R2=0.89; P < 0.00001) (Fig. 3b). The fitted 

plots demonstrate that daily average spore counts remained high (i.e. > 54 spores) 

from May 15 through July 6, in 2008, and May 18 and June 30, in 2009.

Spore counts peaked and declined each day in a regular pattern.  On average, 

spore counts peaked at 1:08 am (sd 2.97 hours;  n=65).  A plot of the daily maximum 

counts through the season shows that the peaks occurred between late evening and 

early morning (Fig. 4a).  A simple linear regression of the peak hours showed a slight 

shift forward in the mean of 4.18 minutes with each consecutive day (95% confidence 

interval was 2.1 minutes to 6.27 minutes per day).  

Again, in 2009, spore counts peaked and declined each day in a regular pattern. 

Data after June 23 are not included in the regression due to inconsistency in trap 

throughput.  On average, spore counts peaked at 12:36 am (sd 3.98 hours;  n=69). 

Peak spore production again occurred between late evening and early morning (Figure 

4b).  A simple linear regression of the peak hours showed a slight shift forward in the 

mean of 5.62 minutes with each consecutive day (95% confidence interval was 

between 0.5 minutes 10.75 minutes per day).  
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DISCUSSION

This study is the first to document the timing, intensity and duration E. typhina  

ascospore release in the field. In both years of the study, ascospores were first 

captured in May and counts reached >1000 spores per day before the end of the 

month. Pfender and Alderman (2006) found that expression of infection could 

increased rapidly (>15%) over a one-year period. The high rate of increase of infection 

expression is likely due to the high abundance of airborne propagules in the region. 

Based on the current study, ascospores are released over 60 days, from May through 

July. Ascopores are released quite early in the season and reach very high abundance 

for a long duration. We speculate that very few cultivated orchardgrass plants, if any, 

are not exposed to some level of disease propagule pressure each year in western 

Oregon. Not all plants express infections, however, and fields upwards of 20-years-old 

often maintain levels of disease expression <30% (see Chapter 2). We speculate that 

certain plants remain resistant to disease expression between years due to abiotic 

micro-site conditions or plant genetics, even while disease propagules pressure is high.

Daily fluctuation in spore production, with high abundances occurring largely 

during the night, is suggestive of an adaptive strategy by the fungus.  Cooler 

temperatures, increased moisture and other abiotic factors that might correlate with 

spore ejection or increased probability of a spore landing and germinating on a host 

plant should be investigated in order to discover conditions under which the fungus 

benefits.  For example, decreased temperature and increased relative humidity, typical 

of night-time climate in western Oregon, are factors which commonly increase the 
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transmission of plant diseases (Harvell et al. 2002).  We speculate that these 

conditions are favorable for new E. typhina infections.  With a better understanding of 

how these abiotic conditions potentially impact E. typhina infection biology, we might 

implement strategies to make conditions less favorable for fungal development.  It 

would be interesting to examine spore emission patterns in multiple sites throughout 

western Oregon, and to examine whether the observed synchronization of spore 

release is common throughout the Oregon E. typhina population range. This 

information would be useful to determine how sensitive ascospore ejection timing is to 

local climate or other site-specific conditions.

Further research is needed for us to gain a better understanding of the 

mechanism(s) by which the choke disease fungus enters and establishes itself within 

the host plant.  For example, are mechanically damaged plants at greater risk of 

infection?  We found that ascospore production continued for well over a week after 

swathing in both 2008 and 2009.  This could turn out to be an important period of time 

for initiating new infections, as suggested by Western and Cavett (1959). 

Alternatively, plants with newer green growth might be at higher risk of infection than 

plants with older dry tissue (Leyronas and Raynal 2008).  If this is true, late May or 

early June might represent periods of high risk.  Future studies should be aimed at 

discovering more precisely how new infections occur.  Combined with the 

observations from this study, we might then determine when during the season 

preventative management strategies should be focused.
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The observations in this study represent counts from a single spore trap located 

in one non-randomly chosen orchardgrass field.  Hence, we need to be cautious while 

making inferences from this study to ascospore occurrence elsewhere in Oregon. 

However, based on these observations, clearly, any management tactic aimed at 

preventing new infections must take into account the duration of infection pressure by 

airborne ascospores (i.e. when plants are at risk for infection).  One possible tactic for 

choke disease management could be aimed at decreasing sexual outcross of the 

fungus, thereby limiting regional ascospore production.  Such a preventative tactic 

should take into account ascosporic fertilization (Alderman and Rao 2008). 

Ascospore release began in early to mid May and continued well into July during both 

years of the study.  Occurrence of both an early and a prolonged ejection period during 

the season could make ascosporic fertilization a significant factor in E. typhina  

population growth.  Moreover, orchardgrass infected with the choke pathogen persists 

widely in naturalized populations throughout western Oregon (pers. observation).  The 

abundance of ascospores produced in western Oregon cultivated orchardgrass fields 

might make ascosporic fertilization a more significant factor in E. typhina 

reproduction than in areas where the fungus is less dense.  
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ure 3.1.  Burkard 7-day volumetric spore trap placed in an orchardgrass field 
used for capture of airborne ascospores.  



a)

b)
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Figure 3.2.  Hourly counts of E. typhina ascospore trapped on May 2 
through July 27, 2008 (a), and May 5 through July 16, 2009 (b).  For each 
plot, the top left arrow indicates the first spore observation; the bottom 
center arrow indicates when grass was swathed; the top right arrow indicates 
when the last spore observation.



a)

b)
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Figure 3.3.  Regression plots of ascospore capture indicating hourly ascospore 
counts, averaged for each day (plus one and log transformed) trapped between: 
a) May 9 and July 16, 2008 [log(y+1) ~ -0.009x2 + 0.52x + 0.52]; and b) May 
19 and July 11, 2009 [log(y + 1) ~ -0.01 x2 + 0.64x - 0.81]. 



a)

b)
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Figure 3.4.  Regression plots of ascospore capture indicating the time of day 
that peak spore count was reached (for all days with cumulative counts > 0) 
for 2008 (a) and 2009 (b).  The fitted regression line is shown.



CHAPTER 4
MECHANISMS OF GAMETE TRANSFER IN EPICHLOË TYPHINA: 

A PILOT STUDY

INTRODUCTION

Epichloë typhina (Clavicipitaceae: Ascomycetes) is an endophytic fungus that 

infects a several cool season Pooid grasses (Leuchtmann et al. 1994; Leuchtmann and 

Schardl 1998).  The fungus develops intercellularly in aerial vegetative host tissues. 

When the host plant enters its reproductive phase, branched hyphal masses (stromata) 

form externally on grass culms, and occasionally on vegetative tillers (Schardl 1996; 

Christensen et al. 2008).  This affects the emergence of the inflorescence and, as a 

result, no seeds are produced on the affected tillers. Hence, the expression of E. 

typhina in host grasses is called choke disease. 

Epichloë typhina is bipolar heterothallic; it is an obligate outcrosser (White and 

Bultman 1987). Cross fertilized stromata develop perithecia that eject haploid 

ascospores, which can cause new infections in susceptible host plants (Chung and 

Schardl 1997).  Each stroma produces spermatia of one of two possible mating types 

(Schardl 1996). Spermatia produced on the stromata are not outcrossed by wind 

(Bultman et al. 1995).   In native habitats, a fly, Botanophila spp. (Diptera: 

Anthomyiidae), serves as a “pollinator” for the fungus (Parker and Bultman 1991; 

Welch and Bultman 1993; Bultman et al. 1998; Bultman et al. 2000).  Female flies 

visit the fungus to feed, and to lay solitary eggs on the stroma (Kohlmeyer and 

Kohlmeyer 1974).  During oviposition, the fly defecates previously consumed fungal 
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spermatia, enabling cross fertilization of the fungus as it drags its abdomen along the 

stroma surface (Bultman and Leutchmann 2003).  Botanophila spp. larval 

development occurs on the stroma.  The univoltine insect forms a brood chamber and 

burrows into the stroma to feed on intermingled fungal and plant tissue.  In mid to late 

summer the larvae drop to the ground to diapause in the soil as pupae (Lucas 1909). 

Adult emergence the following spring is synchronized with the emergence of the E. 

typhina stroma.

Epichloë typhina is native to Europe (Gentile et al. 2005).  It was accidentally 

introduced into cultivated orchardgrass in western Oregon, and by 2000, 

approximately 90% of orchardgrass seed production fields in the area were host to the 

fungus (Pfender and Alderman 2007).  Botanophila lobata is the only Botanophila  

species to have been recorded in association with the fungus in Oregon (Rao and 

Baumann 2004).  In areas of endemism, E. typhina and Botanophila spp. are 

considered to be obligate mutualists (Parker and Bultman 1991; Bultman et al. 1995, 

1998; Leuchtmann 2006).  However, studies in Oregon suggest that E. typhina is able 

to sexually reproduce without fly visitation (Rao and Baumann 2004).  Conditions in 

western Oregon provide a unique habitat for the fly - fungus interaction (e.g. dense 

monoculture stands of well-tended orchardgrass hosts for the fungus and absence of 

parasitoids in the new environment for the fly), which could have enabled a shift in the 

relationship upon introduction to one of facultative mutualism or parasitism (i.e. 

simple fungivory by the fly). 
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Several hypotheses have been proposed to explain cross fertilization of 

Epichloë typhina in the introduced range in western Oregon.  In addition to the 

traditional hypothesis of fungal outcross via Botanophila lobata vectors, it has been 

proposed that ascosporic fertilization (Alderman and Rao 2008), or alternate biological 

vectors (Rao and Baumann 2004) may contribute to sexual reproduction of E. typhina 

in the field.  Additionally, we have speculated that contact or rain splash fertilization 

are plausible mechanisms of gamete outcross at high fungal densities. All of these 

hypotheses, however, including the Botanophila spp. "pollination" hypothesis, are 

based on observational studies (Parker and Bultman 1991; Welch and Bultman 1993; 

Bultman et al. 1998; Bultman et al. 2000), and thus causal inferences should be made 

with caution (Rosenbaum 1995).  The objective of this study was to test the splash, 

contact and  B. lobata-vectored transfer of spermatia as possible mechanisms of E. 

typhina fertilization To refine methods with which statistically valid causal inferences 

can be made regarding contact fertilization, water splash fertilization and B. lobata-

vectored fertilization of E. typhina, I conducted cross fertilization trials in a 

greenhouse using caged Oregon E. typhina on orchardgrass hosts.

MATERIALS AND METHODS

Sampling of Plants

In the summer of 2008, orchardgrass plants symptomatic of E. typhina 

infection in the field were marked at the Hyslop Agricultural research station near 

Corvallis, Oregon, and in a private grower's field ~8 kilometers from Hyslop.  After 
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vernalization, in early spring of 2009, marked plants were potted and brought to the 

greenhouse.  Plants were watered daily and fertilized biweekly with 16-16-16 NPK 

fertilizer.

Identification of E. typhina Mating Type

Molecular studies examining the mating system of the E. typhina population 

outside of the introduced range in Oregon have documented two mating types (i.e. 

MAT1-1-1 and MAT1-2-1) (Chung and Schardl 1997).  Diagnostic sequence 

variations within the putative mating type loci have been described (Schardl 

unpublished data).  Self-fertilization by E. typhina does not appear possible among the 

Oregon population (Alderman and Rao 2008), as is the case in other areas of the E. 

typhina population range (White and Bultman 1987; Schardl 1996).  

When stromata began to emerge, the fungal tissue was immediately clipped 

and frozen at 4°C.  Fungal genomic DNA was extracted using Qiagen Plant MiniKit. 

A diagnostic portion of the putative mating type gene locus was amplified by PCR 

using EpiCentre Masteramp Buffer E, taq polymerase and two primer sets ('5 

-GCTTTCCAGCA-AGGCTTGCTTGACTC and 5' –TCTACCGCAAGGAACGA-

CACAATACCG for MAT1-2-1; 5' -ACTTATAC-CCGGGGTACT and 5' –ATATT-

CCCCGCCCTAGAAAC-AGTT for MAT1-1-1).  After denaturing for 1 minute at 

95°C, amplifications for 35 cycles of denaturing (30 seconds at 95°C), annealing (40 

seconds 51°C), and polymerization (30 seconds 72°C) were done.  Each genomic 

DNA isolate was amplified using both primer sets separately.  Agarose gels were run 
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at 100 V for ~1 hour to verify reaction of each primer set.  Fungal mating type for 

each individual was thus documented.

Sampling of Flies

Over 3000 B. lobata larvae were gathered from orchardgrass fields near 

Corvallis during late June of 2008.  Larvae were placed in petri dishes with moist filter 

paper until they entered pupal diapause.  Pupae were then placed in sterile dry sand in 

petri dishes and left in a covered area exposed to outside temperature changes. When 

adults began to emerge in the spring of 2009 they were placed in temporary holding 

cages, fed with organic clover honey and misted once daily with deionized water.  The 

temporary holding cages were maintained in growth chambers with a 12 hour 

light/dark cycle at 22°C.  No E. typhina samples were allowed inside the growth 

chamber for the duration of this study.

Experimental Setup

Plants of known mating type were placed in cages 1 meter high x 1.2 meters 

long x 0.6 meters wide, which were surrounded on all sides by mesh with ~1 mm wide 

holes (Fig. 1).  Two plants were placed in each cage, one with MAT1-1-1 E. typhina 

infection and one with MAT1-2-1 E. typhina infection.  Cages were stacked on 

benches in the greenhouse.  Clear plastic was placed on two sides of each cage (i.e. the 

sides facing other cages, on the west and north sides) to prevent accidental movement 

of spermatia between cages.  All stromata were clipped prior to placement within the 

cage, and fresh stromata were allowed to emerge while isolated within the cage.
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Cages were arranged in two blocks of four cages, and one of four possible 

treatments was randomly applied to each cage within a block:  1) water splash, 2) 

contact, 3) flies, and 4) control.  Water splash was applied by spraying deionized water 

using a new Solo™ insecticide applicator at 40 p.s.i. with a conical spray nozzle head 

for 1 minute (30 seconds from MAT1-1-1 toward MAT1-2-1, and 30 seconds from the 

opposite direction).  Contact fertilization was simulated by rubbing sterile cotton 

swabs among all stromata within a cage.  Both contact and splash fertilization were 

applied 3 times per week for two weeks from June 2 through June 16, 2009.  The fly 

treatment was applied by releasing 8 female B. lobata flies into the cage.  Flies were 

allowed to roam within a cage for two weeks.  Drinking water and organic clover 

honey was provided in the fly treatment cages.  All treatments were ceased after two 

weeks and stromata were inspected for perithecial development.  Stromata were then 

covered tightly with paper bags and, after an additional week, stromata were again 

inspected for perithecial development.

To monitor against the possibility of ascosporic fertilization, slides coated in 

silicone grease were placed at five locations throughout the greenhouse.  Slides were 

monitored weekly for the presence of ascospores, using a compound microscope at 

40x magnification.  No other orchardgrass plants or other grasses infected with 

Epichloë spp. were present in the greenhouse building.

To examine whether fly ovarioles had begun development while in the 

temporary holding cages, a subset of 20 flies were sampled and dissections were 
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conducted under a stereoscope. Enlargement and elongation of ovarioles was 

interpreted as a sign of fly mating and embryo development.

RESULTS

Fifty-seven genomic DNA samples were isolated.  Forty successful PCR 

assays confirmed mating type as 20 MAT1-1-1 and 20 MAT1-2-1 (Fig. 2).  However, 

by mid-June, 2009, only two treatment blocks were successfully implemented before 

the plants ceased to produce stromata for the season.  No ascospores were detected 

throughout the duration of the study.  None of the controls exhibited signs of 

perithecial developed (n=2).  One each of the contact treatment and the water splash 

treatment showed signs of perithecial development (n=2 for each treatment). None of 

the fly treatments exhibited perithecial development (n=2).  While flies persisted in 

the temporary holding cages for up to two months or longer, flies in the greenhouse 

treatment cages died within 4 days.  No feeding damage was seen on stromata in the 

fly treatment cages.  

DISCUSSION

The success of splash and contact fertilization treatments provides evidence 

that both of these mechanisms could occur in the cultivated grass fields.  This study 

suggest that E. typhina population in Oregon can persist without the aid of B. lobata  

"pollionation." The fact that controls did not exhibit perithecial formation is reassuring 
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for the quality of experimental design piloted in this study.  Additionally, the lack of 

perithecial development provides further evidence that E. typhina from the Oregon 

population is not self fertile.  The 50:50 ratio of MAT1-1-1:MAT1-2-1 is expected of 

a bipolar heterothallic mating system.  However, some of the gel assay results were 

inconclusive and further analysis is required.  It would be interesting to generate 

sequences of the PCR products to learn the precise nucleotide combination of the 

DNA fragments, and to compare these results to sequences gathered from elsewhere in 

the E. typhina population outside of Oregon.  

We note that in both the slash and contact fertilization treatments, one replicate 

did not exhibit perithecial development.  In both cases of unsuccessful sexual outcross, 

the stromata appeared dried out.  These stromata might have been less vigorous to 

begin with and thus less likely to outcross successfully.  Treatments should be applied 

very soon after stromata emergence within cages, to ensure the presence fresh and 

vigorous fungal tissue. These results also provide strong evidence that B. lobata - E.  

typhina interaction is not obligatory mutualism, as the fungus is apparently able to 

mate without fly "pollination."

Botanophila lobata mortality in the greenhouse cages was a significant 

problem for the fly treatment.  Temperatures in the greenhouse had become high 

(>38°C) by the time the treatments were performed in June.  If the experiment were 

performed in mid-March to mid-May, when flies are beginning to lay eggs in the field 

(Rao and Kaser unpublished data) and when it is much cooler in the greenhouse, fly 

mortality is likely to have been much lower.  Flies maintained in low relative humidity 
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and at high temperatures tend to have high mortality (pers. observation).  Additionally, 

it would be beneficial to increase the number of flies in each cage to increase the 

chance of feeding and oviposition behavior.  It would also be helpful to include males 

in the cages.  Males and females were present together in the temporary holding cages, 

but it is unknown if they mated.  Males are easily distinguished from females due to 

the decreased apical gap between compound eyes. Several females were dissected and 

ovarioles were examined under a stereoscope (Fig. 3).  It does not appear that 

ovarioles had developed, given that developing Dipteran eggs tend to become larger 

and more elongated prior to oviposition when compared to females newly emerged 

from puparia (Giebultowicz pers. comm.).  Little is known about B. lobata mating 

behavior and the fungus might need to be present for fly mating or egg development to 

occur.  By including males in the greenhouse cages we might increase the likelihood 

of mating and subsequent oviposition behavior, which is associated with fungal 

spermatia transfer.  

The basic design of this study seems robust, and should be attempted formally 

in the future.  To ensure success, the treatments should be applied early in the season 

(i.e. March or May) when the greenhouse temperature is cooler.  The lengthy task of 

locating infected plants and identifying their mating types has been accomplished, 

although increased sample size would be beneficial.  To increase the likelihood of fly 

fertilization in the fly treatment cages, more females (e.g. > 20) and several males 

should be included in each cage.  
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Figure 4.1.  Greenhouse cage with 2 orchardgrass plants infected with E. typhina, 
including one of MAT1-1-1 and one of MAT1-2-1.
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Figure 4.2.  PCR based gel assay depicting E. typhina of MAT1-1-1 and 
MAT1-2-1: a) isolate 1, MAT1-2-1 negative; b) isolate 1, MAT1-1-1 positive; 
c) isolate 2, MAT1-2-1 negative; d) isolate 2, MAT1-1-1 negative; e) isolate 
3, MAT1-2-1 negative; f) isolate 3, MAT1-1-1 positive; g) isolate 4, MAT1-
2-1 positive; h) isolate 4, MAT1-1-1 negative; i) isolate 5, MAT1-2-1 
positive; j) isolate 5, MAT1-1-1 negative; k) isolate 6, MAT1-2-1 negative; l) 
isolate 6, MAT1-1-1 positive; m) MAT1-1-1 master mix control; n) base pair 
ladder; o) MAT1-2-1 master mix control. Red arrow indicates 200 base pair 
mark on ladder.
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Figure 4.3.  Female B. lobata dissection with black arrows indicating ovarioles.



CHAPTER 5
CONCLUSION

Clearly, some individuals in the Epichloë typhina population in Oregon are 

able to successfully reproduce without "pollination" by the fly, Botanophila lobata 

(Chapter 2). Ascosporic fertilization likely contributes to fertilization of some 

individuals within the region due to the early and extended period of ascospore 

production during the growing season (Chapter 3). We have also presented evidence 

that splash fertilization and contact fertilization are viable mechanism of spermatia 

outcross (see Chapter 4). The evidence presented in these studies strongly suggests 

that B. lobata is not necessary for the population level success of E. typhina in western 

Oregon. In total, these studies suggest that the B. lobata - E. typhina interaction has 

shifted to one of facultative mutualism or simple fungivory within the introduced 

range in western Oregon. The obligate nature of E. typhina - B. lobata mutualism 

appears to be dependent on the environmental context within which the species 

interact.

Many problems remain unresolved in the Epichloë typhina - Botanophila  

lobata system in Oregon orchardgrass. It is unclear if the E. typhina population could 

have become initially established in Oregon without the fly providing "pollination" 

services during early colonization. It is not known whether B. lobata became 

established before, after, or coincident with E. typhina establishment. Shortly after 

introduction of choke disease to Oregon, which likely occurred in the 1990s (Phender 

and Alderman 1999), the E. typhina population would have been much smaller and 
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would have likely been less dense that it is today. Under such conditions it is not clear 

whether ascosporic fertilization or other mechanisms could have facilitated E. typhina  

population growth. In the current study, we did not examine the possibility of an 

alternate biological vector taking the role of "pollinator." To better interpret the history 

of E. typhina introduction and establishment in western Oregon, this hypothesis 

should be explored more thoroughly.

A further outstanding problem in the system is that it remains unclear how 

orchardgrass plants become infected with choke in the field. The widely accepted view 

is that ascospores germinate and infect susceptible hosts (Schardl 1996).  When during 

the season and at what point of entry infection occurs on the host plant remains 

uncertain. The evidence presented in this study suggests that a there is a wide temporal 

window during which plants might become infected (Chapter 3). Management of 

choke disease will likely improve tremendously once a mechanism by which the 

fungus enters and infects a susceptible plant is uncovered. Indeed, the research 

presented here has opened many new doors for future studies of B. lobata, E. typhina, 

and its grass host, Dactylis glomerata.
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