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SUMMARY

Summary

Mutualistic interactions among organisms are highly diverse and play important roles in

all ecosystems. These interactions span over all groups of organisms, and have produced

spectacular examples of coevolved pollinator - plant interactions in flowering plants.

Less well known, and probably unique in the fungal world, is the association of Epichloë

fungi and their fertilizing Botanophila flies.

Species of Epichloë (Ascomycota, Clavicipitaceae) are endophytes of Poaceae.

Through the formation of external fruiting structures (stromata) grass inflorescences

become choked. The fungus is self-incompatible and, for sexual reproduction, depends on

Botanophila flies that transfer gametes while visiting stromata for feeding and

reproduction. Upon cross-fertilization the fungus forms a thick layer of reproductive

tissue on which fly larvae feed. The system is balanced as Epichloë fungi profit from the

Botanophila flies as reliable vector, whereas the Botanophila larvae depend on fertilized

stromata as food source.

Given the high degree of interdependence of Epichloë and Botanophila life

cycles, in theory, it may be expected that the system evolves towards specialization. As

communication was assumed to be based on odour, which is common among sessile

organisms to communicate with insects, species-specific odour profiles could be a basis

for host specialization of Botanophila and constitute a mechanism for reproductive

isolation ofEpichloë species.

Questions asked in this thesis were: (1) What is the degree of specialization or

host preference of different fly taxa in the field and (2), What is the potential role of

volatile fungal odours for host recognition and for the attraction ofBotanophila flies.

As a first step towards answering these questions, I tested odour profiles of different

Epichloë species for volatiles detected by olfactory neurons in the antennae of

Botanophila. Two chemically unrelated compounds unique to the system, namely (Z2)-

methyl 3-methyldodecenoate and chokol K proofed to be physiologically active. For

chokol K the production could be attributed to Epichloë alone, while (Z2)-methyl 3-

methyldodecenoate production may require host plant precursory substances. When
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SUMMARY

tested in a bioassay, both compounds and mixtures thereof mostly did not attract different

Botanophila species at our study sites.

Moreover, the production of these compounds varied among different Epichloë species.

However, odour profiles of different species overlapped and unique profiles were rare.

Mapping of (Z2)-methyl 3-methyldodecenoate and chokol K into a Epichloë phylogeny

based on DNA sequences showed that abundant production of chokol K was restricted to

one Epichloë clade only. Experiments demonstrated that in addition to the function as

Botanophila attractant, chokol K had an antimicrobial effect on Epichloë mycoparasites

(Clonostachys sp. and Nodulisporiwn sp.), whereas (Z2)-methyl 3-methyldodecenoate

had no effect.

Odour communication in the Epichloë - Botanophila association relies on a relatively

simple mechanism based on system-specific compounds. These compounds may underlie

diverse selective pressures, because at least one compound (chokol K) has a double

function in Botanophila attraction and mycoparasite defence. While these findings are

generally consistent with the scenario that fungal volatile compounds have followed an

evolutionary pathway from defence to attraction, caution is needed when interpreting

given odour profiles with regard to selection alone. Phylogenetic history is an important

factor for understanding odour profiles in Epichloë, restricting or enhancing odour

production in certain Epichloë - grass host associations. Contrary to the expectation, little

evidence for specialization between Epichloë and Botanophila was found. This may

suggest that differing selection pressures for specialization in the fungus and the fly exist,

and that other mechanisms, possibly post zygotic, may be more important to keep

Epichloë host races reproductively separated.
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ZUSAMMENFASSUNG

Zusammenfassung

Mutualistische Interaktionen zwischen Organismen sind mannigfaltig und spielen eine

wichtige Rolle in allen Ökosystemen. Solche Interaktionen, die alle Organismengruppen

umfassen, haben spektakuläre Beispiele Revolutionierter Bestäuber - Pflanzen

Gesellschaften hervorgebracht. Weit weniger bekannt ist die im Pilzreich vermutlich

einzigartige Gemeinschaft von Epichloë mit befruchtenden Botanophila Fliegen.

Die Arten von Epichloë (Ascomycota, Calvicipitaceae) sind Endopyhten von

Poacen. Durch die Bildung von äusseren Fruchtkörpern (stromata) erstickt der Pilz die

Grasblüten. Der Pilz ist selbstinkompatibel und ist daher für die sexuelle Fortpflanzung

auf Botanophila Fliegen angewiesen, welche Gameten übertragen während sie Stromata

zur Nahrungsaufnahme und Eiablage aufsuchen. Auf die Befruchtung reagiert der Pilz

mit starkem Wachstum des Fortpflazungsgewebes, welches den Fliegenlarven als

Nahrungsgrundlage dient. Das System ist ausgewogen, einerseits profitiert Epichloë von

der Botanophila Fliege, die ein zuverlässiger Vektor darstellt, anderseits sind die

Botanophila Larven auf die Stromata als Nahrungsgrundlage angewiesen.

Aufgrund der starken Wechselbeziehung zwischen den Lebenszyklen von

Epichloë und Botanophila wäre eine Entwicklung des Systems in Richtung

Spezialisierung zu erwarten. Die Kommunikation zwischen sessilen Organismen und

Insekten basiert häufig auf Duft. Ein möglicher Mechanismus für die Spezialisierung der

Botanophila Fliege, und damit der reproduktiven Isolation von Epichloë Arten, könnten

demnach artspezifische Duftprofile darstellen.

Die Hauptfragen dieser Dissertation waren: (1) Welcher Grad an Spezialisierung

oder Wirtspräferenz verschiedener Botanophila Taxa finden wir im Feld und (2) Welche

Rolle spielt der Pilzduft für die Wirtserkennung und Anziehung der Botanophila Fliegen.

In einem ersten Schritt testete ich Duftprofile verschiedener Epichloë-Aiten auf volatile

Substanzen, welche die olfaktorischen Neuronen in Boianophila-Antermen stimulieren.

Chokol K und (Z2)-methyl 3-methyldodecenoat, zwei, chemisch nicht miteinander

verwandte Substanzen und einzigartig für dieses System, waren physiologisch aktiv.

Während die Produktion von chokol K eindeutig auf Epichloë zurückgeführt wrerden

konnte, braucht es für die Produktion von (Z2)-methyI 3-methyldodecenoate
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möglicherweise pflanzliche Vorläufersubstanzen. Ein Feldversuch konnte zeigen, dass

beide Substanzen und deren Mischungen mehrheitlich dieselben Botanophila-Alten

anziehen.

Die Produktion dieser Substanzen war variabel zwischen den Epichloë-Arten. Mit

wenigen Ausnahmen eindeutiger Duftprofile, zeigte sich jedoch eine Überlagerung der

Profile verschiedener Arten. Die Überlagerung von (Z2)-mefhyl 3-methyldodecenoate

und chokol K in eine iTpz'cWoë-Phylogenie verdeutlichte, dass hohe chokol K Produktion

nur in einem Epichloë-Stamm vorkommt. Für chokol K konnte neben der Funktion als

Lockmittel für Botanophila auch eine antimikrobielle Eigenschaft gegenüber Epichloë

Mykoparasiten nachgewiesen werden. Im Gegensatz dazu wurden für (Z2)-methyl 3-

methyldodecenoate keine solchen Effekte gefunden.

Die Epichloë - Botanophila Wechselbeziehung beruht auf einem verhältnismässig

einfachen chemischen Kommunikationsmechanismus gestützt auf system-spezifischen

Substanzen. Diese Substanzen unterliegen möglicherweise verschiedenen

Selektionsdrücken, dies lässt sich anhand der Doppelfunktion der einen Substanz (chokol

K), die sowohl eine Funktion als 5otanopMa-Lockmittel wie auch als Mykoparasit-

Abwehrstoff hat, erahnen. Diese Ergebnisse unterstützen die These, dass pilzliche

Duftstoffe den evolutionären Weg von Verteidigung zur Anlockung gegangen sind,

trotzdem sollten Duftprofile in einen breiten Kontext gestellt werden und nicht nur mit

Bezug auf Selektion interpretiert werden. Die Phylogenie ist ein wichtiger Faktor um

Duftprofile in Epichloë zu verstehen, da die Duftproduktion in gewissen Epichloë - Gras

Verbänden reduziert oder erhöht ist. Unsere Erwartungen bezüglich der Spezialisierung

zwischen Epichloë und Botanophila wurden nicht erfüllt. Mit Bezug auf Spezialisierung

wirken möglicherweise unterschiedliche Selektionsdrücke auf den Pilz und die Fliege,

was darauf hindeutet, dass andere Mechanismen, eventuell post-zygotischer Natur, für

die reproduktive Trennung von Epichloe-Wirtsmssen in Frage kommen.
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General introduction

Mutualistic interactions

Mutualistic interactions between different organisms play a fundamental role in

ecosystems (Boucher, James & Keeler, 1982). The interacting partners often belong to

different families or even kingdoms. Such mutualistic interactions are found between

plants and their pollinators (Thompson & Pellmyr, 1992) and plants and nitrogen fixing

bacteria (Denison & Kiers, 2004). In particular, interactions of animals and plants with

fungi have been discovered to be very abundant. These include the fascinating

interactions between fungus growing ants and their fungi (Currie et al, 1999; Currie &

Stuart, 2001), photosynthetic algae and fungi that form lichens (Honegger, 1991;

Richardson, 1999), mycorrhizal fungi that exchange nutrients with carbohydrates from

plants (Mathimaran et al, 2007), and endophytic fungi that form close associations with

their host plants (Carroll, 1988; Leuchtmann, 2003).

Being heterotrophic, fungi profit from these interactions through receiving carbohydrates

and nitrogen. On the other hand, the benefits conferred by the fungi to the symbiontic

partner, may include increased nutrient availability through fungal enzymes (Joner,

Ravnskov & Jakobsen, 2000), increased resistance against pests by toxic secondary

metabolites (Bush, Wilkinson & Schardl, 1997; Bultman et al, 2006) and, as documented

in plant - endopyhte interactions, a better resistance against abiotic stresses such as

drought (Malinowski et al, 2005).

However, this general view of mutualistic stable interactions has been challenged and

there is evidence that the overall outcome of an interaction can shift from mutualistic to

antagoniste even at the level of the genotypes (Herre et al, 1999), Therefore, the different

evolutionary outcomes may be viewed in the light of Thompson's mosaic theory which

predicts that associations of species may evolve in populations, where the interaction with

local selection pressures, migration, and genetic drift creates a range of possible

outcomes (Thompson, 1999).
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Specialization

Mutualistic interactions between plants and pollinators have received much attention in

numerous studies (Dufay & Anstett, 2003; Okuyama, Kato & Murakami, 2004;

Bronstein, Alarcon & Geber, 2006). Apart from the often intriguing relationships among

organisms, one main objective of these studies was to characterize systems according to

their degree of specialization (Memmott, 1999; Ollerton & Cranmer, 2002; Dupont,

Hansen & Olesen, 2003; Ippolito, Fernandes & Holtsford, 2004). In particular, the

questions "How specialized are plant - pollinator systems?" and "Are the long-term

evolutionary trends directed towards specialization or generalization?" have led to lively

debates (Ollerton, 1996; Waser et al, 1996; Johnson & Steiner, 2000). But why does

specialization matter? Specialization may be viewed as an intermediate step to speciation,

which may arise in allopatry or sympatry, through preference of pollinators for certain

genotypes or races. Once specialization is established, this could constitute a prezygotic

isolation barrier and eventually lead to the formation of new species by restriction of gene

flow (Coyne & Orr, 2004).

Although, this view might be simplistic for many pollinator - plant interactions that are

often very generalized and opportunistic (Waser et al, 1996; Memmott, 1999), highly

specialized systems have been characterized as well (Johnson et al, 2000). These

specialized systems often show signs of co-evolution, which assumes speciation in

parallel through species imposing direct selection pressure on each other. Among the best

known examples are the interactions between yucca and yucca moths (Addicott, 1986),

figs and fig wasps (Janzen, 1979; Wiebes, 1979) and globeflower and globeflower flies

(Pellmyr, 1989; Despres & Jaeger, 1999). These specialized and coevolved associations

involve plants that are exclusively pollinated by insects whose larvae also consume some

of the reproductive tissue including seeds, and thus, are also known as nursery pollination

systems (Dufay et al., 2003). A very similar relationship has been discovered recently

between Epichloë fungi and Botanophila flies (Bultman, 1995; Bultman et al, 1995;

Bultman et al, 1998). This association, which is probably unique in the fungal world, has

received little attention in research so far.

10



INTRODUCTION

Odour

Mechanical and ethological isolation between species is widespread in angiosperms

(Grant, 1994). Mechanical isolation may occur, if two or more plant species have

different flower structures that reduce or prevent interspecific pollination. Similarly,

ethological isolation may arise, if flower-visiting animals make preferential visitations to

one kind of flowers which they recognize by its specific colour, shape, and odour (Grant,

1994). Odour may be regarded as a language plants use to communicate with their

environment, and apart from pollinator attraction may have defence functions or provide

increased protection against abiotic stresses (Pellmyr & Thien, 1986; Dudareva et al,

2006). It is increasingly accepted that odour is the predominant signal flowering plants

use to attract their pollinators (Metcalf, 1987; Dobson, 1991a; Dobson, 1994). Not

surprisingly, insects are equipped with an arsenal of olfactory receptor neurones that

allow them to perceive volatiles and align them to the source (Hansson, Larsson & Leal,

1999). Little documented but likely of equal importance is the odour in systems involving

fungi and insects.

Various groups of insects, including coleoptera, collembola, diptera, lepidoptera

and hymenoptera are attracted by fungal odour (Whitten, Young & Stern, 1993; Cossé et

al, 1994; Hedlund, Bengtsson & Rundgren, 1995; Raguso & Roy, 1998; Tuno, 1998;

Fäldt et al, 1999; Guevara, Rayner & Reynolds, 2000). Rust fungi induced

pseudoflowers emit "flower like" odours (e.g. phenylacetaldehyde, benzaldehyde) to

attract insects that mediate the exchange of mating-type gametes (Raguso et al., 1998).

On the other hand, some wood rotting fungi rely on "typical" fungal odour compounds

(e.g. rac-oct-l-en-3-ol, octan-1-ol) to attract beetles that are involved in spore dispersal

(Fäldt et al., 1999, Guevara et al., 2000).

In plants, odour bouquets may comprise few to up to 100 compounds, with

considerable quantitative and qualitative variation. Some plant species generate species

specific odour profiles, through unique combination of more common floral compounds

(Schiestl et al, 1999; Grison-Pige, Bessiere & Hossaert-McKey, 2002a; Grison-Pige et

al, 2002b), others rely on the emission of system specific compounds for pollinator

attraction (Schiestl et al, 2003; Svensson et ai, 2005). However, within some plant
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groups little interspecific variation is found (Dobson et ai, 1997; Williams & Whitten,

1999). Odour bouquets may carry the signature of adaptation to specific guilds of

pollinators (Huber et al, 2005). Assessment of the effective impact of pollinator

mediated selection on odour profiles requires i) discerning the generally few compounds

that are pollinator detected from the rest of the odour profile, ii) placing plant-pollinator

studies in a phylogenetic context, because floral traits of a species may be heavily

influenced or constrained by its evolutionary history (Levin, McDade & Raguso, 2003;

Raguso et al, 2003). In addition, environmental factors as water stress or temperature can

affect the emission of odour considerably (Hansted, Jakobsen & Olsen, 1994).

Study organisms

Epichloë endophytes

The lifelong association of fungi of the genus Epichloë (Clavicipitaceae, Ascomycota)

with temperate grasses of the Poaceae is an excellent example how diverse interactions

even within narrow taxonomic groups can be (Leuchtmann, 1992; Schardl, 1996; Clay &

Schardl, 2002). These endophytes systemically infect their hosts by colonizing the above

ground plant parts including the inflorescences.

Epichloë spp. exhibit two alternative reproduction modes (Figure 1).

Figure 1. Lifecycle of sexual and asexual Epichloé endophytic fungi
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In the sexual cycle visible signs of infection occur during the grass flowering period. The

endophyte chokes grass inflorescences through the formation of external fruiting

structures (stromata). Epichioë spp. possess a heterothallic mating system, requiring

cross-fertilization for the development of sexual spores (ascospores) which mediate

horizontal transmission. Cross-fertilization is achieved when gametes (spermatia) of one

mating type, which are abundantly produced on the stroma surface, fuse with receptive

cells on the stroma of the opposite mating partner.

Transfer of spermatia is accomplished by specialized flies of the genus

Botanophila that visit stromata for feeding and oviposition (Kohlmeyer & Kohhneyer,

1974; Bultman & White, 1988). As result of the cross fertilization sexual structures

(perithecia) are formed on the stroma, which also provide the nutrition source for the

developing fly larvae. Within these perithecia meiotic ascospores are produced. At

maturity the perithecia turn yellow and ascospores are ejected and wind dispersed which

may lead to the infection of new grass hosts via stigma and seed (Chung & Schardl,

1997). By contrast, the asexual cycle does not result in visible disease symptoms and the

fungus invades the developing ovule and ultimately the embryo of the mature seeds. In

this vertical and highly efficient means of propagation up to 100% of seeds from infected

mother plants transmit the endophyte (Schardl, Leuchtmann & Spiering, 2004).

Each of the 10 currently recognized Epichioë species (with one exception) has

been identified as a distinct mating population or biological species based on interfertility

tests, molecular phylogenetic data, and host specificity (Schardl et al, 1997;

Leuchtmann, 2003). The exception is E. clarkii which is interfertile with E. typhina but

seems to be reproductively isolated in nature. It has been suggested that the Botanophila

vectors may play a role for prezygotic isolation (Bultman & Leuchtmann, 2003;

Leuchtmann, 2003). Biological Epichioë species differ in their host range with no species

overlap and are restricted either to Eurasia or North America. Phylogenetic analysis

indicated that seven species coevolved with their grass hosts (Schardl et al, 1997).

Epichioë endophytes may positively affect ecological fitness and performance of

their hosts, through modification of physiological, developmental or morphological

properties. These may include i) increased host resistance against vertebrate (Conover &

Messmer, 1996; Fortier et al, 2000) as well as invertebrate herbivores (Brem &
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Leuchtmann, 2001) and microbial pests (Gwinn & Gavin, 1992) through the production

of secondary metabolites and ii) increased stress tolerance (Bouton et ai, 1993; Lewis et

al, 1997) or competitive abilities (Clay et al, 2002; Pan & Clay, 2003). At least in part,

these benefits are thought to be responsible for the high prevalence of endophytes among

grasses and the often high infection frequencies of asexual endophyte - grass

associations. On the other hand, this general view has been questioned by pointing out

that under natural conditions the benefits conveyed by Epichloë endophytes may be only

sporadic and outcomes inconsistent to explain the high incidence and persistence of

infections (Faeth, 2002). Depending on Epichloë species and genotypes the interaction

with the host grass spans from purely sexual to strictly asexual life cycles (Leuchtmann,

2003). Accordingly, the outcome of the interaction may range from antagonistic

(complete abortion of all inflorescences) to clearly mutualistic (no symptoms) conveying

maximal benefits to the host grass.

With increasing intensification of grassland systems, livestock toxicoses due to

endophyte produced toxins in tall fescue (Festuca arundinaced) and perennial ryegrass

(Lolium perenne) became a problem (Bacon et al, 1977; Fletcher & Harvey, 1981).

Initially, in the USA endophyte free tall fescue pastures were promoted as safe and

regarded as the answer to the limitations of livestock productivity caused by the toxic

endophyte. However, quickly it became clear that much of the robustness and persistence

had become lost (Read & Camp, 1986). Similarly, the resistance of perennial ryegrass to

argentine stem weevil (Listronotus bonariensis) was lost in endophyte free cultivars

(Prestidge & Gallagher, 1988). As a result, development of endophyte strains that do not

produce the livestock toxic compounds was proposed (Latch, 1994). Once available,

these "livestock-friendly" endophyte - grass associations enjoy a widespread use in parts

of the USA (Hopkins & Alison, 2006) and even more in New Zealand (Bluett et al,

2005).

Botanophila vectors

Currently, six Botanophila (Diptera: Anthomyiidae) species are confirmed to be

associated with Epichloë hosts, of which four are found in Europe (Leuchtmann, 2007).

The adult flies visit Epichloë stromata for feeding and oviposition. Immediately after
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oviposition the female flies move on the stroma in a dance like manner while dragging

their abdomen over the stroma surface and excreting faeces (Bultman et al, 1995;

Bultman et al, 1998). The faeces contains spermatia that remain viable after passage of

the fly's intestinal tract. Within 2-3 days after oviposition larvae hatch from the eggs and

construct a tube-like brood chamber which they leave periodically for feeding bouts.

When larvae reach maturity they drop to pupate in the soil beneath the host grass clump.

There is only one generation per year. Epichioë gametes, are neither wind nor water

dispersed and Botanophila flies are the only documented vectors. Species-specific stroma

fertilization is a necessary prerequisite in order to produce ascospores and thus, to

accomplish the sexual life cycle. On the other hand, hatched Botanophila larvae depend

on the fungal developing perithecia tissue as the main food source until pupation.

Although several larvae can co-occur on one stroma, overexploitation is rare. This may

be because larval load and larvae mortality are positively correlated (Bultman et al,

2000). Hence, the fly and the fungus life cycles are connected through a delicate

symbiosis with species-specific fertilization being the expected evolutionary outcome.

Similar interactions involving active fertilization has only been described from

mutualistic plant - pollinator nursery pollination systems (Dufay et al, 2003).

Epichioë and Botanophila life cycles are tightly interrelated, therefore, precise

attraction of the fly by the fungus is necessary. Infected plants are often widely scattered

and visual attractiveness may be limited given that apart from the Botanophila no co-

"vectors" exist. This strongly suggests that other cues, such as volatile odour may be

involved in long distance attraction of the flies. If odour profiles of the Epichioë species

were species-specific this could lead to specialization of Botanophila flies to particular

Epichioë species wich may result in speciation, possibly by co-evolution.

Main methods

Odour collection

To collect highly volatile odour compounds in the field and laboratory dynamic

headspace sorption methods were used (Dobson, 1991b). Individual grass culms with
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Epichloë reproductive structures (stromata) were enclosed in a polyethylene terephtalate

oven bags (Nalo ®) and the air filled with volatiles was pumped through a glass cartridge

(0.3 mm diameter x 2 - 3 cm) containing adsorbent ( 4 mg Porapak Q) via a small battery

operated vacuum pump. The glass cartridge containing the trapped odour compounds

were eluted with a solvent mixture into glass vials. All samples were stored in a freezer at

- 20 °C until further analysis.

For separation and quantification of the odour compounds I used a gas

Chromatograph (GC) equipped with a flame ionisation detector (FID). Gas

chromatography is a very efficient method for the separation of complex blends. The

eluted mixtures of volatiles are injected into the GC and transported by the flow of an

inert gas, through a capillary column, while the column is heated up to a desired

temperature. According to the chemical chemical and physical properties and the strength

of interaction with the capillary column coating, the molecules are separated and finally

after a specific retention time, reach the FID where the ionisation is recorded. The

correlation of the ionisation peak of each compound with the ionisation of a known

amount of an injected standard allows for absolute quantification. Relative amounts of

volatile compounds were calculated by dividing individual amounts by the sum of all

compounds. Identification of compounds was done by comparing retention times with

those of authentic standards. Alternatively, unknown compounds were identified using

gas chromatography - mass spectrometry (GC-MS) (Masucci & Caldwell, 2004).

GC-EAD

To test which compounds of the Epichloë volatile blend are detected by the Botanophila

fly I used gas chromatography with electroantennographic detection (GC-EAD) (Schiestl

& Marion-Poll, 2002). For EAD recording heads of individual flies were removed and the

tip of the arista cut off at its base. The head was positioned on a grounded glass electrode

filled with insect ringer solution and mounted on a micromanipulator. A second glass

electrode (recording electrode) was connected to the tip of the funiculus of one of the

flies" antenna. The GC column was split into two branches and equal portions of

separated odour compounds were then simultaneously directed to the FID and over the

fly antenna through a stimulus delivery tube. Synchronous responses from summed
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olfactory neurons (EAD) together with the FID signal are indicative that a particular

compound is detected in the insect antenna and, thus, is physiologically active.

Thesis outline

Epichloë fungi and Botanophila flies depend on each other for reproduction. Therefore, it

is of vital importance that flies can localize the fungus. The Epichîoë - Botanophila

interaction, which is probably unique in the fungal world, offers a model system to

answer questions regarding insect-host communication in a perhaps co-evolved,

mutualistic system. The main research questions of this thesis were the following:

1) How are Botanophilaflies attracted to Epichloë stromata?

Given the importance of volatiles for insect attraction in plants, volatile compounds were

assumed to also play a primary role in the Epichloë - Botanophila association. To address

this question I conducted a series of trials using gas chromatography coupled with

electroanntenographic detection (GC-EAD). In chapter I and IV the discovery of stroma

produced compounds that are detected by the Botanophila flies is described.

Subsequently, synthetic versions of the physiologically active volatiles were tested for

their attractiveness under field condition.

2) Is there evidence for specialization in the visiting pattern of Botanophila flies in the

field and how specific is attraction?

Specialization oî Epichloë species to single Botanophila taxa is an expected outcome of

the mutual benefits that Epichloë and Botanophila receive. To test this hypothesis, I

characterised odour profiles of physiologically active compounds in all European

Epichloë species including different host races (chapter III). Based on these results, I then

compose blends of odour morphs representing distinct Epichloë species and used them in

a trap bioassay for testing specificity (chapter I).
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3) Do different species of Epichloë emit the same or overlapping patterns of odour

compounds, and how are profiles embedded in an Epichloëphylogenetic context?

Specialization may lead to species-specific odour profiles over evolutionary time through

Botanophila mediated selection. However, odour profiles often suffer phylogenetic

constraints and, thus, may not mirror selection. I used headspace sampling to determine

the odour profiles of different Epichloë species. These odour profiles were then mapped

into a phylogenetic tree to elucidate phylogenetic patterns (chapter III).

4) Besides Botanophila attraction, could the odour compounds have a protectivefunction

againstfungalparasites specialised on Epichloë?

Fungi are known to produce a wide spectrum of antimicrobial substances. Stroma emitted

volatiles may have had a primary role in defence and only secondarily became involved

in Botanophila attraction. In chapter II I report on the bioassay to test two Botanophila

attracting volatiles for their antimicrobial potential at ecologically relevant

concentrations. Furthermore, I collected odour samples in vitro from mycelium cultures

to ask the question whether the fungus is capable to produce these substances without

host precursory substances.
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Abstract

1. For sexual reproduction species of Epichloë fungi (Ascomycota, Calvicipitaceae)

depend on Botanophila flies for gamete transfer, while Botanophila larvae feed and

develop on the fertilised fruiting structures (stromata) of the fungus. It has been

previously shown that Epichloë species attract specifically Botanophila flies by using
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odour signals. However, mechanisms of odour communication are little known, and the

degree of specialization in terms of Epichloë - Botanophila fly visitation pattern has

never been directly investigated.

2. We collected odour samples of E. bromicola, E. clarkii, E.festucae, E. sylvatica and E.

typhina using headspace sorption and screened the samples for physiologically and

behaviourally active substances using Botanophila flies and electro-antennographic

detection (EAD). In a field trap assays with synthetic active compounds, we addressed

the question of the specificity of Epichloë - Botanophila attraction.

3. Our results showed that all tested individuals of three Botanophila species previously

shown to be associated with Epichloë detected two chemically unrelated compounds,

namely (Z2)-methyl 3-methyldodecenoate and chokol K. Both compounds attracted

Botanophila flies of three taxa under field conditions. However, the two compounds and

mixtures thereof mostly did not attract different Botanophila species at our study sites.

4. Our study showed that the Epichloë - Botanophila association relies on a

comparatively simple chemical communication mechanism, based on system- specific

compounds. Although different Epichloë species produce significantly different ratios of

the two compounds, species-specific attraction of Botanophila is unlikely. We suggest

that differing selection pressures for specialization in the fungus and the fly could explain

these results.

Key words: (Z2)-methyl 3-methyldodecenoate, chokol K, Botanophila, Epichloë, odour

communication

Introduction

Fungi and insects share a long time of coexistence (Blackwell, 2000) Accordingly, the

evolved interactions are diverse and span from antagonistic to mutualistic. In antagonistic

interactions fungi parasitize the insect (Milner et al, 1998) or insects use the fungus as

food source (Hedlund, Bengtsson & Rundgren, 1995; Fäldt et al, 1999; Guevara, Rayner

& Reynolds, 2000; Sakai, Kato & Nagamasu, 2000). On the other hand, in mutualistic
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associations insects are involved in infectious spore dispersal (Batra & Batra, 1985;

Alexander & Antonovics, 1988; Bartelt & Wicklow, 1999) or ensure fungal cross-

fertilization through vectoring gametic spores (Connick & French, 1991; Roy, 1993;

Bultman et al, 1998). However, while the latter type of interaction has only rarely been

documented for insects and fungi, it is common in the comparatively young association

of angiosperms and insects (Bronstein, Alarcon & Geber, 2006). This difference is

noteworthy, if we consider that fungi share important similarities with plants: they are

sessile life forms with often complex life cycles that require out-crossing for sexual

reproduction.

In flowering plants, the investigation of the specificity of pollinator - plant

interactions has been a main goal in the last decades (Waser et al, 1996).

The specificity of the interaction may be promoted by mechanical and ethological

isolation mechanisms. Ethological barriers arise when flower-visiting pollinators make

preferential visitations to one species of flower which they recognize by its specific

shape, colour or odour (Grant, 1994). For plant location by insects, odour is a key trait

(Pellmyr & Thien, 1986; Metcalf, 1987; Dobson, 1991; Dobson, 1994). While species

specific odour recognition through system-specific volatiles has been documented

(Schiestl et al, 2003) ratio-specific attraction through a particular ratio of general

volatiles seems to be more common (Bruce, Wadhams & Woodcock, 2005).

Given the predominance of volatiles for insect attraction in plants it is plausible to

assume that volatiles play an important role in insect-fungi interactions as well.

Fungal odour has been shown to lure fungivorous beetles to the food source (Guevara et

al, 2000) and to attract cross fertilizing insects in rust fungi (Raguso & Roy, 1998; Naef

et al, 2002). Recently, the importance of specific odour molecules for the attraction of

cross-fertilizing flies has been documented in the endophytic fungus-genus Epichloë

(Schiestl et al, 2006). It has been demonstrated that Botanophila flies are attracted by

chokol K, a sesquiterpene alcohol emitted from stromata of Epichloë sylvatica (Schiestl

et al, 2006). However, it is not known whether variation in the emission or detection of

behaviourally active substances exist among different Epichloë and Botanophila species,

respectively.
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The interaction of endophytic Epichloë fungi (Ascomycota, Clavicipitaceae) and

their associated Botanophila flies (Diptera, Anthomyiidae) is an example of a mutualistic

fungus - insect interaction. At present, six European Epichloë species, and four Epichloë

associated Botanophila flies have been reported (Leuchtmann, 2007). Epichloë fungi are

systemic endophytes on temperate grasses, where new infection of hosts occurs through

sexually produced spores. Because of the heterothallic mating system, sexual

reproduction requires obligate out-crossing, through placing gametic spores of one

mating type on the fruiting structure (stromata) of the opposite mating partner. The fungal

stromata are formed on aborted grass flowering tillers and as gametic spores are not wind

dispersed, Epichloë fungi have to rely on a vector. Botanophila flies, the only known

vector actively cross fertilize the fungi by transferring gametic spores within their

digestive tract and distributing spores by defecation over the stroma surface (Kohlmeyer

& Kohlmeyer, 1974; Bultman et ah, 1995). Upon fertilization, the Botanophila females

lay eggs on the stroma, on which the larvae feed until their pupation in the nearby soil.

We have initiated a series of studies in order to understand how odour

communication between Epichloë and Botanophila is established. While our earlier study

confirmed the importance of odour in this interaction per se (Schiestl et al, 2006), the

present study should contribute to our understanding of odour communication at the

system level. Therefore, we sampled odour from several Epichloë species and analysed

the effect of volatile profiles involving three Botanophila taxa. Moreover, the degree of

specialization in the Epichloë - Botanophila system has never been directly investigated

because of the difficulty of identifying flies on the basis of visible, morphological

characters. Based on the results from odour measurements of Epichloë species and

physiological activity data from Botanophila flies, we designed a bioassay to test

specialization in the Epichloë - Botanophila attraction.
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Materials and methods

Fly collection and storage

To attract Botanophila flies, we established two field plots each containing Epichloë

infected grasses (Ec (HI) and Et (Dg)) (see Table 1 for a list of abbreviations) at the

Zurich Botanical Garden (VIL) and at ETH Hönggerberg (HGB). An additional field plot

separated by 100 meters from the Ec (HI) - Et (Dg) plots at VIL contained grasses with

Es (Bs), Eb (Be) and Et (Pn). The purpose of the species diversity in the plots was to

increase the chance to collect Botanophila flies of all previously described taxa

Leuchtmann (2007). All field plots were established in 2005, but removed in 2006 prior

to the sticky trap experiments to avoid interference between traps and natural stromata

(see bioassays, below). Botanophila flies were collected from the plots when visiting

Epichloë stromata using small glass vials. One Botanophila fly was reared from a larva

collected from an Epichloë festucae stroma as described in Leuchtmann (2007). Flies

were kept in the refrigerator at 4 °C until use for the gas chromatography with

electroantennographic detection (GC-EAD) experiments within the next 2 days.

Thereafter, the insects were stored in 98 % ethanoi at 4 °C until DNA extraction.

Table 1 List of Epichloë associations used in the present study

Fungal species Host species Abbreviation

E. bromicola Bromus erectus Eb (Be)
E. ciarkii Holcus lanatus Ec (HI)
E. festucae Festuca rubra Ef(Fr)
E. sylvatica Brachypodium sylvatlcum Es (Bs)
E. typhina Dactylis glomerata Et (Dg)
E. typhina Phîeumpratense Et (Php)
E. typhina Poa nemoralis Et (Pn)

Molecular identification of Botanophila

Identification of female Botanophila flies is based on sequence identity of COII gene

(Leuchtmann, 2007). In the present study we developed a reliable and affordable RFLP-

PCR diagnostic method based on these gene sequences to differentiate between the four
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taxa involved: B. phrenione (taxon 2), B. lobata (taxon 3) and two unnamed taxa (taxon 1

and taxon 4) and amplified by the primer pair and PCR conditions as reported in

Leuchtmann (2007). Sequences from 10 individuals per species were screened for

species-diagnostic polymorphisms located within restriction enzyme recognition sites

using Webcutter 2.0 (http://rna.lundberg.gu.se/cutter2/).

PCR products (12.5 \x\) were digested with Asel restriction endonuclease for two hours at

the supplier's recommended reaction conditions (New England Biolabs, USA) to resolve

the species diagnostic genotypes. The digested products were separated by

electrophoresis in 2 % MetaPhor® agarose gels in TBE, and visualized by SYBR®Green

(Molecular Probes, Eugene, OR, USA) under UV light. The reliability of the RFLP-PCR

method for Botanophila taxon assignment was validated by additionally sequencing the

mitochondrial cytochrome oxidase gene (COII) for a subset of 20 fly individuals caught

during the sticky traps bioassay (see below). We also sequenced flies whose RFLP-PCR

banding pattern differed from the reference patterns of the four Epichloë associated

Botanophila taxa. To test whether further subdivision within taxa might exist, noncoding

ITS2 region using the primers of Beebe (1995) and coding CO/region using the primers

TY-J-1460 and Cl-N-2191(Simonef a/., 1994) were sequenced of a subset of twelve flies

from "f. clarkif and "

E. festucae" traps each (see below), that were previously

identified as taxon 1 based on COII gene. We used the fly DNA extraction protocol, PCR

and sequencing conditions as described in Leuchtmann (2007).

Fungal volatile collection; headspace

Headspace odour samples were collected from stroma-bearing tillers from potted plants

of the following associations (three genotypes each): Ec (HI) (genotypes: EcHlAAVAl,

EcHlAAVA3, EcHlAAVA5), Ef(Fr) (EfFrMontana, EfFrAAVA2, EfFrVesancy) and Et

(Dg) (EtDgAAVA3, EtDgAAVA4, EtDgAAVA5). Additionally, we sampled one

genotype each of the following associations, Et (Dg) (9634, with living Botanophila

larvae), Et (Php) (9802), Eb (Be) (9338) and Es (Bs) (EsBsDenz2). Stroma-bearing tillers

were covered with polyethylene terephtalate oven bags (Nalo®, Kalle GmbH, Germany)

and air was pulled through bags by a vacuum pump (SCK Inc.) at a rate of approximately

100 ml/min (Salzmann, Brown & Schiestl, 2006). Volatiles were trapped on custom-
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made micropipette filters containing 5 mg of Porapak Q (Waelti et al., 2007 submitted).

Prior to sampling, the Porapak adsorbent was cleaned with 100 u.1 of dichlormethane and

100 u.1 of hexane (Merck, Uvasol). Blank air samples were collected to control for

background contaminants. After a sampling period of 24 hours, adsorbed volatiles were

eluted from Porapak Q with 50 \il of a mixture of hexane:acetone (9:1) (Merck, Uvasol)

and stored in a freezer at -20 °C for subsequent GC-analysis.

Electrophysiology (GC-EAD)

Physiological activity of individual compounds in the odour samples was examined by

gas chromatography with electroantennographic detection (GC-EAD; (Schiestl &

Marion-Poll, 2002). For GC-EAD the gas Chromatograph (Agilent 6890N) was equipped

with a HP5 column (5 %-phenyl-metylpolysiloxne, 30 m x 0.32 mm 0 x 0.25 um film

thickness) and a flame ionisation detector (FID). Three to five microliters of each sample

were injected on-column at 50°C, followed by a temperature increase to 300 °C at a rate

of 10 °C min"1 with a final hold of 10 min at 300 °C. The carrier gas was hydrogen, and

the GC was operated at constant flow (2 ml min-1). For EAD recording heads of

individual flies were cut off and mounted on a grounded giass electrode filled with insect

ringer solution and mounted on a micromanipulator. A second glass electrode (recording

electrode) was connected to the tip of the funiculus of one of the flies' antenna; the arista

of this antenna was cut off at its base.

Structure elucidation

High resolution GC/MS was carried out on a VG 70-250 SE (Waters Micromass,

Manchester, England) sectorfield mass spectrometer (EI 70 eV, 200°C ion source

temperature, 35....700 amu mass range at 0.7 s/d, 10 000 resolution, reference PFK)

linked to an HP 5890 gas Chromatograph (Hewlett-Packard, Palo Alto, CA, USA)

equipped with a BPX5 fused silica column (5% phenyl-methylpolysiloxane, 30 m x 0.32

mm 0 x 0.25 urn film thickness). The gas Chromatograph operated under the following

conditions: splitless at 60°C for 1 min., followed by a programmed increase to 280°C at

5°C min-1. Helium served as carrier gas.
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AU other GC/MS analyses were performed using a gas Chromatograph series 8000 linked

to a Fisons MD 800 quadrupole mass spectrometer (Fisons Instruments, Ismaning,

Germany). 70 eV mass spectra were taken in EI mode. Helium served as carrier gas.

Separations were performed using a CP8944 VF-5ms fused silica column (5% phenyl-

dimethylpolysiloxane, 30 m x 0.32 mm 0 x 0.25 jam film thickness). The temperature

was initially kept at 80°C for 3 min., and then increased by 10°C/min to 300°C.

High resolution GC/MS ofEAD active compound 3 displayed a molecular ion peak [M+]

at m/z 266 (C14H2602) and revealed the chemical composition of other important

fragment ions. The signal at m/z 211 (M+ -15, C13H2302) indicates the presence of a

methyl group. Signals at m/z 195 (M+ -31, loss of-CH30) and m/z 59 (ct-cleavage) point

to the fact that 3 could be a monounsaturated methyl ester. However, there were no ions

that permitted the unequivocal location of the double-bond position due to double-bond

migration during ionization. For this purpose, DMDS adducts were used (Buser et al,

1983; Dunkelblum, Tan & Silk, 1985) to permit the double bond position by mass

spectrometry. Unfortunately no DMDS adducts were formed, suggesting that 3 is a

methyl-branched a, ß-monounsaturated methyl ester. GC/MS analyses of the catalytic

hydrogénation (10% Pd/charcoal) of 3 presented a mass spectrum with a molecular ion

peak at m/z 228 (1 double-bond equivalent) and typical fragmentations of a saturated

methyl ester at m/z 197 (M+ -31, loss of -CH30), m/z 154 (M+ -74, loss of the

McLafferty ion), m/z 74 (McLafferty rearrangement ion) and m/z 59 (cc-cleavage). The

prominent signal at m/z 101 showed that the methyl group is located at ß-position.

Synthesis of reference compounds

Flash chromatography was carried out with 60Â, 32-63 mesh silica gel (MP Biomedicals,

Eschwege, germany). NMR spectra were recorded using a Bruker Avance 400 (IH:

400.25 Mhz, Î3C: 100.65 Mhz) and a Bruker DRX 500 (IH: 500.13 Mhz) spectrometer

(Bruker BioSpin, Rheinstetten, Germany). Samples were dissolved in CDC13 using

tetramethylsilane (5 = 0) as internal standard. GC analyses were performed using a

HRGC 5300 Mega series (Carlo Erba strumentazione) equipped with a DB5 fused silica

column (5% phenyl-methylpolysiloxane, 30 m x 0.32 mm 0 x 0.25 um film thickness)

and a flame ionisation detector (FID). Hydrogen served as carrier gas. Gas
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chromatographic conditions as mentioned above. Reactions were carried out under argon

atmosphere in oven-dried glassware.

Methyl 3-methyldodecenoate

To a stirred and cooled (-10°C) suspension of THF-washed NaH (730 mg, 18 mmol,

60% suspension in paraffin oil) (Merck) was added trimethyl phosphonoacetate (2.6 mL,

18 mmol) (Aldrich) in dry THF (5 mL). After 0.5 h, the reaction mixture warmed to rt

and undecan-2-one (2.4 mL, 12 mmol) (Merck) in dry THF (2.6 mL) was added dropwise

via syringe. The reaction mixture was refluxed 36 h, cooled, poured into ice-water and

extracted with 50% EtOAc in hexane (5x5 mL). The combined extracts were washed

with water and brine, dried (MgS04) and evaporated. The crude mixture containing the

unsaturated esters (Z2)- and (E2)-methyl 3-methyldodecenoate (1.9 g, 8.4 mmol, 76%)

(Z/E = 1:2, GC) was chromatographed on silica gel (10% EtOAc in hexane) and the

geometric isomers were separated by preparative GC.

Bioassays

Electrophysiologically active compounds were tested for behavioural activity using

attraction experiments with sticky traps (Huber et al, 2005) at three locations: "Botanical

Garden Zurich" (VIL), "Hönggerberg" (HGB), "Eschikon" (ESCH). The locations were

similar with respect to exposition and habitat composition, all containing extensively

managed grassland (two cuts per year, after grass flowering) and hedges with trees and

shrubs. The traps consisted of a bole covered white plastic disk (8 cm diameter) to which

insect glue (Andermatt Biocontrol) was applied. Odour compounds were added to a small

rubber GC septum placed in the middle of the disc. Release rates of volatiles from the

septa were measured in the laboratory at room temperature by collecting the emitted

odour using headspace sorption (as described above) immediately after application of

volatiles, as well as 1, 3, and 7 days after application on the septum. The release rate of

synthetic compounds was found between five to twenty times higher compared to the

emission from one natural stroma (Table 2 and Table 3). We concluded that emission

rates from trap corresponded well to grass clumps that usually expose several infected

tillers simultaneously in the field. According to these results we applied blends of
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synthetic, racemic chokol K and (Z2)-methyl 3-methyldodecenoate to imitate three

distinctive Epichïoë odour morphs. Ec (HI), Ef(Fr) and Et (Dg) infected grasses naturally

flower in synchrony and sympatry, thus, stromata in the gametic state are exposed

together. Therefore, we relied on these species for testing Botanophila preference. The

"E. clarkif- trap blend contained 800 [ig chokol K and 30 ^g of (Z2)-methyl 3-

methyldodecenoate and should mimic the ratio of active substances found in "chokol K

dominant" species such as Ec (HI). For the "E. festucd" - trap blend 1 u.g of chokol K was

combined with 500 u.g of (Z2)-methyl 3-methyldodecenoate. Here, we targeted a

resemblance to the ratio found in Ef (Fr). Finally, a "E. typhina' - trap blend was

prepared containing 1 u.g of chokol K and 10 u,g of (Z2)-methyl 3-methyldodecenoate

that was similar in the ratio emitted by Et (Dg). For control traps, 100 u.1 °f

dichlormethane (Uvasol, Merck) was added to the septum. In May 2006, three blocks per

site were established in the grassland part of the location each containing one "£. clarkiF,

"E. festucae" and "E. typhina" trap plus a control trap, with traps 1 m apart from each

other and a minimal distance between blocks of 8 meters. The traps were left in the field

for 7 days per trial for three successive trials (3 traps at 3 locations for each mix). In VIL,

traps were placed at least 10 m away from a natural Epichïoë population to avoid

inference of traps and natural stromata. In the HGB and ESCH sites, no stromata bearing

grasses were observed during the experiment.

Table 2. Mean values (i SEM) of chokol K and (Z2)-methyl 3-methyldodecenoate
emitted from small rubber beads (septa) measured by headspace. Values are pooled
from daily measurements at day 0 -3.

Headspace"

Chokol K
(Z2)-methyl 3-

methyldodecenoate
Mean ± SEM Mean ± SEM

ng/hour ng/hour

"E. clarkii" blend 1788 ± 474.0 56.81 ± 17.85

"E. festucae" blend 2.606 ± 0.559 204.8 ± 41.12

"E. typhina" blend 0.252 ± 0.185 2.000 ± 0.371

'measured using headspace, porapak Q ® filters
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Table 3. Mean values (± SEM) of chokol K and (Z2)-methyl 3-methyldodecenoate emitted

from stromata of Ec {HI), Ef (Fr) and Et {Dg) measured by headspace using Porapak ®

filters.

(Z2)-methyl 3-

methyldodecenoate

Mean ± SEM

ng/hour

Ec{Hl){a = 3) 88.1 ± 50.7 b 2Ü9 ± 2.42 b~

Ef{Fr)(n = 3) 0.04 ± 0.04 a 42.6 ± 15.6 c

Et(Dg)(n = 3) 0.18 ± 0.12 a 0.35 ± 0.08 a

aValues followed by the same letter within a column are not significantly different

according to pairwise comparisons with Bonferroni correction

Data analysis

The response variables (fly counts on traps) were analysed using a generalized linear

model (R Development Core Team, 2005) with Poisson errors and a log link function

(Venables & Ripley, 2002). Examination of diagnostics (e.g. deviance : df ratios)

indicated that the data met the assumptions of this analysis. A two-way contingency table

was used to test the abundance ofBotanophila versus other flies on odour-baited traps.

Quantities of chokol K and (Z2)-methyl 3-methyldodecenoate odours in the headspace of

Ec (HI), Ef(Fr) and Et (Dg) were log transformed to approach homogeneity of variances

and compared using a one-way ANOVA.

Results

Fly identification

All Botanophila flies caught for this study could be reliably genotyped using the RFLP-

PCR method (Figure 1). Moreover, additional sequencing of COII, ITS2 and COI genes

of a fly sub-sample did not reveal any ambiguity compared to the RFLP-PCR results.

Thus, the herein developed RFLP-PCR approach can be regarded as reliable screening

tool. Also, taxon classification based on COII, ITS2 and COI genes was consistent. Based

on the sequences of flies with unknown RFLP-PCR banding pattern, at least five

Chokol K

Mean ± SEMa

ng/hour
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additional diptera of unknown affinity were caught on odour baited sticky traps.

Sequences of these unidentified flies were submitted to GenBank (National Center for

Biotechnology Information, Bethesda, MD, USA; http://www.ncbi.nlm.nih.gov/) under

the accession numbers EF612778 - EF612787.

Figure 1. Botanophila genotypes identified by digesting PCR amplification products of Cytochrome
Oxidase II gene (COII) with restriction enzyme Ase I. The size marker is 100 bp ladder (New England

Biolabs, USA). Lanes from left to right: taxon 1, taxon 2. taxon 3. taxon4, undigested PCR product

Fly catches from stromata

A total of 51 Botanophila flies were caught on Epichloë stromata. While 44 flies were

from Ec (HI) - Et (Dg) plots at VIL (30 flies) and HGB (10 flies) sites (Table 4A) seven

individuals were from the additional plot at VIL not part of the main experiment.

Table 4, Epichloë associated taxa of Bolanophila caught A) on stromata of Ec (HI) and El (Dg) (May 2005)
and B) on sticky traps with blends of synthetic compounds in ratios as found in E.clarkii, E. festucae and E.

typhina at two loactions VIL (Botanical Garden Zurich) and HGB (ETH Hönggerberg) (May 2006).

VIL HGB

Taxon 1 Taxon 2 Taxon 3 Taxon 4 Taxon 1 Taxon 2 Taxon 3 Taxon 4

A) Stroma

Ec(Hl) 16 7 1 5 7 0 0 1

Et (Dg) 4 0 0 1 2 0 0 0

B) Sticky traps

"E. clarkii" jlend 33 0 0 2 9 2 0 0

"E. festucae
'

blend 39 0 0 0 7 0 0 0

"E. typhina" blend 2 0 0 0 0 0 0 0
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The visitation rates to Epichloë stromata of the established Ec (HI) - Et (Dg) plots at VIL

and HGB were rather low. A mean of 1.14 insect per hour visited stromata at VIL, while

only 0.42 insect per hour were observed at HGB. Botanophila were normally not active

under cold and wet weather conditions. Most flies were caught in mid May 2005.

Odour variation in E. clarkii, E. festucae and E. typhina

The three Epichloë species (Ec, Ef and Et) differed significantly in their emission of

chokol K and (Z2)-methyl 3-methyidodecenoate (Table 3). Ec (HI) produced significantly

more chokol K (88.1 ng/hour ± 50.7 SEM) than Ef(Fr) (0.04 ng/hour ± 0.04 SEM) and

Et (Dg) (0.18 ng/hour ± 0.12 SEM). On the other hand, (Z2)-methyl 3-

methyldodecenoate emission was highest from Ef(Fr) (42.6 ng/hour ± 15.6 SEM), which

was significantly more than from Ec (HI) (2.59 ng/hour ±2.42 SEM) and Et (Dg) (0.35

ng/hour ± 0.08 SEM), respectively.

Electrophysiology (GC-EAD)

From the Botanophila flies caught on Epichloë stromata in 2005, 28 were used for the

GC-EAD experiments. A total of 19 responded to the analysed headspace samples (Table

5). With these flies, we performed 47 GC-EAD analyses with odours of Et (Dg), Et

(Php), Ec (Hl), Ef (Fr) and Es (Bs). Three compounds that elicited a response in the

olfactory receptors of the flies were found (Figure 2). All flies detected two compounds

(chokol K and (Z2)-methyl 3-methyidodecenoate), while three individuals detected an

additional third substance, present in low amounts and thus as yet unidentified. The two

identified physiologically active compounds belonged to two different chemical classes.

The first, a sesquiterpene alcohol named chokol K was reported earlier as active

compound of Epichloë (SchiestI et al., 2006). The second compound, a methyl ester

named (Z2)-methyl 3-methyidodecenoate is described in this study as a new active

substance in Epichloë (Figure 3).
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Time

Figure 2. Gas chromatographic analysis with simultaneous flame ionisation detection (FID) and

electroantennographic detection (EAD) of Epichloë clarkii (on Holcus lanatus) headspace sample using

antennae of Botanophila flies caught on E clarkii stromata. Chokol K (2) and (Z2)-methyl 3-

methyldodecenoate (3) triggered consistent EAD responses in analyses of 19 fly individuals An additional

response to a third, unknown compound (1) was detected m three individuals.
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Figure 3. Mass spectrum of (Z2)-methyl 3-methyldodecenoate
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Table 5. Botanophila flies used for gas chromatography-electroantennographic detection (GC-EAD) (see
Table 1 for a list of Epichloë species abbreviations) and odour samples tested. Compounds that were

physiologically (EAD) active for the particular insects numbered; 1: unknown 2: chokol K 3: (Z2)-

methyl 3-methyldodecenoate (see also Figure 2). Flies were caught while they were visiting Epichloë
stromata in the field, except for 85 that was reared from field caught larvae.

GC-EAD Epichloë odour sample tested

Fly-ID Caught Fly No.of analyses Active

on Taxon compounds

31 Et(Dg) 1 2 2,3 Et{Dg)
32 Et{Dg) 4 2 2,3 Et{Dg)
33 Et(Dg) 1 2 2,3 El(Dg)
34 Ec(Hl) 1 2 2,3 Ec(Hl)
35 Et{Dg) 1 2 1,2,3 Ef(Fr),Et(Dg)
35.2 Ec(Hl) 1 2 2,3 Et(Dg)
36 Et{Dg) 1 1 2,3 Ec{H[)
41 Ec(Hl) 4 2 2,3 Ec{H[)
42 Ec(Hl) 2 2 2,3 Ec(Hl)
45 Ec(HI) 1 1 2,3 Ec{Hl)
46 Ec(Hl) 1 3 1,2,3 Ec(H[)
47 Ec{Hl) 1 2 2,3 Eb(Be), Et (Dg) with larvae

53 Ec{HT) 1 3 2,3 Eb (Be)
55 Eb (Be) 1 3 2,3 Eb (Be)
67 Ec(Hl) 2 4 2,3 Es (Bs), Et (Dg), Et (Php)
76 Ec(Hl) 1 2 2,3 Ec(Hl)
79 Es (Bs) 1 2 2,3 Es (Bs), Et (Php)
81 Ec(Hl) 1 2 2,3 Et (Php)
85 Ef(Fr) 1 2 1,2,3 Ef(Fr)

Bioassays

Botanophila flies were caught in traps with synthetic compounds at all locations, but the

number of flies on the traps varied significantly both among sites and among trap types.

Generally, the number of Botanophila spp. on traps referred to Epichloë visiting taxa was

significantly higher than the number of flies without known association to Epichloë (y^ =

18.7; df=l,p< 0.0001).

Of the Epichloë - associated Botanophila, 76 flies were caught in VIL, 18 in

HGB, and only 3 in ESCH (x2 = 91.9; df = 2, p < 0.0001) (Table 6). No Botanophila was

caught on odourless control traps. For the analyses of the attractiveness of the different

traps types, we excluded the site ESCH, because of the small number of flies caught. At

VIL and HGB, significantly more flies belonged to taxon 1 (90 individuals) compared to

taxon 2 (2 individuals) and taxon 4 (2 individuals) (Table 4B).
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Table 6. Generalized linear model analysis (Poisson error, log link) of

Epichloë associated Botanophila taxa caught on three types of odour baited

traps (,JE. clarkii", ,£ festucae" and ,Jî. typhina")

Source df xL

Plot 1

Trap type 2

Fly taxon 2

Trap type x Fly taxon 4

38.5 <0.00fll

59.6 <0.0001

167.9 <0.0001

5.9 0.207

Residual deviance = 8.9, 8 df. Significant values are in bold type

Taxon 2 and taxon 4 were only found on "E. clarkii" type traps. Additionally, "E.

clarkii" traps (46 individuals) and "E. festucae" traps (46 individuals) appeared to be

more attractive to the flies than the "E. typhina" traps (2 individuals). Taxon 3 was not

found on any ofthe three trap types.

Discussion

Odour is believed to be a key trait of many fungi - insect interactions, however, detailed

information on its precise role in these diverse associations is seldom available. Our study

underlines the importance of fungal odour in Epichloë - Botanophila interaction,

highlights mechanisms of chemical communication, and sheds light on specificity of the

association. We identified two stromata-emitted substances that are biochemically

unrelated and selectively attracted Botanophila-Üies involved in Epichloë cross-

fertilization. However, flies did not differentiate between the two compounds suggesting

that little species-specificity in the odour communication of this fungus-fly interaction

exists.

Chemical communication

Odour communication has been investigated in fungi interacting with various groups of

insects, including coleoptera, collembola, diptera, lepidoptera and hymenoptera (Whitten,

Young & Stern, 1993; Cossé et al, 1994; Hedlund et al, 1995; Raguso et al, 1998; Fäldt
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et al, 1999; Guevara et al, 2000). While all these studies emphasised the importance of

fungal odour for attracting insects, only few studies chemically identified active volatiles

(Hedlund et al, 1995; Fäldt et al, 1999; Guevara et al, 2000). Rust fungi that rely on

insects for cross-fertilization attract them by known pollinator attracting compounds that

are also found in many flowering plants (e.g. phenylacetaldehyde, benzaldehyde)

(Raguso et al, 1998). On the other hand, wood rotting fungi that mostly attract

coleoptera, often use "typical" fungal odour compounds as attractive volatiles (e.g. rac-

oct-l-en-3-ol, octan-1-ol) (Fäldt et al, 1999; Guevara et al, 2000). Our GC-EAD and the

subsequent bioassay results showed that two Epichloë stromata-emitted compounds were

physiologically and behaviourally active: a methyl ester, (Z2)-methyl 3-

methyldodecenoate, which is a previously undescribed natural compound, and the

sesquiterpene chokol K, reported earlier as behaviourally active compound in this system

(Schiestl et al, 2006). A third compound triggered EAD responses in few Botanophila

individuals. Unfortunately, this third compound is only produced in trace quantities, not

sufficient for mass spectrometry analysis and could not be identified.

Although chokol K and (Z2)-methyl 3-methyldodecenoate originate from

different biochemical pathways (Dudareva & Pichersky, 2006), they have obviously

converged in their function as Botanophila attractants. Similar results have been found in

other dipterans, where GC-EAD responses to compounds of different chemical groups

(fatty acid dérivâtes, phenylpropanoids and isoprenoids) have been reported (Zhao &

Kang, 2002; Bruce et al, 2005). By contrast, in Delia platura, an Anthomyiid fly and

pest of several crops, consistent antennal responses were only triggered from a narrow

group of aliphatic compounds (Gouinguené & Stadler, 2006). Therefore, it is remarkable

that different Botanophila species showed a strong attraction to the same two, chemically

unrelated compounds.

Specificity in odour communication

Specific attraction is a well documented phenomenon in plant- pollinator interactions that

has been reported in several systems (yucca - yucca moth, Chiloglottis - thyinnine wasp,

fig - fig wasp, Ophrys - solitary bee). Odour-mediated specific attraction may either be

achieved through a unique combination of more common substances, or through unique,
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system-specific compounds. The former has been shown in fig - fig wasp systems

(Song et al, 2001; Grison-Pige, Bessiere & Hossaert-McKey, 2002a; Grison-Pige et al,

2002b) and in the European orchids Ophrys sphegodes (Schiestl et al, 1999). The latter

mechanism is found in the interaction of yucca (Svensson et al, 2005) and the sexually

deceptive orchid Chiloglottis with their respective pollinators (Schiestl et al, 2003). In

Yucca filamentosa one compound triggered strong GC-EAD responses in Tegeticula,

cassandra, however, the identity of this compound remains unknown (Svensson et al,

2005). Neozleboria cryptoides is attracted by one Chiloglottis trapeziformis-speciüc

compound, named Chiloglottone (Schiestl et al, 2003). Clearly, odour communication in

the Epichloë - Botanophila system shows strong similarities with the yucca and

Chiloglottis system. Specific odour communication may be advantageous, because the

use of unique compounds may help Epichloë to decrease attraction of other potential

fungivores. Moreover, precision in direction and timing of the Botanophila vector's

movements towards the stromata is increased by compounds that are released from the

stromata and contrast with volatiles from the vegetative grass tissue.

Specialization

Specialization of Epichloë species to single Botanophila taxa is an expected outcome of

the mutual benefits that Epichloë and Botanophila receive. Epichloë should achieve

better stroma fertilization and subsequently higher output of sexually produced spores

with help of the fly vector. The Botanophila larvae profit from increased fungal tissue as

food source due to fertilization. Although the Botanophila - Epichloë system may be

regarded as specialized at the genus level, as fertilization only occurs trough a guild of

taxonomically closely related Botanophila flies (Leuchtmann, 2007), the herein reported

data suggests a lack of species-specificity. The most common Botanophila taxon at our

study site was caught on "£. clarkii" and "E.festucae" traps in equal frequencies. Several

reasons may account for this lack of specialization. First, in natural environments

Epichloë infected grass clumps are often widely dispersed within a habitat. Investment in

extended search bouts may not be compensated by specific mating of the fungus resulting

in increased amount of fungal tissue for the fly larvae. Second, unspecific mating does

not exclude successful larval development. This is indicated by reports from larvae that
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developed well on partially fertilized (Steinebrunner, pers. obs) and even on unfertilized

stromata (Rao et al, 2005). However, number of larvae per stroma, that reach the stage of

pupation may be reduced.

On the other hand, Epichloë fungi may suffer from incomplete or improper

matings, which lowers the potential to produce infectious spores. Therefore, we suggest

that the observed lack of extreme specialization may be due to differing selection

pressures for specificity between the interacting partners. We note, however, that this

assumption does not exclude the possibility of specific gamete transfer is possible by

means of ethological mechanisms favouring intraspecific transfers (e.g. flower

constancy). Flower constancy is defined as short time specialization to a particular

species that previously provided reward, which results in a higher number of intraspecific

compared to interspecific movements and is a common phenomenon in flowering plants

(Goulson & Wright, 1998). Although, Botanophila have been reported to carry mixtures

of gametic spores in their faeces, spores of one species were usually predominant

suggesting the flies are indeed majoring on one Epichloë host only (Bultman &

Leuchtmann, 2003). Further studies are needed to test the hypothesis of "stroma

constancy" of Botanophila flies possibly using fluorescent dye to track movements.

Conclusions

Field catches, trap bioassay and GC-EAD results indicate a lack of extreme specialization

in the interaction of Botanophila and Epichloë at the species level. We hypothesise, that

at least on the side of Botanophila selective pressures for specialization may be low and,

therefore, a generalistic interaction is maintained. However, further studies are needed to

better understand the movement of Botanophila under natural conditions with particular

emphasis on "stroma constancy". Additional questions that are of interest include the

fertilization efficiency of Botanophila taxa and the population structure of fly populations

at different locations and habitats.
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Supplementary analytical data

(Z2)-Methyi 3-methyldodecenoate. 'H-NMR (500.13 MHz, CDC13): 5 [ppm] = 5.65

(bs, 1H, H-2), 3.67 (s, 3H, -OCH3), 2.65-2.58 (m, 2H, H-4), 1.88 (s, 3H, -CCHj), 1.51-1.40 (m, 2H, H-ll),
1.38-1.19 (m, 12H, H-5/ H-6/H-7/H-8/H-9/ H-10), 0.88 (t, 3H, V= 6.8 Hz, H-12)
13C-NMR (101.65 MHz, CDC13): 5 [ppm] = 166.79 (s, C-l), 161.23 (s, C-3), 115.49

(d, C-2), 50.69 (q, -OÇ_H3), 33.41 (t, C-4), 31.89/ 29.75/ 29.55/ 29.50/ 29.30 (5t, C-6/ C-7/

C-8/ C-9/C-10), 28.22 (t, C-5), 25.13 (q, -CÇH3), 22.66 (t, C-ll), 14.08 (q, C-l2)
MS (EI, 70eV): m/z [%] = 226(M+, 12), 211(4), 196(3), 195(20), 166(3), 158(3), 153(4), 152(28), 151(3),

141(4), 137(3), 129(5), 128(9), 127(100), 125(4), 124(3), 123(4), 115(15). 114(72), 113(4), 112(5), 111(7),

110(11), 109(11), 101(16), 99(10), 98(9), 97(12), 96(17), 95(70), 94(3), 93(3), 87(5), 86(6), 85(11), 84(4),

83(31), 82(33), 81(21), 79(7), 77(3), 75(3), 74(7), 73(15), 71(9), 70(5), 69(28), 68(15), 67(32), 65(5),

59(14), 57(9), 56(8), 55(39), 54(7), 53(12), 45(3), 43(32), 42(8), 41(51), 40(4), 39(15)

(£2)-methyl 3-methyldodecenoate. 'H-NMR (400.25 MHz, CDC13): S [ppm] = 5.68-5.63 (m, 1H, H-2),
3.68 (s, 3H, -OCHj), 2.18-2.07 (m, 5H, H-4/ -CCH3), 1.51-1.40 (m, 2H, H-ll), 1.35-1.17 (m, 12H, H-5/ H-

6/ H-7/ H-8/H-9/ H-10), 0.88 (t, 3H, V= 6.8 Hz, H-12)
"C-NMR (101.65 MHz, CDC13): S [ppm] = 167.31 (s, C-l), 160.81 (s, C-3), 114.94

(d, C-2), 50.76 (q, -OÇ_H3), 40.94 (t, C-4), 31.86 (t, C-10), 29.48/ 29.42/ 29.28/ 29.16/ 27.37 (5t, C-5/ C-6/

C-7/ C-8/ C-9), 22.66 (t, C-ll), 18.73 (q, -CÇH3), 14.10 (q, C-12)

MS(EI,70eV):m/z[%]=226(M+,2), 195(14), 194(4), 153(3), 152(20), 129(3), 128(3), 127(31), 115(15),

114(100), 113(4), 112(4), 111(4), 110(7), 109(6), 101(11), 99(8), 98(7), 97(8), 96(10), 95(32), 87(3), 86(7),
85(6), 84(3), 83(30), 82(34), 81(15), 79(4), 74(6), 73(18), 71(8), 70(5), 69(21), 68(11), 67(17), 65(3),
59(12), 57(7), 56(6), 55(29), 54(5), 53(9), 43(24), 42(6), 41(34), 40(3), 39(11)
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Abstract

1. Species of Epichloë (Ascomycota, Clavicipitaceae) are endophytic symbionts of pooid

grasses. Sexual reproduction of the fungus depends on gamete transferring Botanophila

flies, which in earlier studies were shown to be specifically attracted by the fungal

volatiles chokol K and (Z2)-methyl 3-methyldodecenoate. As several Epichloë volatiles

are known to have antimicrobial properties, it was hypothesised that the original function

of insect attracting volatiles is microbial deterrence. However, for understanding fungal

signal evolution, the origin of volatile compounds and their toxicity within an ecological

context need to be clarified.

2. We examined the inhibitory effect of chokol K and (Z2)-methyl 3-methyldodecenoate

on mycoparasites, plant pathogenic fungi and on Epichloë itself at ecologically relevant
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concentrations, and assessed volatile production in pure cultures of Epichloë on complex

and defined media supplemented with inorganic sources of carbon and nitrogen.

3. Results showed that chokol K reduced spore germination of all tested fungi. In

contrast, (Z2)-methyl 3 -methyldodecenoate had no inhibitory effect. Of the two

compounds, only chokol K was produced in culture confirming its fungal origin.

4. Our findings are consistent with the proposed scenario that fungal volatile substances

have followed an evolutionary pathway from defence to attraction.

Key words: (Z2)-methyl 3-methyldodecenoate, chokol K, endophyte, Clonostachys sp.,

hyperparasite, antimicrobial activity

Introduction

Fungal endophytes are defined as fungi that inhabit plants without causing visible disease

symptoms (Schulz & Boyle, 2005). It is thought that virtually all higher plants are hosts

of one to many endophytes (Stone, Bacon & White, 2000; Strobel, 2003). These

symbiotic interactions can be variable in their nature, ranging from parasitic to

mutualistic.

Among the best investigated endophytic systems are the fungi of genus Epichloë

(Ascomycota, Clavicipitaceae). Epichloë endophytes are wide-spread in pooid grasses

forming systemic infections (Schardl, 1996; Schardl, Leuchtmann & Spiering, 2004).

Following intercellular, asymptomatic growth inside the host, they form an external

fruiting structure (stroma) preventing emergence of inflorescences, known as choke

disease. Typically, the grass host is infected with one Epichloë strain only, which is self-

incompatible and has to be fertilized by the opposite mating type for sexual reproduction.

For fertilization, Epichloë depends on flies of the genus Botanophila (Diptera) that

transfer gametic spores endochorously from stroma to stroma (Bultman et al, 1998;

Bultman & Leuchtmann, 2003). Upon fertilization through faeces deposition, female

Botanophila lay eggs on the stroma surface and hatched fly larvae feed and develop on

the stoma tissue until they drop and pupate in the soil. It has been demonstrated that
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Botanophila acting as gamete vectors are attracted by a volatile sesquiterpenoid alcohol,

named chokol K (Schiestl et al, 2006) and a methyl ester, (Z2)-methyl 3-

methyldodecenoate (thesis, chapter I), emitted by the fungus.

For successful fungal reproduction it is crucial that the exposed stroma remains

free from contaminating parasites before fertilization, and as long as possible thereafter.

Stromata are rarely found to be infected by hyperparasites in nature, and there are only

few reports on mycoparasitic fungi found on Epichloë (Schroers, 2001). Mycoparasitism,

defined as the interrelationship between a fungus parasite and a fungus host (Barnett,

1963), is a common phenomenon in fungi (Barnett, 1963; Jeffries, 1997), and rareness of

mycoparasites in Epichloë may indicate that some protection mechanisms exist, perhaps

mediated by secondary compounds produced by the fungal stroma.

In flowering plants, certain substances involved in pollinator attraction are

suggested to have had a primary role in the plant defence mechanism (Pellmyr & Thien,

1986; Pichersky & Gershenzon, 2002; Knudsen et al, 2006). Possibly, such substances

were produced as general deterrents, but became identification cues for insects that could

bypass the negative effects (Pellmyr et al, 1986). Likewise, in the Epichloë system it was

hypothesised that stroma volatiles involved in Botanophila attraction have functionally

evolved from a mere defence compound to a "pollinator" attractant (Schiestl et al, 2006).

This hypothesis was based on an earlier finding that reported a chokol K induced toxic

effect on Cladosporiwn phlei, an opportunistic grass parasite (Koshino et al, 1989b), and

on the notion that antimicrobial compounds are a common feature in endophytic fungi

(Tan & Zou, 2001; Strobel, 2003). Fungitoxic methyl esters have been reported from

Epichloë typhina (Koshino et al, 1987), whereas (Z2)-methyl 3-methyldodecenoate

(thesis, chapter I) is a newly discovered natural compound and, therefore, its fungitoxic

properties are not known. Moreover, defensive qualities of the two Botanophila

attractants have not been tested in an ecological context using mycoparasitic target

organisms, and for both volatiles, chokol K and (Z2)-methyl 3-methyldodecenoate, it is

unknown whether they are of pure Epichloë origin, or are the product of host plant and

fungus biosynthetic interaction.

In this paper, we test the toxic effects of chokol K and (Z2)-methyl 3-

methyldodecenoate on a number of different fungi including natural mycoparasites (e.g.
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Cîonostachys sp.), plant pathogenic fungi and Epichloë isolates. By keeping the

concentrations in the same range as actually present on fungal stromata, we applied an

ecologically meaningful setting for our toxicity bioassays. In addition, we measured in

vitro volatile production in pure cultures of Epichloë to test whether or not the volatiles

are of fungal origin.

Materials and methods

Collecting and culturing of fungal isolates

Mycoparasites {Cîonostachys sp. and Nodalisporium sp.) were collected from Epichloë

stromata, where they formed easy to detect greenish spore masses. Strain PEc0501 was

isolated from one of serveral infected stromata of E. clarkii on Holcus lanatus near the

Zurich Botanical Garden (Switzerland), and PEt0502 from a single infected stroma of

Epichloë typhina on Anthoxanthum. odoratum. Strain PEb0601 was found on stromata of

E. bromicola on Bromus erectus near Merishausen (Switzerland). Small amounts of

mycoparasite conidia were transferred to Potato Dextrose Agar (PDA) plates (Difco)

containing Oxytetracycline (50 mg L"1). Colonies grown from conidia were streaked out

twice to obtain single spore colonies. Pure cultures were stored in malt agar tubes (20 g L"

1
malt extract, 15 g L"1 agar) at 4° C.

Two wheat pathogens, Stagonospora nodomm (Pleosporales) and

Mycosphaerella graminicola (Mycosphaerellales) were obtained from the

Phytopathology group (Institute of Integrative Biology, ETH Zurich). M. graminicola

was grown as described in Zhan et ai. (2005). S. nodorum isolates were grown on 2 %

sucrose agar plates at 4° C for 2 months until pycnidia formation.

The two Epichloë species chosen for the bioassay differed in their chokol K

production in vivo. E. bromicola produces low amounts of chokol K not exceeding 1

ng/hour/stroma, whereas E. clarkii emits a mean amount of approximately 260

ng/hour/stroma (this study; thesis chapter I). The isolates were obtained from infected

tissues of plants of Bromus erectus and Holcus lanatus according to the method described

by Leuchtmann and Clay (1988). Colonies growing from plant tissues were checked
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microscopically for the presence of Epichîoë conidia. Pure cultures were stored in malt

agar tubes (20 g L"1 malt extract, 15 g L"1 agar) at 4° C.

DNA extraction and sequencing of mycoparasitic fungi

To support morphological identification of mycoparasites, a part of the internal

transcribed spacer region (ITS) delimitated by the primers TW81 and AB28 (Curran et

ai, 1994) were sequenced. Mycoparasites were grown for 14 days on PDA agar plates,

then mycelium was harvested and lyophilised. Total fungal DNA was extracted from 15

mg of lyophilised mycelium following the CTAB DNA extraction protocol by Zolan &

Pukkila (1986) with modifications. PCR conditions, parameters and purification steps

were essentially as described in Schardl et al. (1994) and Moon et al. (2002). Sequencing

reactions were performed in 10 ^1 volumes using the Big Dye Terminator Cycle

Sequencing Kit v3.1 (Applied Biosystems). Sequencing products were analyzed using a

capillary 3100-Avant Genetic Analyzer (PE Applied Biosystems) and analyzed with

Sequencher 4.5 (Gene Codes Corporation, Ann Arbor, Michigan). Sequences of the

mycoparasites were submitted to GenBank (National Center for Biotechnology

Information, Bethesda, MD, USA; http://www.ncbi.nlm.nih.gov/) under accession

numbers: EF600031, EF600032 andEF600033.

Identification of mycoparasitic fungi

No teleomorphic state was observed on the natural host. On PDA, isolates formed a

relatively slow growing colony with scanty, white aerial mycelium. Later, greenish spore

mass appeared in the centre of the colony in coalescing pustules forming sporodochia.

Within sporodochia, on penicillate, sparsely branched conidiophores, phialidic conidia,

4.0 - 7.0 x 2.0 - 3.0 um in size, were produced in short chains as it is described for

Clonostachys (Schroers, 2001).

Sequences of the nuclear ribosomal ITS region were compared with BALSTn

searches to other sequences available in GeneBank. Closest match with 98% sequence

similarity was Bionectria epichîoë (AF210675), a mycoparasite described from Epichîoë

and other fungi which has an anamorphic state referred to Clonostachys (Schroers, 2001).

Thus, both morphological and molecular identification confirmed that the mycoparasite
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infecting E. clarkii (PEc0501) and E. bromicola (PEb0601) is correctly referred to the

genus Clonostachys.

The second mycoparasite (PEt0502) obtained from a stroma of E. typhina on

Anthoxanthum odoratum formed greenish colonies with velvety mycelium on PDA

plates, and readily formed hyphomycetous conidia, 3x3 fim in size, of Nodulisporium

type (Ellis, 1971; Ellis, 1976). In GeneBank searches the closest match (84% identity) to

the nuclear ribosomal ITS sequence of isolate PEt0502 was Nodulisporium sp. submitted

by Polishook et al. (1996) (AF280629). Despite of the rather large sequence divergence

of our isolate, we are confident that microscopic identification correctly referred this

isolate to Nodulisporium.

Spore preparation for bioassays

For induction of sporulation of mycoparasites, small amounts of mycelium were

transferred from malt agar tubes to PDA plates and grown at room temperature.

Clonostachys sp. produced sporodochia usually after 1-2 months, whereas

Nodulisporium sp. readily formed conidia on mycelium structures. Conidiospores of M.

graminicola were obtained from YSB liquid culture (see above). Pycnidiospores of S.

nodorum were collected from pycnidia squeezed in Eppendorf tubes using a spatule.

Epichloë isolates were grown on PDA agar at room temperature for 2 weeks, then conidia

were harvested. Spores of ali isolates were taken up in autoclaved water, transferred to

sterile 1.5 ml Eppendorf tubes, and suspensions adjusted to 1500 spores ml"1 using a

Thoma haemocytometer.

Toxicity tests

PDA plates were treated with 60 u,g, 100 ug and 200 \ig of synthetic chokol K and (Z2)-

methyl 3-methyldodecenoate, respectively. The initial concentration of 60 \ig should

approximately correspond to the amount of chokol K present in natural stromata and was

determined as follows: The extractable amount of chokol K was regressed against the

circumferential stroma surface (Figure 1), with Î cm2 approximately corresponding to

1.29 u,g chokol K. This amount extrapolated on the surface of an 8 cm petri dish equals

69.2 ug chokol K, resulting in the conservative estimate of 60 ug used in our study.
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However, considering the continuous de novo production of compounds by stromata, the

concentrations that act on mycoparasites in nature are probably much higher. Therefore,

we tested also the effect of 100 u.g and 200 u.g chokol K per plate.

C^rcwnFefarrticü ötrwnasijrfflce (rrwri?j

Figure 1. Relationship between circumferential stroma surface (mm2) of stromata of E. sylvatica and

chokol K amount (ng) as determined by dichlormethane extraction. The solid line indicates a significant

regression (y = 12.191 *
x; r = 0.59, n = 43, p < 0.001).

The same concentrations were used for (Z2)-methyl 3-methyldodecenoate, although the

actual concentration in stromata is unknown. As both substances have a similar molecular

weight, approximate molarities of the treatments calculated for 20 ml of agar were: 0.014

mM, 0.023 mM and 0.045 mM. Each treatment was repeated four times by adding 100 u.1

of the synthetic compound in dichlormethane in the middle of the plate and streaking out

evenly over the agar surface with a sterilised glass rod. Plates treated with 100 u.1 of

dichlormethane only served as control. Prior to applying the test spore solutions, plates

were incubated for 1 hour at room temperature to allow the solvent to evaporate.

Subsequently, 100 u.1 of a 1500 spores ml"1 spore solutions of test fungi were applied and

streaked out using a sterilised glass rod. Plates were sealed with two layers of parafilm

and incubated at room temperature. Toxicity was assessed by eye counting germinated
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conidiospores after two to three days (depending on the isolate). After six days we

reassessed a subsample to test for possible delayed germination and to confirm the quality

of the colony counting. For Clonostachys sp., the size of ten randomly chosen colonies

per petri-dish was determined by using the image analysis software Assess (Lamari,

2002). As germination rates fluctuated among the isolates tested, we calculated the

normalized response, expressed as germinated conidia relative to germination of the

respective fungal strains on control agar plates containing only dichlormethane.

Sampling of volatiles from Epichloë cultures

Epichloë isolates E. clarkii (9401), E. festucae (9267), E. bromicola (9632) and E.

sylvatica (bsS2) grown on PDA agar were sampled using the volatile headspace sampling

method (described below). As no chokol K was detected from 9267 and 9632 and no

(Z2)-methyl 3-methyldodecenoate from any isolate tested, we selected isolates 9401 and

9267 and sampled them on seven defined and two complex media using SPME (Solid-

phase micro-extraction) method (see below). The basal medium was prepared as

described in Blankenship et al. (2001) and supplemented either with ornithine as the N-

source and one of the following C-sources each: D-fructose, D-glucose, D-mannose and

D-sucrose; or D-glucose as the C-source and one of the following N-sources each:

arginine, asparagine and urea. The amount of the N-sources were adjusted to give a final

concentration of 40 mM of N-atoms, and the C-sources to yield a final concentration of

150 mM of C-atoms. The two complex media tested were: PDA and yeast sucrose agar

(yeast extract, 20 g L4 D-sucrose, 10 g L"1, agar, 15 g L"1).

Quantification of Epichloë volatiles

Extracts

In total 44 E, sylvatica stromata from nine genotypes (9701, 9702, 9703, 9704, 9705,

bsD2, bsS2, bsS5, bsS6), six stromata from one E. clarkii genotype (9401) and five

stromata from one E. festucae genotype (9267) were sampled and extracted each in 100

ul dichlormethane for one minute. After extraction, samples were stored in amber glass

vials at- 20 °C.
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Headspace

For headspace sampling (Schiestl & Marion-Poll, 2002), stroma bearing tillers from B.

sylvaticum (bsS5), E. clarkii (9401), E. bromicola (9630) and F. rubra (9267) were

covered with polyethylene terephtalate oven bags (Nalo®, Kalle GmbH, Germany) and

air was pulled out of the bags by a vacuum pump (SCK Inc.) at a rate of approximately

Î00 ml/min. Volatiles were trapped on custom-made micropipette filters containing 5 mg

of Porapak Q (Salzmann, Brown & Schiestl, 2006). Prior to sampling, the Porapak Q

adsorbent was cleaned with 100 u.1 of dichlormethane and lOOul of hexane. Blank air

samples were collected to control for background contaminants. After a sampling period

of 24 hours, adsorbed volatiles were eluted from Porapak Q with 50 u.1 of a mixture of

hexane:acetone (9:1) (Merck, Uvasol).

SPME (solid-phase micro-extraction)

For sampling of actively growing Epichîoë cultures on agar plates, SPME sampling

proved to be a more reliable and sensitive system. The fibre material used was 75

Carboxen on polydimethylsiloxane on a stable flex fibre (Supelco). The syringe was

placed through a small hole drilled in the side of the Petri plate and exposed to the

headspace for 1 hour. Before each headspace sampling the fibre was conditioned at 250

°C for 15 min under a flow of hydrogen.

Chemical analysis

Before gas chromatography (GC) analysis 100 ng of n-octadecane were added to the

extracts and headspace samplings to calculate absolute amounts using the internal

standard method (Schomburg, 1990). One ^1 of each sample was injected splitless into a

gas Chromatograph (Agilent 6890N) equipped with a HP5 column (5 %-phenyl-

metylpolysiloxne, 30 m x 0.32 mm 0 x 0.25 \xm film thickness) and a flame ionisation

detector (FID). The oven was temperature programmed as follows: 50 °C for 1 min, then

increasing to 300 °C at 10 °C min"' with a final hold of 10 min at 300 °C. The carrier gas

was hydrogen, and the GC was operated at constant flow (2 ml min-1). Data acquisition

and data analysis were done using the Agilent Chemstation software package (Agilent
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Technologies). For SPME, the syringe was inserted into the gas Chromatograph for one

minute, with the settings as described above. For quantitative analysis of the SPME

samples, 200 ng of synthetic chokol K were injected into the GC and this peak area was

compared to the peak area after desorption from the SPME fibre.

Identification

Compounds were identified by retention time comparison with authentic standards and

confirmed by comparison of spectra obtained by gas chromatography-mass spectrometry

(HP G 1800 A, Hewlett Packard Inc., Palo Alto
, USA) with the same operating

conditions as described above.

Statistical analyses

The homogeneity of variances of data was tested using Levene's test. To approximate

normal distribution of residuals, data was transformed. If no appropriate transformation

could be found, data were analysed using nonparametric tests (Kruskal-Wallis test,

Wilcoxon rank sum test). Linear regression was applied to assess the relationship of

extractable chokol K and the circumferential stroma surface. Effects of chokol K and

(Z2)-methyi 3-methyldodecenoate on spore germination of tested isolates was tested

using a two-way nested ANOVA with fungus species, fungal group (mycoparasites,

pathogens and Epichloë isolates) and concentration of compounds as factors. The fungus

species was treated as random and was nested within fungal group. All statistical analyses

were done using R (R Development Core Team, 2005).
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Results

Identification of mycoparasitic fungi

Two different mycoparasites were found on Epichloë stromata. Based on morphology

and molecular sequences data, one was referred to Clonostachys sp., an anamorph of

Bionectria that is reported from several fungal hosts including Epichloë (Schroers, 2001).

Clonostachys sp. can locally be quite common mostly on older stromata, but the

teleomorphic state of this species has never been observed in Europe. The second

mycoparasite is referred to Nodulisporium sp. based on its morphology (Ellis, 1971 ; Ellis,

1976).

In vitro production of the volatiles

For quantification of chokol K and (Z2)-methyl 3-methyldodecenoate, four Epichloë

species differing in the production of these compounds under natural conditions were

chosen. E. sylvatica infecting Brachypodium sylvaticum and E. clarkii infecting Holcus

lanatus belong to a group of strong chokol K producing genotypes, E. bromicola shows

low production, whereas E.festucae infecting Festitca rubra mainly emits (Z2)-methyî 3-

methyldodecenoate (thesis, chapter I).

The mean amount of chokol K determined by dichlormethane extraction per

stroma was larger in E. sylvatica (n = 43) than in E. clarkii (n = 6) (Table 1) (t-test, t =

2.594, df = 25.062, p
= 0.016), although stroma circumferential surface was smaller in E.

sylvatica compared to E. clarkii (t~test, t = - 4.84, df = 5.60, p = 0.0035). In E. sylvatica a

significant linear relationship could be established between extractable chokol K per

stroma and circumferential stroma surface (Figure 1). In the solvent extracts of E.

festucae stromata and E. bromicola no chokol K was detected. (Z2)-methyi 3-

methyldodecenoate was not detected in the extracts of any of the four Epichloë species

tested.

The mean chokol K production per stroma as determined by headspace was

significantly different between the Epichloë species (Kruskal -Wallis, y^ = 13.10, df = 3,

p
= 0.004). The highest production was measured in E. sylvatica, followed by E.clarkii

(Table 1).
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ECOLOGICAL ROLE OF VOLATILES IN EPICHLOE

Only traces of chokol K were detected in E. bromicola and E. festucae. For E. sylvatica

and E. clarkii, the amount of chokol K as determined by headspace was about five times

lower than the solvent extractable amount. Therefore, approximately every 3-5 hours the

solvent extractable amount may be renewed. A converse pattern was observed for (Z2)-

methyl 3-methyldodecenoate production in the headspace. The production was

significantly higher from E. festucae stromata than from E. sylvatica, E. clarkii and E.

bromicola (Table 1) (Kruskal-Wallis, %2 = 16.58, df = 3, p = 0.0008).

In culture production of the volatiles

Using the headspace following filter elution method, in vitro volatile production of four

Epichîoë isolates was measured in pure cultures. While chokol K was detected in the

headspace of E. clarkii and E. sylvatica, no chokol K could be measured in the respective

headspace of E. festucae and E. bromicola (Table 1). SPME measurements of E. clarkii

and E. festucae headspace on two complex media and seven defined media confirmed

these result in that chokol K was detected only in E. clarkii. In E. clarkii, ANCOVA

revealed a significant effect of medium on chokol K production, the covariable colony

area had no significant effect on the production (one-way ANCOVA, Fs,3 = 13.57, p <

0.0001, data not shown). Highest production was measured on PDA agar (22.45 ng/hour,

SEM = 4.57 ng/hour, n = 3) and lowest amounts were emitted from the ornithine -

mannose defined medium (2.21 ng/hour, SEM = 0.25 ng/hour, n = 3). No (Z2)-methyl 3-

methyldodecenoate was detected in all four tested isolates. Again, results from E. clarkii

and E. festucae were consistent with the two different sampling techniques .

Toxicity tests

Synthetic choko! K significantly reduced spore germination of all fungi tested relative to

the control when added in the highest concentration (200 ug) to agar plates (Table 2,

Figure 2a). At lower concentrations, reaction differed among tested fungal isolates

including mycoparasites, plant pathogenic fungi and Epichîoë isolates. Nodulisporium sp.

was most sensitive as concentrations of 60 ug already reduced the germination of

conidiospores significantly. Spore germination of Clonostachys sp., E. clarkii and E.

bromicola was slightly increased at 60 ^g and 100 u,g compared to the control. The other
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isolates were not affected at lower concentrations of chokoî K. In an ANOVA,

significant differences between the tested fungal isolates were found (Table 2).

Average size of colonies grown from germinating spores were generally smaller

on chokol K amended media compared to the control (data not shown). Particularly,

e
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Figure 2. Normalized response of mycoparasites (Clonostachys sp. and NoduUsporium sp.), plant
pathogenic fungi (S. nodorum and M. graminicola) and Epichloë (E bromicola and E. clarkii) isolates to

increasing concentrations of chokol K (a) and (Z2)-methyl 3-methyldodecenoate (b), respectively (for
illustrative reasons jitter was added to the measuring points at each concentration level).

Table 2. Summary of ANOVA for the effects of compound (chokol K and (Z2)-methyl 3-

methyldodecenoate), fungal species (Clonostachys sp., NoduUsporium sp., S. nodorum, M. graminicola,
E. clarkii and E. bromicola) and fungal group (hyperparasites, pathogens and Epichloë isolates) on

conidospore germination.

Chokol K
(Z2) -methyl 3-

methyldodecenoate
Source df MS F P MS F P

Compound 3 11476 53.34 <0.0001 187 1.07 0.36

Fungal group 2 80 0.06 0.94 1767 2.53 0.23

Fungal species 3 1383 6.43 0.0006 696 4.01 0.010

Compound x Fungal group 6 316 1.68 0.14 580 3.34 0.006

error 80 215 173

Significant values are in bold type
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for the mycoparasitic Clonostachys sp., where precise measurements were taken, colony

sizes at 100 \ag chokol K were significantly reduced (one-way ANOVA, F 2, 4
= 7.76, P =

0.011, Table 3), although spore germination at this concentration was not affected.

(Z2)-methyl 3-methyldodecenoate had no negative effect on spore germination.

Significant interactions between fungal isolate and (Z2)-methyI 3-methyldodecenoate

treatment were found (Table 2). They can be attributed to the considerable variation in

spore germination of M. graminicola among the different concentration treatments

(Figure 2b).

Table 3. Mean colony size (cm") of germinated

conidiospores three days after chokol K treatment at (0 ug,

60 \ig and 100 \xg per plate). Measurements are based on

ten colonies per replicate (n = 4). Levels followed by the

same letter are not significantly different based on

pairwise comparisons using Bonferroni correction.

Mean ± SEM

Chokol K cm2

control

60 ^g

100 ug

0.037

0.025

0.008

a

ab

b

± 0.009

± 0.002

± 0.002

Evaporation measurements of synthetic chokol K and (Z2)-methyl 3-

methyldodecenoate from agar

The evaporation pattern from the agar medium was measured for synthetic chokol K and

(Z2)-methyl 3-methyldodecenoate. We sampled the evaporation at day 1, 2, 3, 5,1,9, 11

and 18 after the application of 100 u,g of synthetic chokol K and at day 1, 2, 3, 5 and 7

after addition of synthetic (Z2)-methyl 3-methyldodecenoate. In both cases, the

headspace in the petri dish was sampled using SPME (Figure 3). Sampling and analysis

procedures were as described above.
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ChotioS K j
-&- (22)-metbyl 3-metMyldodecenoate i

* m

10

Day

Figure 3. Measurements from 100 ug synthetic chokol K (dotted line) and (Z2)-methyl 3-

methyldodecenoate (solid line) added to a potato dextrose agar (PDA) petri dish. Evaporation
followed closely a negative exponential growth curve (chokol K: y

= 70.69e~°156* *; (Z2)-methyl

3-methyldodecenoate: y = 685e~0968* *). Data are hased on repeated Solid Phase Micro Extraction

(SPME) measurements of petri dish headspace.

Discussion

Bioassays of this study showed that chokol K can reduce spore germination and growth

of tested fungi, at least at the highest, ecologically relevant concentration. In contrast,

(Z2)-methyl 3-methyldodecenoate did not negatively affect spore germination. Moreover,

chokol K was detected in the headspace of Epichïoë in vitro cultures on complex and

defined media confirming the fungal origin of this volatile, whereas (Z2)-methyl 3-

methyldodecenoate was not found in culture.
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Toxicity bioassay

Concentrations of volatiles used in our toxicity tests were converted from in vivo

measurements in four Epichloë species based on headspace and solvent extraction

techniques, and thus are believed to conform to actual, ecologically relevant

concentrations in the stromata. For chokol K, a concentration of 200 u.g per agar plate,

and in some cases even 60 ug, was sufficient to diminish spore germination of a range of

fungi including mycoparasites and plant pathogens. Previous studies have also

investigated toxic effects of chokol K and other secondary metabolites of Epichloë, but

used different fungi and unrealistically high concentrations (Koshino et al, 1987;

Koshino et al, 1989a; Yue et al, 2000). Koshino et al. (1989) assessed the toxic effect of

chokol K on Cladosporium phlei, an opportunistic grass pathogen, by applying a spore

suspension directly onto the resolved fraction of chokol K on a TLC-plate. Although this

technique is suitable for screening purposes in the search for new bioactive substances,

results are difficult to interpret biologically as concentrations of active compounds are

arbitrary. Nevertheless, our findings are consistent with those of Koshino et al. (1989),

but show that chokol K has a much wider antimicrobial activity against distantly related

fungi.

(Z2)-methyl 3-methyldodecenoate, a newly discovered natural compound (thesis,

chapter I) did not have an antimicrobial effect on the fungi tested in this study. On the

contrary, at a concentration of 200 ^g per plate spore germination was even stimulated in

the two plant pathogenic fungi compared to the control. Possibly, (Z2)-methyl 3-

methyldodecenoate was used as a food resource, or shares characteristics with substances

stimulating spore germination of plant pathogens.

Mycoparasites

The two fungi isolated from Epichloë stromata were considered mycoparasites, because

they apparently live and sporulate on stroma tissue. The one referred to Clonostachys sp.

appears to be a specialised mycoparasite of Epichloë and has previously been reported

from E. typhina in Japan and America (Schroers, 2001), whereas Nodulisporium sp. may

be opportunistic and its occurrence on Epichloë accidental. The genus Nodulisporium

comprises saprophytic and endophytic species, and to our knowledge, no association of
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Nodulisporium with Epichloë or other fungi is reported in the literature. Differences in

sensitivity to chokol K of the two species may be explained by their different incidence

and degree of specificity. The more tolerant Clonostachys sp. may have experienced

selection pressure for increased tolerance through repeated exposure to Epichloë defence

compounds.

Self-toxicity

An unexpected finding of our study was the self-toxicity in bioassays with Epichloë

isolates. Gametic spores, at least those of E. clarkii which produces high amounts of

chokol K, should have been selected for chokol K tolerance. Canals et al. (2005) reported

self-toxicity in the annual grass Lolium rigidum, where plant extracts adversely affected

germination and seedling growth of conspecific individuals. Furthermore, germination

was increased at high plant densities compared to low densities, which was interpreted as

dilution of the negative effect through sharing of the toxic compounds among

germinating plantlets. In our toxicity bioassay, we kept the number of applied spores low

to facilitate the scoring. However, the amount of spores deposited by Botanophila flies

can be considerably larger, with up to 80'000 spores per ml present in the fly faeces

(Steinebrunner, pers. observation). Although, our study did not investigate density

dependent spore germination, it would be interesting to test whether similar effects as

seen in allelopathic plant studies could be valid for Epichloë germination on stromata,

too. If so, self-toxic effects might be smaller under field conditions when large amounts

of Epichloë spores are deposited.

An alternative explanation is that the addition of 200 [ig chokol K per plate might

have been unrealisticaily high and, therefore, self-toxicity was observed. Our results

indicate that at a chokol K concentration of 100 ug per plate spores of Epichloë isolates

and the specialised mycoparasite Clonostachys sp. germinated slightly better than the

majority of the other tested isolates that may be less adapted. Even though differences in

germination are small, they could be decisive to gain a competitive advantage when

spreading over the stroma surface Thus, the 100 ug chokol K treatment may correspond

best to actual concentrations found on the stromata of e.g. E. clarkii.
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Numerous other fungitoxic substances of different chemical classes have been

reported from Epichîoë (Koshino et al, 1992; Yue et al, 2000; Seto et al, 2005),

therefore, chokol K might only be one element in the defence system. In Muscodor albus,

an endophyte from Cinnamomum zeylanicum, the number of volatiles produced and the

toxicity against test organisms was greatly increased when tested on rich growth media,

while under nutrient poor conditions the complexity of the volatile blend as well as the

suppressive capacity were reduced, suggesting that synergism between individual

compounds is important (Ezra & Strobel, 2003). Although, we have not investigated

synergistic effects, we suggest that a similar scenario could apply to Epichîoë as well, and

that protection against contaminating parasites is far greater under field conditions than

results of our bioassays imply using the single compound chokol K.

In vitro tests

Epichîoë isolates were grown in pure culture on defined and complex media to assess

whether volatiles are of fungal origin with genes for their production encoded in the

genome of Epichîoë. Half of the tested Epichîoë cultures produced detectable amounts of

chokol K on complex media. This indicates that at least some Epichîoë species possess

the biosynthetic capacity to produce chokol K without precursor substances from the host

plant. However, in chokol K producing species the amount of chokol K was considerably

larger in the in vivo system. This might be attributed to either missing stimuli from the

host plant in vitro, or to the presence of precursory substances of plant origin in vivo

promoting volatile production. This observation would merit further investigation.

In contrast, we did not detect (Z2)-methyl 3-methyldodecenoate emission with

either of the sampling methods and on any media tested. Although our data cannot

definitively reject the possibility of fungal origin of this substance, we think it is likely

that for the production of (Z2)-methyl 3-methyldodecenoate host stimuli or precursor

metabolites are needed.

Evolutionary scenario

By analogy with volatile evolution scenarios in angiosperm - pollinator relationships, it

has been hypothesised that the primary role of chokol K might have been antimicrobial,
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and that this compound secondarily became involved in Botanophila "pollinator"

attraction (Schiestl et al, 2006). The present study supports this hypothesis. We

demonstrated that chokol K has a fungitoxic effect at ecologically relevant concentrations

and that chokol K production is intrinsic to Epichloë. In fact, cyclonerodiol, a chemically

related sesquiterpene that likely originates from the same biochemical pathway (Yue et

al, 2000) is found in different fungi (Nozoe, Goi & Morisaki, 1970; Cross, Markwell &

Stewart, 1971; Hanson, Hitchcock & Nyfeler, 1975; Ghisalberti & Rowland, 1993). This

may suggest that at least part of the chokol K producing pathway is ancestral to fungi. In

a second step of the evolutionary scenario, Botanophila spp. closely related to flower

visiting species (Vitou et al, 2001) or other grass feeding Anthomyiidae (Väre & Itämies,

1995) started to also exploit the fungal tissue and may then have been selected for

detecting Epichloë volatiles. Interestingly, a Botanophila sp. whose larvae live inside the

grass stem very early on and thus may represent the transitional stage from a purely plant-

associated to fungus-associated species was most basal in the phylogenetic tree of

Epichloë associated Botanophila (Leuchtmann, 2007).

Conclusions

We conclude that volatile secondary metabolites emitted from Epichloë stromata differ in

their fungitoxic effect at ecologically meaningful concentration levels. Furthermore,

based on production in vitro on defined media, we suggest that chokol K but not (Z2)-

methyl 3-methyldodecenoate is genetically encoded in Epichloë. In the case of chokol K,

constraints in the production exist as evidenced by self-toxicity or incomplete protection.

Further research is needed to evaluate the magnitude of endogenous (host plant) and

exogenous {Botanophila, parasites) effects on Epichloë volatile production. In addition,

the local mycoparasite abundance, their distribution within natural Epichloë populations

and the possible role of Botanophila flies in inoculum transmission, as well as possible

synergistic mechanisms between the two discovered antimicrobial compounds of

Epichloë await further investigation.
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Abstract

1. It is becoming increasingly clear that odour is a key trait for pollinator attraction.

Studies on pollinator - plant interactions have investigated odour evolution in the light of

pollinator selection, but also have stressed the importance of the phylognetic history for

the interpretation of given odour profiles. However, only little solid information is

available regarding odour in fungus - insect interactions. We investigated relationships

between odour and phylogeny in the unique association of Epichloë fungi and their

obligate "pollinating" Botanophila flies.

2. We collected headspace samples from six European Epichloë species including various

host races, and from different locations in Switzerland. We conducted GC analyses of

three Epichloë emitted volatiles, of which two are proven Botanophila attractants. The
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hierarchical information in the odour profiles was compared with the fungal phylogeny

based on DNA sequences.

3. We found considerable quantitative differences among the Epichloë species and host

races. However, odour profiles of different species overlapped and unique profiles were

rare. Yet, abundant production of a particular compound (chokol K) was restricted to one

clade only suggesting some congruence between odour signals and the phylogenetic

structure oîEpichloë species.

4. Our results suggest that phylogenetic history is an important factor for understanding

odour profiles in Epichloë. However, it is hypothesised that odour variation in Epichloë

may also be influenced by the grass host and by Botanophila gametic vector- mediated

selection and/or Epichloë mycoparasites.

Keywords: chokol K, (Z2)-methyl 3-methyldodecenoate, odour communication,

Botanophila, Epichloë endophytes.

Introduction

Odour is a key component of many sessile organisms to communicate with other

organisms of the ecosystem. Odour may be important in attracting insects for dispersal or

pollination by eliciting searching, alighting and feeding alone or in concert with visual

stimuli (Plepys et al, 2002; Knudsen, 2002). Even though pollinator attraction is viewed

as the primary function of odour, other functions including plant defence or protection

against abiotic stresses have been documented (Dudareva et al, 2006; Pellmyr & Thien,

1986). While odour has received much attention in angiosperms, only few studies

focused on odours of fungi, and even fewer on the role of odour in fungal - insect

interactions (Raguso & Roy, 1998; Hedlund, Bengtsson & Rundgren, 1995; Guevara,

Rayner & Reynolds, 2000). More recently, the biological function of volatiles for sexual

reproduction ofEpichloë fungi has been unravelled (Schiestl et al, 2006; thesis, chapter

I)
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Epichloe fungi are endophytes of pooid grasses with whom they form

constitutive, life long symbioses. While infection is symptomless during vegetative

growth of the host, at flowering stage, the fungus produces external fruiting structures

(stromata) on grass inflorescences. Epichloë is self-incompatible and has to be fertilized

by the opposite mating type for sexual reproduction. Gametes (spermatia) are transferred

by specialized flies of the genus Botanophila that feed and develop on fungal stromata

(Bultman et ah, 1995). Immediately after oviposition the flies actively fertilize the stroma

which involves spreading of faeces containing viable spermatia over the stroma surface

(Bultman et al, 1998). F'or Epichloë, cross fertilization is indispensable for the formation

of sexual ascospores that are wind dispersed and may contagiously infect new host

grasses. On the other hand, Botanophila larvae develop on the stroma and rely on the

growing fungal tissue as food source. In general, the Epichloë - Botanophila association

is a balanced mutualism as overexploitation by Botanophila larvae does not occur

(Bultman et al, 2000). However, if the conditions are conducive the mutualism may be

disrupted to an interaction of simple foraging by fly larvae (Rao & Baumann, 2004).

The phylogeny of genus Epichloë is well established based on multiple gene

sequences (Schardl et al, 1997; Craven et al, 2001). Epichloë comprises ten species

which have been identified as distinct mating populations with one exception (Schardl et

al, 1997). These species differ in their host range and are restricted to either Eurasia or

North America, following the native distribution of the host grasses (Leuchtmann, 2003).

A recent study oî Epichloë associated Botanophila revealed that at least six distinct taxa

are involved in gamete transfer in Europe and North American (Leuchtmann, 2007).

While phylogenetic analyses indicated that seven Epichloë species coevolved by common

descent with their grass hosts (Schardl et al, 1997), comparison of molecular

phylogenetic relationships of Botanophila with the associated Epichloë hosts did not

suggest co-evoiution of fungus and fly (with one exception) (Leuchtmann, 2007).

Odour communication between Epichloë and the Botanophila flies is based on a

relatively simple mechanism that involves two system specific volatiles, namely chokol

K and (Z2)-methyl 3-methyldodecenoate (Schiestl et al, 2006; thesis, chapter I). These

compounds are assumed to be key traits responsible for Botanophila attraction and are

therefore likely adaptive for Epichloë and possibly also for Botanophila flies. In addition,
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chokol K is fungitoxic (Koshino et ai, 1989) and reduces spore germination of Epichloë

mycoparasitic fungi (thesis, chapter II). Thus, the production of chokol K and (Z2)-

methyl 3-methyldodecenoate in Epichloë may be the result of complex selection

pressures.

In plant-insect interactions odour profiles are often species specific (Grison-Pige

et al, 2002; Levin, Raguso & McDade, 2001; Knudsen et al, 2006), which potentially

enables the pollinators to recognize a particular plant species. Likewise, in our Epichloë

system species-specific odour profiles may allow for specific Botanophila attraction and,

thus, could maximize successful cross-fertilization. Differences in the production of

chokoi K and (Z2)-methyI 3-methyldodecenoate among three investigated Epichloë

species were reported (thesis, chapter I). However, from the Botanophila side there is

little empirical evidence for species fidelity. With one exception, larval catches from

stromata indicate that Botanophila species are typically associated with several Epichloë

species (Leuchtmann, 2007). Similarly, a common Botanophila species did not

differentiate between synthetic odour morphs of traps imitating different Epichloë species

and visited all traps at equal rates (thesis, chapter I). On the other hand, an earlier study

that focused on gamete mixtures in the fly faeces, suggested that flies predominantly

visited one host while visiting others less frequently (Bultman & Leuchtmann, 2003).

Therefore, Botanophila flies may display "flower" constancy, a tendency to visit stromata

of one species sequentially while ignoring suitable stromata of another Epichloë species.

A given odour profile may not only be viewed as result of the selective biotic

forces acting on its producer. It could either simply be a by-product of metabolic

processes or may have remained although the adaptive context has changed (Levin,

McDade & Raguso, 2003; Raguso et al, 2003). Therefore, interpretation of odour

profiles should be made in a phylogenetic context. A further complication in studying

odour in endophytic Epichloë is that odour production may be modified by the host grass,

the Epichloë genotype and/or the interaction of the two.

In the present study we examined Epichloë odour production on a species and

host race level. We relied on the analysis of stromata emitted, previously described

compounds using headspace sampling. The following questions were asked:
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1 ) Does the odour data contain a hierarchical signal? Could this data be used to

reconstruct phylogenetic relationships?

2) How variable are odour profiles among Epichloë species? Are odour profiles

species specific? Is there evidence for fluctuations between years?

Our study is the first describing variation of insect attracting odour in endophytic fungi

and offering insight into phylogenetic patterns of odour production on a genus wide scale.

Materials and methods

Study taxa and sampling

For odour collection we used potted Epichloë infected plants, which originated from

various locations in Switzerland and France and had been maintained for up to 14 years

in an experimental garden. In total, 93 genetically distinct host plant - endophyte

associations were included in the study (Table 1).

To induce stromata formation, plants were vernalized outside at an experimental

garden in Zurich, Switzerland. The following spring plants were monitored daily and

upon stroma emergence plants were moved into the laboratory and the odour emitted

from the stromata was sampled using headspace sorption within the first three days after

emergence. Sequential measurements on stromata from E. typhina on Phleum pratense at

day 1, 3, 6, 10, 13, 15, 20 and 23 after stromata emergence demonstrated that odour

production did not significantly decrease within the first three days (Figure 1). Therefore,

sampling within this three day period provided an accurate measure for maximum odour

production. To estimate consistency of odour emission between years, odour from a

representative subsample of 15 Epichloë genotypes from seven host grasses was sampled

in two consecutive years (2005 and 2006).
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Figure 1. Scatterplot of repeated headspace measurements on E. typhina on Ph. pratense {Et- Php) at day

1, 3, 6, 10, 13, 15,20 and 23 after stromata emergence.

Odour collection of Epichloë infected plants

To collect volatile compounds, stromata bearing tillers were covered individually with

polyethylene terephtalate bags (Nalo®, Kalle GmbH, Germany) and the air filled with

volatiles was pumped through custom-made Porapak Q (Mesh size 80/100, Alltech

Associates Inc., USA) containing micropipette filters (Waelti et al., unpublished) via a

pocket vacuum pump (SCK Inc.). The pump was operated at a rate of approximately 100

ml/min (Salzmann, Brown & Schiestl, 2006). If possible, at least two to four tillers per

plant were sampled, however, from some host plants only one generative tiller with

stroma emerged. Prior to sampling the Porapak Q was cleaned with lOOfxl of

dichlormefhane and lOO^il of hexane. Blanks were included to check for background

contaminants. After a sampling period of 24 hours, adsorbed volatiles were eluted from

Porapak Q with 50 ^1 of a mixture of hexane:acetone (9:1) (Merck, Uvasol). Samples

were sealed in glass vials and stored at - 20 °C.
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Quantitative GC analyses and GC-Mass spectrometry

For quantitative analysis, 100 ng of n- octadecane was added to all samples as an internal

standard. One ul of each sample was injected splitless into a gas Chromatograph (Agilent

6890N) equipped with a HP5 column (5 %-Phenyl-metylpolysiloxne, 30m x 0.32mm 0 x

0.2 5um film thickness) and a flame ionisation detector (FID). The column was

temperature programmed as follows: 50 °C for 1 min, then increasing to 300 °C at 10 °C

min"1 with a final hold of 10 min at 300 °C. The carrier gas was hydrogen (Carbagas,

local distributor). The hydrogen pressure was ramped with the temperature ramp of the

oven to ensure a constant carrier gas flow velocity during the run. Data acquisition and

data analysis were done using the Agilent Chemstation software package (Agilent

Technologies, Palo Alto, USA).

Compounds were identified by retention time comparison with authentic

standards. Identification of unknown compounds was done using GC/MS (HP G 1800 A,

Hewlett Packard Inc., Palo Alto
, USA) with the operating conditions as described above,

following tentative identification of the mass spectra on the basis of the NIST database

information. The internal standard method proposed by Schomburg was used to calculate

the absolute amounts (Schomburg, 1990).

Odour collection from Epichîoë culture in vitro

Petri dishes with two weeks old Epichîoë colonies growing on Potato Dextrose Agar

(PDA) were placed in polyethylene terephtalate bags (Nalo®, Kalle GmbH, Germany).

Then the cover was lifted and the air space above the growing Epichîoë cultures inside

the bag was sampled. Sampling procedure and analysis were as described above.

Phylogeny of odour profiles

A phylogenetic tree based on variations of intron sequences of ß-tubulin {tub!) of

representative strains of European Epichîoë species was constructed. The sequences were

retrieved from GenBank (National Center for Biotechnology Information, Bethesda, MD,

USA; http://www.ncbi.nlm.nih.gov/) and are published in Craven et al. (2001) with one

exception. E. typhina from P. distam {Et - Pd) was newly sequenced in the course of this
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study. We analysed aligned sequences with PAUP M.OblO (Swofford, 2003) employing

maximum likelihood (ML) and maximum parsimony analyses. ModelTest v.3.7 (Posada

& Crandall, 1998) was used to select the best fitting model (K80+G) for general time

reversible ML analysis using the TBR branch swapping algorithm. We mapped odour

profiles from in vitro and in vivo results (chokol K, (Z2)-methyl 3-methyldodeceonate

and methyl 2,4,6-trimethylundecanoate) into the ML phylogenetic tree. The tree was

rooted with the American E. brachyelytri (Ebr - Bre) as outgroup taxon.

Statistical analysis

For comparisons among Epichloë species and host races we used relative amounts of the

odour compounds. Relative values were calculated by dividing the amount of each single

compound by the sum of all other compounds in the headspace (excluding solvent peak).

The homogeneity of variances of data was tested using Levene's test. If no adequate

transformation could be found, data were analysed using the nonparametric Kruskal-

Wallis test. Principal component analysis based on the three investigated compounds was

used to illustrate the relationship of the species. Sequential odour emission measurements

in E. typhina from Ph. pratense {Et - Php) were analysed using a one-way ANOVA

based on log-transformed values. For comparisons of odour emission of selected

genotypes between years we calculated the 95 % confidence interval (C.I.: 95 %) based

on the differences of the means of the two years. If zero was included in the C.I. the

emission was not regarded as significantly different. The C.I. calculations were done

using the bootstrapping method "boot" from the R library (boot), and are based on lO'OOO

replicates. All statistical analyses were done using R (R Development Core Team, 2005).

Results

Epichloë volatiles

Odour studies in plant parasitic fungi are challenging as both, plant and fungus, must be

considered for the source of odour production. Consequently, the present study was

strictly based on compounds whose production is clearly confined to the stroma tissue,
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but could not be detected in the controls nor in samples taken on vegetative leaf tissue

(data not shown). These included two compounds that have already been shown to be

attractive for Botanophiîa flies and, thus, are biologically significant (chokol K and (Z2)-

methyl 3-methyldodeceonate; thesis, chapter I). A third compound tentatively named

methyl 2,4,6-trimethylundecanoate based on MS-spectrum comparison with the NIST

database, was abundantly emitted from stroma tissues of E. typhina on P. distans {Et -

Pd) from Poland, while from stromata of other species only traces were found (Table 2).

The production of chokol K was found to differ significantly among the Epichloë

species tested (Kruskal-Wallis test, x
= 40.86, df =5, p < 0.001). E. sylvatica {Es)

exhibited the highest production of this compound, with a mean of almost 60 % in the

headspace (Figure 2A; Table 2). In the other species the amount of chokol K varied from

23 % in E. ciarkii {Ec) to 10 % in E. typhina {Et). Only trace amounts (< 2 %) were

detected in E. baconii {Eba) and E. bromicola, while no chokol K was detected in E.

festucae {Ef).

Among the six host races of E. typhina chokol K production differed significantly

(Kruskal-Wallis test, x
= 15.29, df = 6, p

= 0.018). Relatively high chokol K emissions

were found from stromata of E. typhina on A. odoratum {Et -Ao) and on P. trivialis {Et -

Pt) with 29 % and 52 %, respectively (Figure 2B). Much lower emissions (< 2 %) were

measured for E. typhina on D. glomerata {Et - Dg), P. nermoralis {Et - Pn) and P.

pratensis {Et - Pp). The isolates of E. typhina on B. pinnatum {Et - Bp) were special with

regard to the chokol K production: five genotypes were strong chokol producers (49.74 %

±9.27 SEM, n = 5), while the other two genotypes produced only small amounts (0.041

%±0.01,n = 2).

A different pattern was found in the production of (Z2)-methyl 3-

methyldodeceonate. In E. festucae this compound was the dominant volatile produced

(almost 40 %), which was much more than in any Epichloë species (Kruskal-Wallis test,

%
= 24.68, df = 5, p < 0.001) (Figure 2A).
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% too -.

so -
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Cbokol K

Z-Me

Me - tri

All oiher compounds

u

E. typhina host races

Figure 2. Odour profiles of all Epichloë species (A) and host races (B) sampled using headspace. The bars

represent the relative proportion of compound within a group. A list to the species abbreviations is given in

Table 1

The production of the second methyl ester, methyl 2,4,6-trimethylundecanoate

significantly differed among the species (Kruskal-Wallis test, x
= 11-35, df =5, p

=

0.045). This substance was the main compound in E. typhina on P. distans {Et - Pd),

whereas in the other Epichloë species and E. typhina host races methyl 2,4,6-

trimethylundecanoate did not exceed 5 % ofthe total headspace.
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VARIATION OF INSECT ATTRACTING ODOUR IN EPICHLOE FUNGI

Principal component analysis (PCA) based on all three compounds (Figure 3)

found little differences among the species. Using this multivariate approach, the only

species that was clearly separated form the others was E. festucae. As can be seen from

the correlation vectors, stronger correlation existed between chokol K and each of the

methyl esters than between the methyl esters themselves. The greater length of the chokol

K vector compared to the other vectors indicates that this compound is the best

represented variable in the PCA.

100 200

{Z2}-methyl 3-methyldodecenoate

5§

jt.Qfl s
6 a—> Chokoi K

met hyi 2,4,6-t rImethyI undecenoate

n—

•0.4

—i—

02

—!—

0.4-0 2 00

Principal component 1

Figure 3. Comparison of stromata odour compounds chokol K, (Z2)-methyl 3-methyldodecenoate and

methyl 2,4,6 - trimethylundecanoate in Epichloë by a biplot (E. baconii {l),E. bromicoia (2), E. clarkii (3),

E. festucae (4), E. sylvatica (5), E. typhina (6)). The first two principal component analysis (PCA) factor

loadings of the analysed genotypes explaining 73 % of total variance are plotted. The correlation arrows

indicate the direction in which the proportion of a particular odour compound in the genotypes increases.

The angle between the arrows stands for the correlation of the odour variables which each other, while the

length of the arrows represents how well a particular compound is represented in the dataset
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Figure 4. The maximum likelihood tree (-In 1600.19) as determined by Paup using the K80+G model of

evolution. Numbers above the branches indicate substitutions per site, numbers below the branches are

posterior probabilities (based on 1000 bootstrap replications). Numbers at the final terminal positions
indicate the relative abundance (absent (0), < 1 % (1), 1 - 10 % (2), 10-30 % (3), 30 - 70 % (4), 70 % <

(5)) of a particular compound (chokol K (CK), (Z2)-methyl 3-methyldodecenoate (Z-Me) and methyl 2,4,6
- tnmethylundecanoate (Me-tri), unknown diterpenes (Dit)) found m the Epichloè (Eba - At: E baconii on

A tenuis; Eba - Cv: E. baconii on C. villosa: Eb - Be: E bronucola on B erectus; Ec - Hl: E clarkii; Ef-
Fr: E. festucae on F. rubra; Es - Bs: E syhatica on B syivaticum; Et - Ao: E typhina on A. odoratum; Et

- Dg: E typhina on D glomerata; Et - Bp: E typhina on B. pinnatum; Et - Php: E typhina on Ph

pratense; Et - Pn: E. typhina on P nemorahs; Et — Pp: E typhina on? pratensis; Et — Pt, E. typhina on P

triviaIis; Et - Pd: E. typhina on P. distans ) species and host races, respectively.The tree is rooted with the

American £ brachyeiytri (Ebr - Bre: E brachyelytri on Brachyletrum erectum) as outgroup taxon.
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Comparison between years

Odour profiles of 14 Epichîoë genotypes were evaluated in two consecutive years. Mean

year differences of odour emissions were not significantly different form zero at C.I. 95

% in the three compounds investigated (chokol K: - 4.8 % to 13.53 %; (Z2)-methyl 3-

methyldodeceonate: -4.5 % to 5.40 %; methyl 2,4,6-trimethylundecanoate: - 0.1 % to

0.22 %).

Epichîoë volatiles in vitro

In vitro headspace samples were scored for the three compounds: chokol K, (Z2)-methyl

3-methyldodeceonate and methyl 2,4,6-trimethylundecanoate. Of these compounds only

chokol K was detected from in vitro cultures (Table 2). These included cultures of E.

sylvatica (2 genotypes), E. clarkii (2) and E. typhina on A. odoratum (2), E. typhina on D.

glomerata (1), E. typhina on Ph. pratense (1), but not cultures of E. bromicola (2), E.

baconii (2) and E, festucae (2). In addition, many isolates that were found to produce

chokol K also produced a series of diterpenes (W. Boland, Jena, personal

communication) under in vitro conditions that we did not detect with the same method in

vivo. These diterpenes are yet unidentified and are further referred to as unknown

diterpenes.

Phylogenetic analysis of odour profiles

In the present study the maximum likelihood tree (-In 1600.1921) based on tub!

sequences of European Epichîoë species was rooted using E. brachyelytri as outgroup

taxon. According to Craven et al. (2001) the Epichîoë species may be grouped into two

major clades: the "main group of Epichîoë species" and the "E. typhina complex". Of the

European species included in this study, E. bromicola, E. baconii and E. festucae belong

to the main group, while E. typhina, E. clarkii and E. sylvatica are forming the E. typhina

complex. Within the E. typhina complex we designate the well supported upper subclade

(88 % bootstrap support) excluding the more basal E. typhina on P. nemoralis and P.

pratensis as "E. typhina top clade" (Figure 4).

Epichîoë genotypes producing more than 10 % of chokol K in the headspace were

only found in E. typhina top clade. E. typhina stromata on P. distance from Poland {Et -
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Pd) are exceptional as their odour profile was dominated by methyl 2,4,6-

trimethylundecanoate and, thus, differed from the chokol K dominated profile of the most

closely related E. typhina on A. odoratum {Et - Ao). In the Epichloë main group, E.

festucae takes an outstanding position characterized by a distinct, (Z2)-methyl 3-

methyldodeceonate dominated profile.

Discussion

In Epichloë endophytes factors involved in odour production are complex, as host grass

and endophyte genotype as well as the Botanophila vector, and even Epichloë

mycoparasites may influence odour profiles. The mapping of odour compounds into a

phylogenetic tree suggests that only one distinct clade is able to produce high amounts of

the volatile chokol K. Furthermore, Epichloë species and host races exhibited

considerable variation in the profiles of three investigated odour compounds. However,

observed profiles appeared not to be species specific in most cases, and showed high

intraspecific variation. Odour profiles remained constant between years suggesting that

observed variation is likely caused by endophyte and host genotypes, or their interaction.

The high variability observed among genotypes may be viewed in the light of

Thompson's geographical mosaic theory, which predicts different outcomes in species

interactions in different environments on a spatial scale.

Phylogenetic analysis ofodour profiles

Odour profiles (based on chokol K, (Z2)-methyl 3-methyldodeceonate and methyl 2,4,6-

trimethylundecanoate) of Epichloë species and host races showed some congruence with

their phylogenetic relationships. Generally, Epichloë - grass associations in the E.

typhina top clade produced more than 10 % of chokol K (Figure 4), suggesting that

chokol K production was favoured early in the speciation of E. typhina. However, weak

and strong producers of chokol K were sometimes found in different genotypes within the

same association (e.g. E. typhina on B. pinnatum), and as an exception E, typhina on P.

distans {Et - Pd) was a weak producer. Therefore, a phylogeny based on odour alone
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would result in a different tree topology. Incongruence between odour phenotypes and the

genetic relationship of the producer has been reported for various plants (Barkman, 2001 ;

Wiiliams & Whitten, 1999; Levin et ai, 2003). It was argued that environmental

variation, adaptation to pollinators and biosynthetic interrelation of compounds would

make it difficult to use odour as a character for phylogenetic inference (Levin et al,

2003). Our study did not put the emphasis on validating odour characters for

phylogenetic tree reconstruction, but on combining molecular and odour information to

locate possible evolutionary key events in the phylogeny of Epichloë. Such an event may

have occurred at the basis of the E. typhina top clade, after branching off from the more

basal E. typhina host races (Et - Pp, Et - Pn), with the ability to produce high amounts of

chokol K. In line with this hypothesis, no or low chokol K production was observed in

the more basal Epichloë main group (E, baconii, E. bromicola, E. festucae), although

these species share host grasses from the same tribes (Avenae, Poaceae).

In vitro studies may be useful to dissect fungus and plant influences on the

secondary metabolite production. Our study showed that chokol K, but not the methyl

esters, were produced under in vitro conditions (Table 2). These findings confirm results

from an earlier study, which suggested that chokol K production was genetically encoded

in Epichloë, but that for methyl ester production precursory substances of plant origin

may be needed (thesis, chapter II). More importantly, the in vitro data suggests that

chokol K production may also be under host influence. In pure culture when host

influences are eliminated, chokol K was only detected in species of E. typhina complex,

but completely absent in the Epichloë main clade supporting the idea that a genetic

change in chokol K biosynthesis may have occurred at the node separating the E. typhina

complex from the Epichloë main group. A phylogeny based on genes involved in the

biosynthetic pathways of odour compounds would be necessary to confirm this

hypothesis.

Intraspecific variation, host versus endophyte effects

Intraspecific variation was found to be high within E. typhina, where chokol K and

methyl 2,4,6-trimethylundecanoat varied between host races from less than 1 % to over

50 %. Variation of other secondary metabolites has been investigated in Neotyphodium
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endophytes that are closely related to the Epichloë species studied here. These

investigations suggest that the level of toxic alkaloids is largely influenced by the

endophyte genotype (Siegel et al, 1990; Leuchtmann, Schmidt & Bush, 2000) and to a

smaller extend by the host genotype or environmental factors (Agee & Hill, 1994; Easton

et al, 2002; Siegel et al, 1990). However, in certain host endophyte associations the host

grass has been shown to modify alkaloid production significantly as illustrated in a study

comparing endophyte haplotypes in different host genotypes (Faeth, Bush & Sullivan,

2002). Although we cannot differentiate in the present study between endophyte and host

genotype effects (or their interaction) on the production of the investigated odour

compounds, between year analysis suggests that environmental factors may not play a

dominant role. Only very small differences in the production of chokol K and (22)-

methyl 3-methyldodeceonate were measured between the years, while overall levels

remained constant.

Evolution ofodourprofiles

Several studies have assessed variability of flower odours among plant species and

investigated the use of odour profiles for drawing species boundaries (Huber et al, 2005;

Raguso et al, 2003; Levin et al, 2003; Azuma et al, 1997; Williams et al, 1999). While

some of these studies found that each species had its own unique odour profile (Huber et

al, 2005; Levin et al, 2003), others reported a high degree of homoplasy (Williams et

al, 1999). In our study odour profiles of active substances mostly overlapped among

species (with the exception of E. festitcae) although there was some structuring regarding

chokol K in different clades. Thus, in terms of odour profiles Epichloë - grass

interactions appear to be little differentiated at the species level, but show a relatively

high within species variation, particularly in E. typhina. The question may be asked how

this pattern of odour compounds that appear to be selectively adaptive for Epichloë and

possibly also for the Botanophila vector could arise. High chokol K and (Z2)-methyl 3-

methyldodeceonate levels in the species of the E. typhina top clade and E. festucae,

respectively, may be a result of Botanophila driven selection on odour. A recent study

showed that traps emitting high amounts of synthetic versions of these compounds

attracted more Botanophila flies than traps with low concentrations, suggesting that high
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odour emission would be selectively advantageous (thesis, chapter I). Alternatively,

phylogenetic constraints and the different evolutionary history may be responsible for the

different odour profiles found in the Epichloë main group and the E. typhina top clade.

Since Botanophiia species did not differentiate between odour morphs representing

different Epichloë species (E. festucae and E. clarkiî) in a trap experiment (thesis,

chapter I), it is expected that visiting behaviour of Botanophiia flies would have led to

similar odour profiles in both clades over evolutionary time. Moreover, certain Epichloë

- host combinations obviously have reduced odour production to a minimum (E.

bromicola, E. baconii, E. typhina on P. nemoralis, E. typhina on P. pratensis). Overall

our findings suggest that the present odour profiles may reflect the outcome of evolution

or coevolution under different geographical and ecological conditions, which is referred

to as geographical mosaic theory. This theory predicts that interactions between local

selection pressures, genetic drift and migration create a range of possible outcomes in

species interactions geographically (Thompson, 1999). With regard to Thompson's

theory the distinct methyl 2,4,6-trimethylundecanoate dominated odour profile in E.

typhina on Puccinellia from Poland, placed within the E. typhina top clade, is remarkable

and may be the result of different selection pressures acting on this association. Possible

selection pressures may include Botanophiia gametic vectors (thesis, chapter I) and the

host plant. In addition, mycoparasites may also play a role, because chokol K has a dual

function as antimicrobial and Botanophiia attractant (thesis, chapter II). It would be both

challenging and intriguing to elucidate individually the effects of mycoparasites and flies

on chokol K production. Finally, differences at the Epichloë population level may leave a

signature on odour production. Depending on whether Epichloë populations are large or

small, pressures may be enhanced or relaxed. Thus, in patchy populations Botanophiia

flies have to be attracted over a wider distance, which may select for increased odour

production. Moreover, population size differs considerably among species and locations,

which could facilitate genetic drift. Future studies should focus on dissecting the genetic

and the environmental variation responsible for the production of the investigated odour

compounds. Testing particular E. typhina genotypes in a series of host grasses will allow

for more precise estimation of the host and Epichloë genotype effect on odour

production.
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Conclusions

Our results indicate considerable variation in the profiles of odour compounds emitted

from stromata of different Epichloë species. However, profiles overlapped among species

and there was considerable variation within species, indicating that odour profiles are

largely determined by particular grass - Epichloë associations. When matched to a

phylogenetic tree, values for chokol K showed hierarchical structuring, with high chokol

K producing host - Epichloë associations found only in the E. typhina top clade. The

observed odour profiles may be the result of complex selective pressures from the

Botanophila vectors, host plants and mycoparasites, and may be interpreted in view of

Thompson's mosaic theory. On the other hand, environmental or seasonal effects

influence the odour profiles to a lesser extend. Further studies aiming at dissecting the

environmental and genetic effects on odour production should rely on cross-infection

studies.
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Abstract

Fungi produce a plethora of secondary metabolites yet their biological significance is

often little understood. Some compounds show well known antibiotic properties, others

may serve as volatile signals for the attraction of insects that act as vectors of spores or

gametes. Our investigations in an outcrossing, self-incompatible fungus show that a
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fungus-produced volatile compound with fungitoxic activities is also responsible for the

attraction of specific insects that transfer gametes. We argue that insect attraction using

this compound has likely evolved from its primary function of defense - as has been

suggested for floral scent in the angiosperms. We, thus, propose that similar yet

convergent evolutionary pathways have lead to interspecific communication signals in

both fungi and plants.

Key words: Epichloë, volatiles, scent, fly pollination.

Introduction

Many fungi depend on insects for the dispersal of spores, that serve either as propagules

or gametes for fertilization. The latter function is analogous to pollination in plants, and

for "pollinator" attraction, some fungi produce showy flower-mimics with sugar rewards,

that are visited by a range of pollinator insects (Roy 1993; Roy & Raguso 1997). Other

fungi attract only few, specific pollinators, primarily by olfactory signals. Such a

specialized relationship is found in endophytic fungi of Epichloë (Clavicipitaceae,

Ascomycota), which systemically infect pooid grasses where they develop an external

fruiting structure, the stroma, for sexual reproduction (Schardl et al. 2004). Epichloë spp.

are self-incompatible, and sexual ascospores are only formed if gametes (conidia) of one

mating type are transferred to stromata of the opposite mating type. Fungal stromata

specifically attract female flies of the genus Botanophila (Anthomyiidae) that actively

cross-fertilize and then oviposit on the fungus (Bultman et al. 1998). Hatching larvae

consume part of the fungal tissues which produce ascospores, but enough is left for

reproduction as excessive exploitation of the fungus is prevented by greater larval

mortality with increasing egg load (Bultman et al. 2000), Since fly larvae depend on

fertilized stroma as food source, both fly and fungus clearly profit from this mutualistic

association. The grass host, in turn, benefits from the fungus-produced secondary

metabolites that may provide increased resistance to herbivores or pathogens (Shimanuki

1987; Breen 2001; Brem & Leuchtmann 2001).
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We investigated the chemical communication in the specialized Epichloë-

Botanophila relationship and provide an intriguing link between the antimicrobial

function of a secondary metabolite and the attraction of gamete vectors in this fungus. We

collected volatiles from Epichloë fungal stromata of two species and analyzed the

samples by gas chromatography coupled with electroantennographic detection (GC-

EAD) to detect compounds that are physiologically active in the flies" olfactory neurons,

and conducted bioassays to investigate the behavioral activity of the EAD-active

compounds.

Materials and Methods

Fungi, Plants, and Insects

For volatile collection Epichloë typhina infecting Anthoxanthum odoratum (two

genotypes), and E. sylvatica infecting Brachypodium sylvaticiim (six genotypes) were

used. Infected plants were grown in pots maintained outdoors at the Botanical Garden

Zurich. Female Botanophila flies used for electroantennographic detection were collected

with hand nets while visiting Epichloë stromata of infected A. odoratum plants. Females

of these flies are virtually impossible to identify by morphological traits. Thus, we are as

yet unable to assign species names to the specimen caught. Flies, however, were

identified by molecular markers based on sequence analysis of the mitochondrial protein

coding gene cytochrome oxidase (COIT), and comparison of sequences with those from

previously identified £/?/c/;/oë-associated Botanophila (Leuchtmann 2005).

Chemical and Electrophysiological Analysis

Volatiles were collected from freshly emerged, unfertilized fungal stromata by

headspace sorption (Huber et al. 2005); samples for structure elucidation were collected

by rinsing 30 x 10 stromata in 2 ml dichloromethane for two minutes and pooling the

samples. Until use, all samples were stored in a freezer at -20° C. For gas

chromatographic analyses with electroantennographic detection (GC-EAD) the GC was

equipped with a HP5 column (30m x 0.32mm 0 x 0.25/«ri film thickness) and a flame
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ionisation detector (FID); helium was used as carrier gas. One //l of each sample was

injected splitless at 50°C (1 min) into a gas Chromatograph (Agilent 6890N) followed by

opening the split valve and programming to 300° C at a rate of 10°C/min. For EAD

recording, heads of individual flies were cut off and mounted on a grounded glass

electrode filled with insect ringer solution and mounted on a micromanipulator. A second

glass electrode (recording electrode) was connected to the tip of the funiculus of one of

the flies" antenna; the arista of this antenna was cut off at its base.

Structural Assignment

Analysis by coupled gas chromatography/mass spectrometry (double focussing

instrument VG 70-250 S, Vacuum Generators, Manchester, UK, separation conditions as

above) indicated the active compound to have a molecular weight of M = 222. Chemical

ionization (isobutane) as well as high resolution mass spectrometry revealed a molecular

formula of C15H26O (3 double bond equivalents). Loss of water (m/z 204) and a most

abundant signal at m/z 69 suggested a sesquiterpene alcohol with a ß,ß-dimethylallyl

group as a substructure. Mass spectra and retention times of the active compound were

identical in E. typhina and E. sylvatica. Published data on the mass spectrum of the

sesquiterpene alcohol chokol K, identified from E. typhina (Tanimori et al. 1994) were in

good accord with our mass spectrum.

From the dichloromethane-extract of 350 stromata of E. sylvaticum, the biologically

active compound could be isolated by preparative gas chromatography. The device

consisted of a HP 5890 gas Chromatograph, an autosampler HP 7673 (both Hewlett

Packard Palo Alto CA, USA), and a fraction collector (Gerstel, Mülheim, Germany). The

isolation was carried out by using a 30 m, 0.53 mm i.d. fused silica capillary Optima 5,

film thickness 1 ^im (Macherey & Nagel, Düren, Germany). Hydrogen served as the

carrier gas. For NMR-investigations of the isolated compound, dissolved in CDCI3, a

DRX 500 instrument (Bruker, Karlsruhe, Germany) was used. The sets of data obtained

with 'H-NMR-, HMBC-, HMQC-, and NOE-experiments were in full accord with those

published for chokol K (Tanimori et al. 1994, Trost & Phan 1993). In hexane, the natural

product showed a negative rotation value, as in an ethanolic solution of natural chokol K

(Trost & Phan 1993; Koshino et al. 1989). Upon enantioselective gas chromatography
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(25 m, 0.25 mm i.d. fused capillary column coated with a 1:1 mixture of OV1701 and

heptakis (2,3-di-0-acetyl-6-0-tot-butyldimethylsilyl)-ß-cyclodextrin, isothermal at

110°C), racemic chokol K could be well resolved (rt (-) = 42.2 min, a = rt (-) : r (+) =

1.0374). Gas chromatographic investigations on natural extracts revealed chokol K from

E. sylvaticum and E. typhina to be the {\R,2S,3R)-stereoisomer (Trost & Phan 1993),

showing an enantiomeric purity of at least 98 % ee (enantiomeric excess).

Synthesis of chokol K

The synthesis of racemic chokol K (l/?*,2S*,3Ä*)-l,2-dimethyl-3-(6-methylhepta-l,5-

dien-2-yl) cyclopentanol was carried out by employing a modification of the procedure of

Tanimori et al. (1994; see electronic supplementary material). The synthetic product, a

colorless oil, was purified by chromatography (silica gel, pentane/Et20 1:1) and bulb-to-

bulb distillation (55°C/10~2 Torr). Spectroscopic data (IR, NMR, and MS) of the product

were found to be in complete accordance with published data (Tanimori et al. 1994).

Bioassays

To test the electrophysiologically active compound for behavioral activity, attraction

experiments with sticky traps were carried out at the Botanical Garden Zürich (Huber et

al. 2005). The traps consisted of a white plastic disc 8 cm in diameter

to which insect glue was applied (commercial insect exclusion adhesive; Temmen

Insektenleim, Hattersheim) and covered with a plastic bowl. Synthetic, racemic chokol K

(0.1 ; 1 ; 10 mg) was applied on a small rubber GC septum placed in the middle of a plastic

disc. Release rates of volatiles from the septa were controlled for and found to be in the

range of equal to three times as much as one intact stroma (data not shown). Traps were

set up in grassland near the Botanical Garden where no Epichloë-infected grasses

occurred within a radius of 100m. A Chi square test was used to compare the frequency

of flies attracted to "chokol"- and control traps.
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Results

In all GC-EAD recordings, one substance proved to be active (Figure 1), that was

identified as the sesquiterpene alcohol chokol K, previously known as a fungitoxic

compound from Epichloë (Koshino et al. 1989). E. typhina emitted chokol K from fungal

stromata on infected grass culms (Table 1), as well as from pure, cultured mycelium on

agar medium (Steinebrunner et al, unpublished data), confirming the fungal origin of the

compound (Koshino et al. 1989).

Table 1. Amounts of chokol K emitted from

Epichloë stromata on plant host.

Epichloë species Headspace (ng/1) Pooled extract

(ng/stroma)
E. typhina 82.37 ±58.86 18.1

E. sylvatica 50.72 ±42.05 240.5

The "pollinator" attracting function of chokol K was demonstrated in field

bioassays where 11 Botanophila flies were caught on traps emitting synthetic chokol K,

whereas no Botanophila were caught on control traps treated with solvent only during 5

subsequent days (Chi2 = 8.33; P = 0.004). On both types of traps, however, several

unrelated insects (mostly dipteran) were also present. Botanophila flies were identified by

molecular markers and 10 individuals matched with those previously known to visit and

fertilize stromata of Epichloë typhina and E. sylvatica. One individual belonged to a

Botanophila taxon not found previously on these hosts. The attractiveness of the traps

corresponded well to natural stromata, as not more than three Botanophila individuals per

hour may typically visit stromata of an infected grass clump with warm weather under

field condition (Leuchtmann, personal observation) indicating that fly visitation

frequency is rather low.
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; I
FID

EAD

12 (min) 14 16 18

Figure 1. Gas chromatographic analysis with flame ionization detector (FID) ofEpichloë typhina stromata-

extract and simultaneous electroantennographic detection (EAD) using heads of Botanophila flies caught

from E. typhina stromata. Chokol K triggered consistent EAD responses in analyses with three fly

individuals. The major, non-active components eluting before and after chokol K are coumarin and methyl

2,3-dihydrofarnesenoate, respectively.

These results suggest that chokol K is a key compound in the attraction of

Botanophila flies to Epichloë stromata. In addition to its "pollinator" attracting function,

chokol K, as well as several other chokols produced by Epichloë species, has fungitoxic

properties (Koshino et al. 1989; Tanimori et al. 1994).

Discussion

Antagonistic interactions among fungi are common, and fungal secondary metabolites

with antimicrobial functions are known since long, the most famous example being the

powerful antibiotics produced by Pénicillium chrysogenum (Fleming 1929). Recently,

volatile compounds with inhibitory effects on a range of microorganisms were discovered

in endophytic species of Muscodor and Gliocladhim (Strobel et al. 2001; Stinson et ai

2003). Generally, volatile compounds are better known as signal transmitters in intra- and

interspecific communication, and are important for pollinator attraction in many higher
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plants (Raguso 2001). In fungi, dependent upon insects for gamete transfer, odor signals

can mediate the attraction of insects. For example, in some endophytic rust fungi,

"pollinator" attracting volatile compounds emitted from infected plant parts have been

identified (Connick & French 1991; Raguso 2001; Naef et al. 2002). It is, however, often

not clear whether the fungi produce the volatiles de novo, or use plant precursors, or

induce emission of volatiles upon infection.

Our data provide evidence that a single fungal volatile is attractive to a specific

"pollinator" insect. Interestingly, this compound has a dual function by also inhibiting

other fungi that may secondarily infect the fungal stromata, posing the question of which

role evolved first. Although phylogenetic analyses, useful to answer this question, are not

yet available, we assume that antibiotic compounds are evolutionarily ancient among

fungi, because resistance to competitors and parasites is a basic need for most soil and

plant inhabiting fungi. In contrast, sexual reproduction involving insect vectors for the

exchange of gametes is known from only few groups of fungi, such as Epichloë, and,

thus, is likely to be of more recent origin. Therefore, we suggest that the function of

chokol K as a "pollinator" attractive has evolved secondarily in addition to its

antimicrobial properties. Similar arguments have been raised for angiosperms, where

gamete transfer by animals has become common and was probably linked to the

spectacular diversification of this plant group (Lunau 2004). The important role of floral

volatiles for pollinator attraction in many angiosperms is thought to have evolved from

the primary function of warding off herbivores and microbes from the reproductive

structures of the plant (Pellmyr & Thien 1986). Our finding of a fungus derived

antimicrobial compound that also attracts insects suggests that in fungi and plants the

same parsimonious pathway was employed to evolve signals for the attraction of

"pollinators", a solution for gamete transfer in sessile, outcrossing organisms.
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ENDNOTE

'lR (Perkin-Elmer FT-IR spectrophotometer, model Spectrum ONE; film) vmax [cm-1]: 3422m, 3079w,

2964s, 2930s, 2874s, 1640m, 1452s, 1376s, 1287w, 1194m, 1152m, 1103m, 1022m, 917s, 886s, 826w,

639w, 543w, 44Iw. 'H-NMR(5rato DRX-500, 500 MHz, CDC13) 6 [ppm]: 5.13 {/se/jf. 3J= 6.9, V =

1.4 Hz, H-C(5')); 4.78, 4.76 (2 mc, H2C(1')): 2.39 (off, iJ= 11.3, 9.0 Hz, H-C(3)); 2.14 (br. ?, V= 7.4

Hz, H2C(4'»; 2.01-1.91 (m, H2C(3'), H-C(4)); 1.75 ((, V = 7.9 Hz. H3C(5»; 1.69 (c/, 4J = 0.9 Hz,

H3C-C{6')); 1.62 (br. s, H3C-C(6'»; 1.55 (dq, V= 11.3. 6.8 Hz. H-C(2)); 1.43 (dq, V= 13.0 Hz, V =

8.1 Hz, H-C(4)); 1.28 (s, H3C-C(1»; 1.14 (br. s, HO-C(l)): 0.87 (d, V = 6.8 Hz, H3C-C(2». 13C-

NMR (Bruker DRX-500, 125.8 MHz, CDC13) Ö [ppm]: 151.59(5,0(2'»; 131.53 (s, C(6')); 124.36 (d,

C(5')); 108.09 (t, C(l')); 80.30 (s, C(l»; 51.98 (rf, C{3»; 47.55 (d, C(2)); 39.99 ((, C(5)); 33.77 (t,

C(3')); 28.63 (t, C(4)); 26.82 (/, C(4')); 26.60 (q, H3C-C{1)>; 25.69, 17.73 (2 ?, (H3QiC(6')); 10.66 (q,

H3C-C(2)); assignments via 'H,13C-correlation spectra. EI-MS (electron impact ionization, MAT 95

spectrometer at 70 eV) m/z(%): 222 (5, Af), 207 (4, [M- CH3]+), 204 (13, [M- H2Of), 189 (7), 179

(7), 164 (12), 161 (52), 149 (6), 135 (25), 121 (28), 109 (48), 108 (17), 107 (16), 95 (25), 93 (17), 91

(10), 82 (10), 81 (12), 79 (14), 71 (12), 69 (100), 67 (20), 55 (15), 43 (30), 41 (45).
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Synthesis and outlook

This thesis presents new aspects of the Epichloë endophyte system and contributes

relevant research and answers to previous questions. The herein reported studies i)

elucidate the mechanisms of the Epichloë - Botanophila communication, ii) clarify the

degree of innate specialization, iii) highlight the dual function of an Epichloë volatile

with special reference to Epichloë mycoparasites and iv) discuss evolution of Epichloë

odour profiles with respect to phylogeny and selection.

I shall start by summarizing the hard facts that arise from the studies, then point at

unanswered questions and give a brief outlook on further research.

Blind attraction - odour is the link between Epichloë and Botanophila

Odour - as has been shown in many plant-insect interactions - is the key to

understanding the precise attraction of Botanophila flies to Epichloë stromata (chapter I).

Although not perceivable to the human nose, chokol K and (Z2)-methyl 3-

methyldodecenoate attract Botanophila flies very efficiently. All tested Botanophila flies

associated to Epichloë detected these two compounds, which may indicate that the

detection of both substances is selectively advantageous. However, polymorphisms at the

detection level exist, illustrated by the few fly individuals that detected a third,

unidentified substance. If the detection of this third compound is beneficial for the

individual it may quickly spread in the population. This could illustrate how new

compounds enter into the framework of odour communication, and may be selected for in

the fungus.

Leave us alone - odour communication is based on system specific compounds

Chokol K and (Z2)-methyl 3-methyldodecenoate are Epichloë specific (i.e. they have not

been reported from any other source in nature). In fact, system specific substances are

quite common in specialised systems (e.g. yucca/yucca moth, Chiloglottis - thyinnine

wasps). The system specificity may explain the few non-Botanophila flies on the odour

traps (chapter I). As discussed in chapter I, system specific compounds may reduce the
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attraction of fungivores. They bring, however, also the potential disadvantage that

Epichïoë strongly depends on Botanophila flies for fertilization.

The missingfinal step - specialization stops at the genus level

Having "nursery-pollination" systems in mind one would have expected a high degree of

specialization in the Epichloë-Botanophila interaction (i.e. species-specific attraction).

Surprisingly, no evidence for extreme specialization was found (chapter I). The most

parsimonious explanation may be that specialization is not a prerequisite for successful

completion of the lifecycles of the fungus and the fly, and that constraints on either side

exist. There is no information available on the age of the Epichïoë — Botanophila

association, therefore, any assumptions taking evolutionary times into consideration are

difficult. Also, whether the more recent, human driven increase in grassland systems in

historical times, has influenced the specialization process in Epichloë-Botanophila is

open to speculation.

Versatility - chokol Kfrom defence to attraction?

Chapter II of the thesis showed that Epichïoë mycoparasites are sensitive to chokol K.

With this finding a possible evolutionary scenario - at least for this volatile compound -

is at hand. Chokol K, which is of Epichïoë origin, may have had an initial function in

defence and became secondarily involved in Botanophila attraction. On the other hand,

based on the results from chapter III, caution is needed regarding the interpretation of

odour profiles of chokol K and (Z2)-methyl 3-methyldodecenoate. From the phylogeny-

odour mapping it appears that the ancestral state is a low chokol K producing Epichïoë.

Therefore, high chokol K producing Epichloë-plant associations as found in younger

Epichïoë clades could be the result from Botanophila driven selection on increased odour

emission than from mycoparasite mediated selection. By excluding high chokol K

producers as ancestral states, we challenge the defence-to-attraction scenario. While the

antimicrobial potential of chokol K is not questioned per se, the amount produced would

not have sufficed to confer protection by chokol K alone.
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The present thesis has contributed answers to questions, but - and this is often the case -

has left us with many new and even more complex ones. In the following I try to

summarize further questions that are in my opinion, the most relevant and interesting.

i) Evolution Epichloë- Botanophila association

The addition of Botanophila to a not related to Epichloë to a recent phylogeny will allow

us to answer whether the Botanophila became involved with Epichloë only once or

independently several times during evolution. At this stage we will be able to make

predictions about the age of the Epichloë - Botanophila association(s). Dating the

association will be important for hypotheses regarding the observed lack of innate

specialization. While absent in European taxa, specialization at the species level seems to

exist in the North American Epichloë glyceria - Botanophila (taxon 6) association.

Studying this association may provide further cues in order to understand which

parameters are important for specialization to evolve, and why it has been the case in one

association and not in others.

ii) Learned specialization, ethological mechanisms

Even though I have not found any innate specialization in European Botanophila flies for

different Epichloë species, it remains to be tested whether short time specialization

(stroma constancy) exists. "Stroma constancy" could help to keep Epichloë species

reproductively separated (at least if they are odourally distinct). Fluorescent dye may be

useful for tracing the fly movements among species. Experiments should be set up within

fields were interfertile Epichloë species naturally co-occur.

iii) Evolution ofchokol Kproduction

We have seen that odour production, with respect to chokol K and (Z2)-methyl 3-

methyldodecenoate, in Epichloë-host grass associations is variable. It is hard to make

assumptions on the evolution of these different profiles if the genetic basis of the odour

production is not resolved. In particular for the Epichloë encoded chokol K production it

seems feasible to elucidate the biochemical and genetic basis for the production. A

phylogeny based on enzymes involved in chokol K production may help to understand
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the basis of the observed phenotypic variation and, additionally, could shed light on how

widespread these enzymes are in the Clavicipitaceae.

iv) The Epichloë - Botanophila association at a population level

Besides chokol K and (Z2)-methyl 3-methyldodccenoate a third compound, tentatively

named methyl 2,4,6 - trimethylundecanoate, was highly abundant in a Epichloë -grass

association from Poland (Puccinellia distans - E. typhind). This compound was detected

in the course of the thesis and has not been tested for physiological activity in

Botanophila flies. Given the high abundance it may well be that this compound plays a

role in attraction in Polish Botanophila populations. If this was the case this could point

out at local adaptation in Botanophila populations, possibly leading to population

divergence and speciation over longer time scales. Certainly, this compound merits

further research.

When I started to work with this system I was not aware of how much complexity is still

to be discovered within an appearing well understood study system. In fact, within the

three years of this study, many new interactions have been described. And we are now

confronted with a Epichloë system that includes not only grass, fungus and Botanophila,

but also Epichloë mycoparasites, Epichloë viruses, Botanophila parasitioids, herbivores

that use fungal metabolites for their protection against their parasitoids and so forth.

While understanding all the interaction of these trophic partners with each other and their

effect on the system will certainly require many years of research and the addition of a

new trophic level will lead to many new hypothetical interactions, making general

statements about evolution of traits very difficult, the conclusion for biodiversity itself is

straightforward. Even within or upon a single grass plant we can discover a stunning

number of species of different kingdoms and genera. This is an important lesson I have

learned from this system and I think we should still put more emphasis on promoting

diverse habitats, potentially within our own garden. I for myself have started - by

planting Epichloë infected grasses as ornamentals
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