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Kauppinen, Miia, Context dependent variation in associations between grasses and
fungal symbionts. 
University of Oulu Graduate School; University of Oulu, Faculty of Science
Acta Univ. Oul. A 693, 2017
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Most plants form symbiotic associations with various fungi in natural ecosystems. Traditionally,
many of these associations are viewed as mutually beneficial, but recent studies show that
symbiotic interactions can be complex and labile. I studied the variability of interactions between
grasses and fungi, using root-associated fungi and foliar endophytes in grasses as study systems.
First, I studied experimentally how root-associated fungi colonize their host grasses in different
natural and artificial conditions. I then investigated experimentally how foliar endophytes affect
their host grasses, and whether the endophyte contributes to the host’s adaptation to local and/or
foreign habitats. Finally, I reviewed the current use of foliar endophytes in agriculture, with a
particular focus on Europe, and critically considered their potential for practices beyond
agriculture.

I found root fungi to be common, but different types of root fungi had contrasting colonization
patterns in natural environments. However, I found that grasses lose almost all of their root fungi
in controlled and more favourable conditions, indicating that the associations are fairly loose and
conditional to environmental context. My results also showed that foliar endophytes affected the
host’s performance in varying ways, depending on plant origin and experimental country,
indicating that the associations were context dependent and could represent conditional
mutualism. I also found that endophytes contribute to plant adaptation only weakly, but that the
grasses were clearly locally adapted to their sites of origin, especially in regard to reproduction.
However, the grasses of subalpine origin performed well vegetatively also in Northern Finland,
suggesting that they may have high adaptive potential under changing climates. The literary
review showed that foliar endophytes are successfully used in agriculture, e.g. in the USA and
New Zealand, and that they possess the potential for several practical applications. However, the
intentional use of endophyte-enhanced grasses is non-existent in Europe, although many European
grass cultivars have great potential for improvement via endophytes. Taken together, these results
show that plant–fungal interactions are highly variable along sites, environmental contexts and
origins of the symbiotum, making predictions for these interactions difficult.

Keywords: agriculture, arbuscular mycorrhiza, Avenella flexuosa, context dependency,
dark septate endophytes, Epichloë endophytes, Festuca rubra, local adaptation, natural
populations, subalpine, subarctic, symbiosis
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Tiivistelmä

Luonnollisissa ekosysteemeissä melkein kaikilla kasveilla on symbionttisia sienikumppaneita.
Perinteisesti monien näiden vuorovaikutusten on oletettu olevan molemmille hyödyllisiä, mutta
viimeaikaiset tutkimukset osoittavat symbionttisten yhteyksien olevan vaihtelevia. Väitöskirjas-
sani tutkin tätä heinien ja sienien välisten yhteyksien vaihtelevuutta, käyttäen heinissä esiintyviä
juurisieniä ja lehtiendofyyttejä tutkimuskohteinani. Ensiksi tutkin kokeellisesti, kuinka juurisie-
net kolonisoivat heiniä erilaisissa luonnon- ja kasvihuoneolosuhteissa. Seuraavaksi tutkin
kokeellisesti, kuinka lehtiendofyytit vaikuttivat heinien menestymiseen ja edesauttoivatko endo-
fyytit heinien sopeutumista paikallisiin ja/tai vieraisiin elinympäristöihin. Viimeiseksi selvitin
kirjallisuuskatsauksen avulla, kuinka lehtiendofyyttejä hyödynnetään maataloudessa ja arvioin
endofyyttien potentiaalista käyttöarvoa maatalouden ulkopuolella, erityisesti keskittyen niiden
hyödyntämiseen Euroopassa.

Tutkimukseni osoitti, että heinien juurisienet ovat yleisiä, mutta niiden keskinäiset runsaus-
suhteet vaihtelivat luonnollisissa ympäristöissä. Kasvihuoneolosuhteissa heinät kuitenkin menet-
tivät juurisienensä, viitaten siihen, että kyseinen yhteys on melko löyhä ja riippuvainen ympäris-
töstä. Tutkimukseni osoitti myös, että lehtiendofyytit vaikuttivat heinien menestykseen vaihtele-
vasti riippuen heinien alkuperästä sekä koemaasta, viitaten siihen, että nämä yhteydet ovat niin
ikään olosuhteista riippuvaisia. Endofyytti vaikutti vain heikosti heinien sopeutumiseen, mutta
heinät olivat selkeästi paikallisesti sopeutuneita niiden alkuperäisiin elinympäristöihin, erityises-
ti heinien lisääntymisen suhteen. Alppien heinät kuitenkin menestyivät vegetatiivisesti myös
Pohjois-Lapissa, mikä viittaa siihen, että näillä heinillä saattaa olla korkea sopeutumispotentiaa-
li muuttuvissa olosuhteissa. Kirjallisuuskatsaukseni osoitti, että lehtiendofyyttejä käytetään
menestyksekkäästi mm. USA:n ja Uudessa-Seelannin maataloudessa. Euroopassa niiden käyttö
on kuitenkin lähes olematonta, vaikka endofyyteillä voisi olla monia käyttömahdollisuuksia,
sekä maataloudessa että ympäristön hoidossa. Kaiken kaikkiaan tutkimukseni osoittavat, että
heinien ja sienten väliset vuorovaikutukset ovat hyvin vaihtelevia riippuen ympäristöstä ja heini-
en alkuperästä, minkä vuoksi näiden sienien vaikutuksia heiniin on vaikea ennustaa.

Asiasanat: arbuskelimykorritsa, Avenella flexuosa, dark septate-endofyytti, Epichloë
endofyytti, Festuca rubra, kontekstista riippuvuus, luonnonpopulaatiot, maatalous,
paikallinen sopeutuminen, subalpiininen, subarktinen, symbioosi
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Abbreviations 

AM arbuscular mycorrhiza 

C carbon 

DSE dark septate endophyte 

E+ endophytic 

E-  endophyte-free 

GMTC geographic mosaic theory of coevolution 

HSE hyaline septate endophyte 

KOH potassium hydroxide 

ME- manipulatively endophyte-free 

N nitrogen 

OM organic matter  

P phosphorus 

PAC Phialocephala fortinii s.l. – Acephala applanata complex  
  



10 

 



11 

List of original articles 

This thesis is based on the following publications, which are referred throughout 

the text by their Roman numerals:  

I  Kauppinen M, Raveala K, PR Wäli & Ruotsalainen AL (2014) Contrasting preferences 
of arbuscular mycorrhizal and dark septate fungi colonizing boreal and subarctic 
Avenella flexuosa. Mycorrhiza 24: 171–177.  

II  Kauppinen M, Schmid B, Leuchtmann A, Sillanpää MJ, Tuomi J & Wäli PR 
(Manuscript) Testing fungal endophyte contribution to plant local adaptation. 

III  Kauppinen M, Saikkonen K, Helander M, Pirttilä AM & Wäli PR (2016) Epichloё grass 
endophytes in sustainable agriculture. Nature Plants 2: 15224.  

Author’s contributions 

Original idea for the paper I came from my supervisor Anna Liisa Ruotsalainen and for 

the paper II from my supervisor Piippa Wäli. The idea for the paper III was from me, 

Piippa Wäli and Anna Maria Pirttilä. For all the papers, the final formulation of the 

research problems was done together with the supervisors. I contributed to the 

collection of field data in the subprojects I and II, and was mainly responsible for all 

the data analyses: in the paper I under the guidance of Anna Liisa Ruotsalainen, and in 

the paper II under the guidance of Bernhard Schmid, Piippa Wäli and Mikko Sillanpää. 

I wrote the first drafts of all the manuscripts which were then commented by the 

supervisors, and finalized together with the co-authors.  



12 

  



13 

Contents 

Abstract 

Tiivistelmä 

Acknowledgements 7 
Abbreviations 9 
List of original articles 11 
Contents 13 
1 Introduction 15 

1.1 Theories on mutualism ............................................................................ 18 
1.2 Context dependency of interactions ........................................................ 20 
1.3 The geographic mosaic theory of coevolution ........................................ 21 
1.4 Symbiotic associations in changing conditions ....................................... 22 
1.5 Grass and fungal interactions .................................................................. 23 

1.5.1 Arbuscular mycorrhizal fungi ....................................................... 25 
1.5.2 Dark septate endophytes ............................................................... 26 
1.5.3 Epichloë endophytes ..................................................................... 28 

2 Aims of the study 31 
3 Materials and methods 33 

3.1 Study species ........................................................................................... 33 
3.1.1 Avenella flexuosa and root fungi .................................................. 33 
3.1.2 Festuca rubra and foliar fungi ..................................................... 33 

3.2 Study areas and plant collection .............................................................. 34 
3.3 Experimental designs .............................................................................. 35 

3.3.1 Experiments on root-associated fungi of A. flexuosa ................... 35 
3.3.2 Experiments on local adaptation and foliar endophytes of 

F. rubra ......................................................................................... 37 
3.4 Statistical analyses .................................................................................. 37 

4 Results and discussion 39 
4.1 Grasses and root-associated fungi ........................................................... 39 

4.1.1 Contrasting fungal colonization patterns in natural 

environments ................................................................................ 39 
4.1.2 Greenhouse experiments .............................................................. 41 

4.2 Grasses and foliar fungi .......................................................................... 43 
4.3 Local adaptation of grasses ..................................................................... 46 
4.4 Applications of grass – foliar endophyte symbiosis ................................ 47 
4.5 Context dependency of the grass – fungal associations .......................... 50 



14 

4.6 Evolution and theoretical considerations ................................................ 52 
4.6.1 Root fungi ..................................................................................... 53 
4.6.2 Foliar endophytes ......................................................................... 54 

5 Conclusions 57 
References 59 
Appendix S1 79 
List of original articles 81 

 

  



15 

1 Introduction 

Virtually all plants in natural ecosystems are colonized by various symbiotic 

microbes (Fig. 1), and the nature of these associations can vary from positive to 

negative (Petrini 1986, Lewis 1985). Symbiosis denotes a close and long-term 

relationship between two or more different organisms and it is often beneficial to 

both partners (mutualistic) (Douglas 1994, Maynard Smith & Szathmáry 1995). 

Symbiosis between different prokaryotes enabled the development of eukaryotic 

cells and with more complex organisms symbiosis is more the rule than the 

exception. For example, the very existence of lichens, corals and mycorrhiza is 

based on symbiosis, and this phenomenon is important in the functioning of plants 

and ecosystems (Smith & Read 2008). In addition to mutualistic relationships, 

other types of symbiotic associations can occur between different species: one 

partner can benefit from the association, while the other is not affected 

(commensalism); one partner can benefit at the expense of the other (parasitism, 

predation, herbivory); one partner can be inhibited, while the other is not affected 

(ammensalism); and finally, partners can compete with each other and thus inhibit 

resources from each other (Lewis 1985, Johnson et al. 1997).  

Fungi play a major role in both natural ecosystems and modern agriculture due 

to their ubiquitous occurrence and the vast range of interactions with plants (Perotto 

et al. 2013). The association between plants and fungi is ancient (Remy et al. 1994), 

and in fact, fungi are thought to have contributed to the colonization of land by the 

first plants (Simon et al. 1993, Remy et al. 1994, Smith & Read 2008). There are 

approximately 500 000 species of land plants, but 1,5–5,1 million species of fungi 

(Blackwell 2011, Hawksworth 2012, Corlett 2016), of which a great majority 

depend on plants for their source of carbon. Most fungi are saprophytic, 

decomposing and recycling dead plant material, but some fungi have evolved to 

form more active associations with plants. Many of these interactions are beneficial 

to both partners, while some associations are disadvantageous to the plant, making 

the fungal partners parasitic (Grayer & Kokubun 2001). However, functional 

groups of fungi are often not discrete, but can rather vary from mutualistic to 

parasitic according to abiotic and biotic factors (Johnson et al. 1997, Saikkonen et 

al. 1998, Chamberlain et al. 2014).  

In this thesis, I investigate symbiotic associations of grasses and fungi, using 

two different types of symbiotic fungi: root-associated fungi and foliar endophytes. 

Since species interactions are often highly variable, I concentrate on how these 

fungi colonize grasses or whether they affect the performance of their hosts in 
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different habitats. Controlled experiments of fungus–plant interaction in different 

environments are essential to study in order to fully comprehend these relationships. 

I first explored the association of subarctic and boreal grasses and their common 

root-associated fungi, concentrating especially on how the fungi colonize the hosts 

in natural and artificial conditions. I then studied the associations of subarctic and 

subalpine grasses and their foliar fungi, focusing on the local adaptation of grasses, 

and whether the fungi contribute to the host’s adaptation to local and/or foreign 

habitats. Finally, I reviewed current and future opportunities for the use of 

particular foliar fungi in sustainable agriculture. This is of particular importance, 

due to increasing demand in the current society, not only for basic research, but 

also for generation of new, practical solutions and applications that deal with the 

challenges faced by both conventional agriculture and environmental improvement. 
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Fig. 1. Examples of some of the microbes that can associate with plants. Epichloë 

endophytes in plant seeds (A) and in plant leaves (B), dark septate endophytes in plant 

roots (C), arbuscular mycorrhiza in plant roots (D), fungi and bacteria in plant 

rhizosphere (E) and pathogenic fungi on plant leaves (F). 
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1.1 Theories on mutualism 

Evolutionarily, symbioses should exist when the fitness of at least one of the 

participants is enhanced (White & Torres 2009), but in order for mutualistic 

symbioses to evolve, the interests of the would-be partners must align and the 

benefits of a more integrated cooperation must lead to mutual dependence. 

However, mutual dependency is less likely to evolve when the benefits of the 

cooperation vary according to environmental context (Kiers & West 2015). A great 

deal of research has been devoted to the evolution of mutualism (Bronstein 2009, 

Akçay 2015), but surprisingly little is known concerning how mutualistic 

symbioses arise and persist (Aanen & Bisseling 2014). Theoretical biology aims to 

tackle the paradox of cooperation, in which selection favours selfish traits and 

shapes organisms to maximize individual fitness, nevertheless cooperation is 

ubiquitous on many levels of biological organization (Axelrod & Hamilton 1981, 

Bronstein 1994, 2009, Nowak 2006).  

Mutualistic symbioses are proposed to have arisen via four possible scenarios, 

three of which (parasitism, enslavement and commensalism) are followed by 

coevolutionary changes, and one in which mutualistic associations arise 

spontaneously as a response to changes in ecological conditions (Aanen & 

Bisseling 2014). Most likely intimate symbioses among plants and fungi provide 

opportunities for, or result from coevolution (Pirozynski & Hawksworth 1988), a 

phenomenon of reciprocal evolutionary change between individuals of interacting 

populations (Janzen 1980). Species evolve to a large degree by co-opting and 

manipulating other free-living species, or by acquiring the entire genomes of other 

species through parasitic or mutualistic symbiotic relationships (Thompson 2005). 

Moreover, the outcomes of coevolutionary relationships can be spatially variable, 

as Thompson (2005) suggests in his geographic mosaic theory of coevolution. For 

example, variability in the composition of interacting communities or in abiotic 

factors may affect the outcomes of coevolutionary processes (Anderson & Johnson 

2007).  

In order to understand the coevolution of individual symbiotic partners and to 

illustrate different scenarios under which mutualisms could arise, Maynard Smith 

and Szathmáry (1995), suggest a model (first proposed by Law (1991)). In this 

model, mutual cooperation always provided the host with a greater lifetime benefit 

than an attempt to exploit the symbiont would have done, as in stag hunt. Symbionts, 

however, were either involved in a stag hunt, a Prisoner’s Dilemma (Axelrod & 

Hamilton 1981) in which the evolutionary outcome was unfavourable to both, or it 
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never paid the symbiont to exploit the host (Maynard Smith & Szathmáry 1995, 

Wilkinson & Sherrat 2001). A number of individual traits are thought to influence 

which of these scenarios are appropriate in particular cases (Maynard Smith & 

Szathmáry 1995), and to either promote or disrupt the long-term stability of 

intimate relationships and the evolution of mutualistic interactions. Promoting traits 

include symbiont transmission mode (vertical transmission), genotypic uniformity 

of symbionts within a host, restricted options outside the interaction, and spatial 

structure of populations, resulting in the repeated interaction between would-be 

partners. By contrast, different options, horizontal transmission mode and multiple 

symbiont genotypes are thought to eventually lead to the disruption of symbiosis 

(Maynard Smith & Szathmáry 1995, Herre et al. 1999). 

Theoretical frameworks have been proposed in order to explain mutualistic 

plant–fungal interactions. These include reciprocity, by-product mutualism and 

biological market theory. In reciprocal associations, an organism benefits from 

another via beneficial traits that have evolved to influence the individual in a way 

that is advantageous for the other (Leimar & Connor 2003). An example of such 

reciprocal association is mycorrhizal symbiosis (Smith & Read 2008). Carter (2014) 

suggests that reciprocity should be viewed as a broad concept for the conditional 

enforcement of direct fitness cooperation, including sanctions (Kiers et al. 2003), 

reciprocal rewards (Kiers et al. 2011), partner control and partner choice (Noë et 

al. 2001). By contrast, by-product mutualism occurs when one organism in an 

association receives benefits that another organism produces as a by-product of its 

self-serving traits (Connor 1995, Bronstein 2015), such as in the case of certain 

micro-organisms that utilize the metabolic waste products of their partners 

(Bronstein 2015). Similarly to reciprocity, by-product benefits are a consequence 

of traits in one organism, although these traits have not evolved to influence the 

other, but are rather advantageous for some other reason. Moreover, in 

pseudoreciprocity an organism invests in another to gain its by-product benefits 

(Leimar & Connor 2003). By-product models are not predicted to entail conflict of 

interest, because the association is cost-free and selection for exploitation should 

therefore be absent (Sachs 2015).  

In nature, however, mutualistic interactions generally involve multiple species 

that form complex networks of interdependencies.Therefore, in order to understand 

species–species interactions, the functions of multi–species interactions must be 

taken into account. Species networks are predicted to be heterogeneous (the bulk 

of the species have a few interactions, but a few species are much more connected 

than expected by chance), nested (specialists interact with subsets of the species 
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with which generalists interact), and built on weak and asymmetric links among 

species (Bascompte & Jordano 2007). For example, most plants are colonized by 

multiple fungi and many root fungi are not host-specific, colonizing various host 

plants simultaneously (Smith & Read 2008, van der Heijden et al. 2015). Biological 

market theory (Noë & Hammarstein 1994, 1995) addresses the balance of trade in 

mutualism, because its central mechanisms inevitably place interactions along a 

continuum from mutualism to parasitism (Hoeksema & Bruna 2000). According to 

this theory, when exchanging resources, individuals can make strategic trading 

investments to maximize market gains (Noë & Hammarstein 1994, 1995, Werner 

et al. 2014). Applying this in a biological context means that organisms may be 

able to test several competing trading partners and choose the best quality partner 

or partners based on the differences in the relative benefits they offer (Werner et al. 

2014). In natural environments, for example plants and fungi can form interactions 

with multiple partners (Selosse et al. 2006, Mikkelsen et al. 2008, Wyatt et al. 

2014), and they may preferentially reward the most beneficial traders (Kiers et al. 

2011, Werner & Kiers 2015). Indeed, the strategy of simultaneously sustaining 

multiple trading partners that differ in their functional benefits may be more 

beneficial than just supporting one specialized trader (Stachowicz & Whitlatch 

2005), because environmental conditions change temporally and spatially. 

Ultimately, market context is key in any trading system as natural systems are 

highly variable and the best-quality partners can vary according to environmental, 

genetic and community context (Noë & Hammarstein 1994, Werner et al. 2014, 

Werner & Kiers 2015). Because symbioses usually incur not only benefits, but also 

costs to the trading partners, it is probable that the costs will exceed the benefits in 

some conditions (West et al. 1993, Johnson et al. 1997, Morgan et al. 2005), which 

can lead to a disruption of symbiosis in a particular context and at a certain point 

of time (Saikkonen et al. 2002). 

1.2 Context dependency of interactions 

Traditionally, relationships between plants and fungi are considered fairly stable, 

but an accumulating body of studies (e.g. Johnson et al. 1997, Saikkonen et al. 

1998, 2004, Müller & Krauss 2005, Mandyam & Jumpponen 2015) suggest that 

these associations are complex and labile, and can range from tightly mutualistic to 

highly parasitic, with many gradations in between (Bronstein 1994, Johnson et al. 

1997, Müller & Krauss 2005, Chamberlain et al. 2014). The range of symbiotic 

lifestyle expression from mutualism to parasitism is described as “the mutualism-
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parasitism continuum” (Carroll 1988, Johnson et al. 1997, Saikkonen et al. 1998, 

2004, Schardl & Leuchtmann 2005), in which the expressed symbiotic relationship 

is defined by the fitness benefits of the host plant and the symbionts. This plasticity 

is often driven by biotic, abiotic and/or genetic context (Hoeksema & Bruna 2015), 

so that the present outcome of a particular symbiotic association is affected by 

environmental conditions (Saikkonen et al. 2004, Lehtonen et al. 2006), genetic 

backgrounds of the symbiotic partners (Johnson et al. 2010), and interacting 

communities (Hoeksema et al. 2010, Yurkonis et al. 2014). In addition, plants and 

fungi are able to express different symbiotic lifestyles during a single lifecycle 

(Lewis 1985, Rodriquez & Redman 2008), and, as a result, symbiotic relationships 

can have a plethora of outcomes. The interactions between different organisms and 

their environments tend to vary in space and time, with differing consequences, and 

this tendency is known as context dependency (Chamberlain et al. 2014, Hoeksema 

& Bruna 2015, Pringle 2016). 

The complexity of symbiotic relationships is increased by the fact that the 

interacting species evolve and encounter conflicting selective forces that are likely 

to destabilize these associations (Saikkonen et al. 2004). According to the 

geographic mosaic theory of coevolution (Thompson 2005), symbiotic 

relationships are locally adapted, and they should therefore be studied 

geographically and locally in different environmental conditions that result to 

different outcomes of symbiotic interaction (Wäli et al. 2007). 

1.3 The geographic mosaic theory of coevolution 

The geographic mosaic theory of coevolution (GMTC) by Thompson (1994, 1999, 

2005) hypothesizes that coevolutionary processes occur over large geographic 

ranges, rather than within local populations, and that a species may adapt and 

become specialized to another species differently in separate regions. According to 

this theory, coevolutionary dynamics are driven by three primary processes: 

geographic selection mosaics, intermingled coevolutionary hot and cold spots and 

trait mixing. The first means that there is variation in the intensity and direction of 

selection processes among populations (Laine 2009). Thus, there are often a 

genotype × genotype × environment interactions in the fitness of the interacting 

species. Coevolutionary hot and cold spots refer to the reciprocal selection that 

occurs only within some local communities (hotspots) embedded in a matrix of 

cold spots, in which local selection is nonreciprocal. The final process, trait mixing, 

refers to changes in the genetic structure of the interacting species through 
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mutations, gene flow across landscapes, random genetic drift, as well as extinction 

of local populations. As a result, reciprocal selection may be episodic and local 

rather than continual within time and space, keeping some populations maladapted 

(Thompson 2005). Empirical support for these predictions has largely come from 

specialist antagonistic interactions, such as parasitism, in which the two interacting 

organisms are tightly engaged in arm races (e.g. Laine 2005, Hoeksema & Forde 

2008, Gómez et al. 2009). However, the extent to which populations of plants and 

mutualistic fungi form geographic mosaics in their interactions remains largely 

unknown (Thompson 2005), and only a limited number of studies have investigated 

the conditions necessary for a geographic mosaic of coevolution in mutualistic 

fungal networks (Taylor et al. 2004, Thompson 2005, Hoeksema & Thompson 

2007, Piculell et al. 2008, Hynson et al. 2015). 

Because measuring coevolution is difficult, we are often limited to snapshot 

data of traits relevant to the coevolving interactions and linked to the fitness of the 

interacting species (Gomulkiewicz et al. 2007, Laine 2009). Studies on local 

adaptation, a phenomenon in which native genotypes have greater fitness relative 

to foreign genotypes in their original environment, provide useful tools for 

examining coevolution and the GMTC (Kawecki & Ebert 2004, Thompson 2005, 

Laine 2009). In general, the magnitude of local adaptation is expected to increase 

with growing genetic, geographic, and phenotypic divergence among populations 

(Becker et al. 2006, Hereford 2009). However, the incidence and degree of local 

adaptation in species interactions is expected to vary among populations. At a given 

time point, populations of interacting species may show different degrees of local 

adaptation, or even maladaptation, in fitness between sympatric (i.e. home) and 

allopatric (i.e. away) counterparts (Lively et al. 1999, Thompson et al. 2002, 

Thompson 2005). The occurrence of maladaptation of interacting species may 

mean that the species are not coevolving reciprocally, or the phenomenon may 

simply reflect the cyclical nature of coevolutionary dynamics (Lively 1999, Laine 

2009). However, local adaptation has been recognized as an important mechanism 

in maintaining genetic variation (Kawecki & Ebert 2004, Laine 2009). 

1.4 Symbiotic associations in changing conditions 

Positive associations among plants and microbes are suggested to be important for 

plants in the process of adapting to a certain environment (Compant et al. 2010, 

Johnson et al. 2010, Afkhami et al. 2014, Rúa et al. 2016) because numerous 

beneficial plant-associated microorganisms (e.g. mycorrhizal fungi, endophytic 
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fungi or bacteria, rhizobacteria) can stimulate plant growth and alleviate biotic and 

abiotic stressors (Pineda et al. 2013). This would be especially useful for plants 

facing changing environmental conditions, which may require rapid adaptation 

(Savolainen 2011), as species that fail to adapt to changes or have no means to 

relocate are at risk of extinction (Thomas et al. 2004, Araujo & New 2007, North 

et al. 2010).  

Mutualistic microbes can have positive effects on plants under drought stress 

(Compant et al. 2010), and the presence or absence of microbes can affect plant 

establishment in new habitats (Svenning et al. 2014). For example, mycorrhizal 

fungi have been found to facilitate the spread of non-native plants (Harner et al. 

2010, Nuñez & Dicke 2014, Hayward et al. 2015, Menzel et al. 2017), and a lack 

of appropriate mutualists can limit the species range of trees and legumes (Nuñez 

et al. 2009, Dickie et al. 2010, Rodríguez-Echeverría et al. 2012). Furthermore, 

some invasive plant species (e.g. Centaurea stoebe and Chromolaena odorata) 

have significant allelopathic effects on native species when associated with certain 

endophytic or soil-borne fungi (Mangla & Callaway 2008, Aschehoug et al. 2014). 

Mycorrhizal fungi have even been found to enhance pollination success of plants, 

which suggests that mutualists of different functional types can have synergistic 

effects on plant performance (Wolfe et al. 2005, Mitchell et al. 2006).  

However, it is important to note that plant–microbe associations are often 

context-dependent, and that microbes may not be beneficial for a plant if the costs 

of maintaining the symbiosis outweigh the benefits (Saikkonen et al. 1998, 2004, 

Müller & Krauss 2005, Hoeksema et al. 2010). For example, symbionts can provide 

benefits to their host plants only in limited (Breuillin et al. 2010, Pineda et al. 2013, 

Aghili et al. 2014) or in high (Ahlholm et al. 2002) nutrient conditions. Therefore, 

more research in this field of study is needed to further elucidate the effects and 

underlying mechanisms of microbes on plant performance and survival in changing 

environments. For example, little is known concerning which direct and indirect 

effects are driving context-dependency in microbe–plant associations (Pineda et al. 

2013). 

1.5 Grass and fungal interactions 

Grasses are usually perennial and are often rhizomatous herbs (or woody and tree-

like, but without secondary thickening) of the large and diverse family Poaceae. 

There are 7500–11 000 grass species, depending on the authority, classified into 

600–700 genera. Grasses occur on every continent and grasslands comprise 40,5% 
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of the total land area globally (Watson 1990, White et al. 2000, Gibson 2009). They 

are of vast importance for the human economy and natural ecosystem functions, 

yet, at the same time, natural grasslands are the most threatened biome in the world 

due to anthropogenic habitat modification (Gibson 2009). Nevertheless, even if 

grasses are not the dominant species, they are extremely common in numerous 

habitats due to some features in morphology, reproduction and habits that 

contribute to their high competitive success. These include, for example, their 

intercalary meristems and protective leaf sheaths, their short generation time with 

abundant seed production and efficient seed dispersal, their tendency for clonal 

reproduction and their very widespread herbaceous habit (Watson 1990). 

Grasses host a plethora of fungi (Fig. 1) that have a profound impact on the 

physiology, chemical composition, and population ecology of the grasses, as well 

as on grassland communities and ecosystems. Many of these fungi are pathogenic 

(Gibson 2009), but grasses also host several fungi that can be asymptomatic 

“hitchhikers” or beneficial mutualists to the host (Rodriguez et al. 2009, Saikkonen 

et al. 2016). Two types of fungi in particular often form symbiotic associations with 

grasses that are of great scientific and economic interest, namely, the above-ground 

endophytes of the genus Epichloë and the below-ground mycorrhizae (Gibson 2009, 

Rodriguez et al. 2009, Johnson et al. 2013). Alhough, grasses also harbour a diverse 

group of other below- and above-ground endophytes, but they have received much 

less attention compared to the two other types (Mandyam & Jumpponen 2015). 

Unlike the mycorrhizal fungi that colonize plant roots and grow into the 

rhizosphere, endophytes reside entirely within plant above- and below-ground 

tissues (Clay & Schardl 2002, Rodriguez et al. 2009). However, many mycologists 

use the term “fungal endophyte” to refer to fungi living inside a plant without 

causing any visible disease symptoms (Schulz & Boyle 2005). The main attributes 

of the fungi used in this thesis are summarized in Table 1. 
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Table 1. Main attributes of arbuscular mycorrhiza and endophytes. 

Fungal attribute Arbuscular mycorrhiza Dark septate endophytes Epichloë endophytes 

Classification Glomeromycota Mainly Ascomycota Ascomycota 

Plant host 80% of land plants Woody plants, grasses, forbs Pooid grasses 

Species < 300 Unknown < 40 

Transmission Horizontal Horizontal Predominantly vertical 

Reproduction Asexual Asexual Asexual and/or sexual 

Host organ occupied Roots Roots Foliar tissues 

Symbiosis Obligate Facultative Obligate 

Host specificity Generalists Generalists Specialists 

Considered mutualistic Yes Unknown Yes 

Functional role Nutrient providers Unknown/providers? e.g. Defensive mutualists 

Benefit to fungus C acquisition Unknown Nutrition, refuge 

Phylogeny Monophyletic Polyphyletic Monophyletic  

1.5.1 Arbuscular mycorrhizal fungi 

Arbuscular mycorrhiza (AM), a symbiosis between the members of the phylum 

Glomeromycota and the majority of land plants, is considered to be mutualistic and 

is based on reciprocal nutrient exchange among the symbiotic partners. AM fungi 

are root-colonizing, obligate symbionts that can obtain carbohydrates from the host 

plant, and, in return, can improve plant nutrient and water uptake as well as 

tolerance to abiotic and biotic stresses (Smith & Read 2008). The name for the 

mycorrhizal type derives from the intracellular structures called arbuscules, where 

the nutrient exchange among the symbionts occurs (Hodge 2000, Bonfante & 

Genre 2010). These fungi are common worldwide, occurring in almost all major 

terrestrial biomes (Smith & Read 2008, Willis et al. 2013), and the symbiosis 

between AM fungi and plants is ancient (Remy et al. 1994).  

Arbuscular mycorrhiza are by far the most common mycorrhizal type of the 

six other types (ectomycorrhiza, ectendomycorrhiza, ericoid, arbutoid, orchid and 

monotropoid) (Smith & Read 2008), although only c. 288 Glomeromycota species 

have been identified so far (Öpik & Davison 2016). However, recent estimates of 

the actual number of AM fungal taxa range from 300–1700, based on 

morphological and molecular methods (van der Heijden et al. 2015, Öpik & 

Davison 2016). This relatively low number of AM species colonizes about 80% of 
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all land plants, together with some aquatic plants, suggesting that these fungi have 

low host specificity (Smith & Read 2008, Botnen et al. 2014, Veresoglou & Rillig 

2014), although evidence for host selectivity, host preferences and ecological 

specificity does exist (e.g. Öpik et al. 2009, Torrecillas et al. 2012, van der Heijden 

et al. 2015). AM fungi disperse via hyphal networks or by producing asexual spores 

(Fig. 2). 

AM fungi can contribute up to 90% of plant phosphorus (P) and 20% of plant 

nitrogen (N), while plants allocate c. 10–20% of assimilated carbon (C) to AM 

fungi, suggesting that not only are these fungi very important to plant nutrition, but 

that they have a key role in the overall C cycle (van der Heijden et al. 2015). Other 

ecosystem functions affected by AM fungi include reductions of nutrient leaching 

losses, regulation of plant diversity and community structure, increased seedling 

survival, soil formation and aggregation, as well as increased plant tolerance to 

pathogens, root herbivores, abiotic stresses and heavy metals (Rillig & Mummey 

2006, Smith & Read 2008, van der Heijden et al. 2015). However, the costs and 

benefits of the association can be context dependent (Johnson et al. 1997, 

Hoeksema et al. 2010, Barber et al. 2013), and although AM fungi are known to 

enhance plant growth and nutrient acquisition, protect their hosts from pathogens, 

alter host–herbivore interactions, and increase plant drought tolerance (Gange & 

West 1994, Newsham et al. 1995, Augé 2001, Garmendia et al. 2005, Smith & 

Read 2008, Yang et al. 2014), the effects of AM fungi on their hosts are often 

neutral or negative (Johnson et al. 1997, Klironomos 2003, Kytöviita et al. 2003, 

Brundrett 2004, Koch et al. 2006, Koricheva et al. 2009, Jin et al. 2016). The 

functions of mycorrhiza depend on the plant and fungal species and the 

environmental conditions, with N availability being one of the key factors defining 

the mutualism-parasitism continuum in mycorrhizal symbiosis (Johnson et al. 1997, 

Hoeksema et al. 2010). 

1.5.2 Dark septate endophytes 

Dark septate endophytes (DSE) are a miscellaneous group of ascomyceteous fungi 

that usually colonize healthy plant roots. However, they are not obligate plant 

symbionts like the mycorrhiza, but can also be found in tree stems, debris or soil as 

free-living fungi (Jumpponen & Trappe 1998, Menkis et al. 2004). DSE fungi are 

characterized by the formation of melanized and septate fungal hyphae, together 

with intracellular structures called microsclerotia, which allow DSE to be 

distinguished from mycorrhizal fungi and from other endophytes with hyaline 
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hyphae (Jumpponen & Trappe 1998, Addy et al. 2005, Mandyam & Jumpponen 

2008). This fairly loose characterization includes a vast number of fungal species 

that can be considered to be DSE, but the group is not phylogenetically cohesive 

(Mandyam & Jumpponen 2015), making the study of them even more complex.  

Over 600 plant species representing over 100 families have been reported to 

host DSE fungi, and they are common in a variety of ecosystems, including the 

Arctic, Antarctic, boreal, subtropical and temperate regions (Jumpponen & Trappe 

1998, Mandyam & Jumpponen 2005, Newsham et al. 2009). However, despite their 

ubiquitous presence in plant roots, their taxonomy, mode of action, ecology and 

evolution remains poorly understood (Jumpponen & Trappe 1998, Mandyam & 

Jumpponen 2015). This is probably due to the fact that DSE are difficult to identify 

without molecular methods, because most of them are not known to produce neither 

sexual stages nor asexual spores (Fig. 2). Furthermore, host responses to DSE have 

been found to be contradictory (Mayerhofer et al. 2013, Mandyam & Jumpponen 

2014, 2015). However, Sieber and Grünig (2013) separate DSE fungi into two 

subgroups based on preferred hosts: The first subgroup includes fungi that mainly 

occur on herbaceous plants (Harpophora-Gaeumannomyces complex), while the 

second subgroup includes DSE, which are common on woody plants 

(Phialocephala fortinii s.l. – Acephala applanata complex (PAC)), alhough, PAC 

species have also been isolated from grass roots (Mandyam et al. 2010, Tejesvi et 

al. 2010, Sieber & Grünig 2013).  

The ecological role of DSE is considered to represent a continuum from 

mutualism to parasitism (Mandyam & Jumpponen 2005, 2014, 2015) as plant 

responses to DSE fungi are highly variable. For example, meta-analyses by 

Alberton et al. (2010) and Newsham (2011) found positive DSE-induced effects on 

plant performance, particularly when N is available in organic form, while 

Mayerhofer et al. (2013) found that the effects were overall neutral or negative. 

However, their analysis also included fungi other than DSE, and they argue that 

this implies that positive growth responses are more commonly elicited by DSE. 

Indeed, DSE have been detected to increase biomass (Mandyam et al. 2010), tiller 

number, root length (Newsham 1999), and nitrogen uptake of some grass species 

(Zijlstra et al. 2005), and growth promotion and improved phosphorus uptake 

(Gasoni & Stegman De Gurkinkel 1997) are found in other herbaceous plants. By 

contrast, variable or negative host responses to DSE have also been reported (e.g. 

Tellenbach et al. 2011, Mandyam et al. 2013, Mayenhofer et al. 2013), thus 

highlighting the context dependency of the associations. Their presence is also 

often associated with improved host nutrition, although the evidence is not 
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indisputable (Caldwell et al. 2000, Upson et al. 2009, Newsham 2011, Li et al. 

2015, Knapp & Kovács 2016). 

1.5.3 Epichloë endophytes  

In contrast to the AM and DSE fungi, Epichloë endophytes (Clavicipitaceae) are 

fungi that live in aboveground plant tissues for a significant part of their life cycle, 

and the associations they form with grasses are much more intimate. This is because, 

unlike the AM and DSE, Epichloë endophytes are inherited symbionts and their 

transmission depends largely on the host’s performance. They grow intercellularly 

and systematically, infecting both the vegetative and reproductive organs of the 

host, and are transmitted vertically via seeds to the next plant generation (Clay & 

Schardl 2002, Cheplick & Faeth 2009). Some Epichloë species are also capable of 

horizontal transmission via sexually produced ascospores (Clay 1990, Saikkonen 

et al. 1998, Schardl et al. 2004) or asexual conidia (Tadych et al. 2012) (Fig. 2). 

There are 34 Epichloë species described, including several subspecies and varieties, 

(Leuchtmann et al. 2014) which almost exclusively colonize grasses from the 

subfamily Pooidae, and many of them tend to be host specific (Schardl et al. 2004, 

Cheplick & Faeth 2009). Leuchtmann (1992) reported 290 grass species as 

endophytic, but several new associations have been described since then (Cheplick 

& Faeth 2009). 

Epichloë–grass associations are traditionally viewed as mutualistic, because 

endophytes can provide benefits to their hosts and, in return, receive protection, 

nutrients and means for dissemination (via vertical transmission) from their hosts 

(Clay 1990, Cheplick & Faeth 2009). Epichloë endophytes are particularly known 

for their ability to defend the host against herbivores with toxic alkaloids (Bacon et 

al. 1977, Clay 1988, Leuchtmann et al. 2000, Schardl et al. 2012, Johnson et al. 

2013), but they can also improve host growth and reproduction, as well as provide 

tolerance to several other biotic and abiotic stresses (Malinowski & Belesky 2000, 

Clay & Schardl 2002, Kuldau & Bacon 2008, Johnson et al. 2013, Zhang et al. 

2015). Thus, these endophytes possess the potential to significantly influence host 

fitness, exert strong selective pressure on grass host traits, and modify grassland 

ecosystems (Clay & Holah 1999, Clay et al. 2004, Rudgers et al. 2004, Saikkonen 

et al. 2016). In particular, the ability of endophytes to improve host fitness is well 

acknowledged and exploited in modern agriculture and plant breeding in some 

parts of the world (Johnson et al. 2013, Gundel et al. 2013), but they also seem 
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worthy candidates for other practical applications (Mei & Flinn 2010, Afkhami et 

al. 2014, Saikkonen et al. 2016). 

Although endophyte associations with grasses are often mutualistic, especially 

in agricultural environments, presumably because the naturally occurring parasitic 

and potentially more-labile associations have been purged through strong artificial 

selection (Müller & Krauss 2005), studies on wild grass populations show that the 

ecological role of systemic grass endophytes can be complex and labile (Saikkonen 

et al. 2004, Faeth et al. 2010, Laitinen et al. 2016). The outcome of Epichloë–grass 

interaction seems to be conditional upon environmental factors or depends on the 

genetic background of the symbiotic partners (Cheplick et al. 1989, Ahlholm et al. 

2002, Clay & Scharld 2002, Saikkonen et al. 2006). It may vary even within the 

lifecycle of an individual organism. For example, some asexual Epichloë species 

are usually harmless mutualists, but when the host produces inflorescences, the 

lifecycle of the endophytes switches to a pathogenic sexual lifecycle (Eaton et al. 

2011). 
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Fig. 2. Transmission types of plant–associated fungi. In vertical transmission, fungi 

disperse asexually from plant to offspring via host seeds (a) or via plant produced 

ramets (d). In horizontal transmission, fungi disperse by means of sexual (b, e) or 

asexual spores (c, e, g) or by means of hyphal growth (f). Epichloë endophytes reside 

in plants’ aboveground parts, and some species can have both vertical (a, d) and 

horizontal transmission (b, c). Arbuscular mycorrhizal fungi (AM) and dark septate 

endophytes (DSE) reside in plant roots, but DSE fungi can also occur in soil as free-

living microbes. AM fungi disperse via hyphal networks, asexual spores (g) or animal 

vectors (h). DSE fungi disperse via fungal networks, via root fragments (f), asexual 

and/or sexual spores that are likely to be carried out via dead plant material (e) or 

possibly via animal vectors (h). 
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2 Aims of the study  

The aim of this thesis was to study the variability of ecological interactions between 

grasses and their cohabiting fungi in different habitats and conditions, i.e. to 

determine whether these interactions are context dependent. The study systems 

used in this thesis consisted of three distinct groups of root- and shoot-associated 

fungi found in common grass species, namely the AM and DSE fungi colonizing 

the roots of the grass Avenella flexuosa, and the Epichloë endophytes colonizing 

the above-ground parts of the grass Festuca rubra. These study systems were 

chosen because they are very common in natural environments and can induce 

mutual benefits to one another. However, since species interactions can be dynamic, 

I concentrated on how these fungi colonize grasses or whether they affect the 

performance of the hosts differently in different environmental settings.  

First, I studied experimentally how different environmental factors affect root-

associated AM and DSE fungi. I examined the prevalence of these fungi in 

subarctic and boreal A. flexuosa roots, and tested whether these root fungal 

colonizations differ according to latitude and certain environmental factors (e.g. 

site openness, humus thickness) in nature and/or in greenhouse conditions (I). 

Previous studies suggest that DSE fungi may be especially common in cold-

stressed habitats, where AM fungi may occur more sporadically (Kytöviita 2005, 

Upson et al. 2009, Bjorbækmo et al. 2010, Newsham 2011) and AM fungi can 

therefore be assumed to have lower colonization rates at higher latitudes. Moreover, 

several DSE isolates have been found to possess saprotrophic potential (Newsham 

1999, Caldwell et al. 2000, Menkis et al. 2004, Usuki & Narisawa 2007, Upson et 

al. 2009), and organic matter can therefore be expected to modify the root 

colonizations of these fungi. 

I then proceeded to investigate experimentally how F. rubra are affected by a 

foliar endophyte Epichloë festucae (II). More precisely, I examined whether the 

grasses are locally adapted to subarctic and subalpine habitats, and whether the 

endophyte contributes to the adaptation of F. rubra in these habitats. Since 

Epichloë–grass associations are generally viewed as mutualistic, endophytes may 

enhance host’s ability to exploit novel or extreme habitats (Clay & Schardl 2002, 

Cheplick & Faeth 2009). However, the geographic mosaic theory of coevolution 

predicts that interactions are locally adapted (Thompson 2005) and that the 

outcome of these interactions depends on abiotic and biotic conditions. Therefore, 

endophyte–grass associations are predicted to result in different ecological 

outcomes when transferred to a foreign community compared to their site of origin.  
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Finally, I examined how Epichloë endophytes benefit grasses under selected 

conditions by reviewing the benefits and evaluating the possible novel applications 

of these fungi for sustainable agriculture and environmental improvement (III). I 

focused on current and future problems in European agriculture and nature 

conservation, and critically considered the Epichloë endophytes’ potential for 

solving or mitigating these problems, given that surprisingly little attention has 

been paid to endophyte applications beyond agriculture, particularly in Europe.  
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3 Materials and methods 

3.1 Study species 

3.1.1 Avenella flexuosa and root fungi 

Avenella flexuosa (L.) Drejer (Poaceae) syn. Deschampsia flexuosa is a widely 

distributed, perennial grass found in temperate and subarctic regions. It is loosely 

to densely tufted, about 20–100 cm high and is easily distinguished by its wavy 

panicle branches. Its wide geographical distribution indicates a tolerance to a 

variety of different climatic conditions, and it is commonly found in dry grasslands, 

woodlands, heaths, pastures, disturbed sites and rocky shores, often being one of 

the first species to colonize bare areas (Scurfield 1954, Hubbard 1968).  

A. flexuosa is known to harbour multiple types of mutualistic microbes, 

including AM and DSE fungi (Read & Haselwandter 1981, Zijlstra et al. 2005, 

Ruotsalainen et al. 2004, 2007, Tejesvi et al. 2013, Huusko et al. 2016). Several 

studies have examined the colonization levels of AM and DSE fungi in A. flexuosa 

under different environmental conditions, for example, along altitudinal gradient 

(Read & Haselwandter 1981), successional gradient (Huusko et al. 2016) and under 

top-canopy harvesting (Hengodage et al. 2016). However, it appears that although 

these root fungi are abundant in various places (Davison et al. 2015, Mandyam & 

Jumpponen 2015), their colonization patterns vary both geographically and 

ecologically. 

3.1.2 Festuca rubra and foliar fungi 

Festuca rubra (L.) (Poaceae) is a common perennial grass occurring worldwide in 

open habitats that are often grazed or kept open by human activities. The grasses 

are usually reddish and 10–120 cm in height (Aiken & Darbyshire 1990), but can 

be morphologically variable (Dubé & Morisset 1987). There are several closely 

related taxa in the F. rubra group that commonly hybridize (Dirihan et al. 2016b). 

Based on morphological identification and geographical location, the subalpine F. 

rubra populations consisted of ssp. rubra and ssp. commutata, while the subarctic 

populations were a mixture of F. rubra ssp. rubra, ssp. arctica and, to some extent, 

ssp. arenaria. However, grass samples are hereafter treated as F. rubra s.l. because 

the taxonomy of these grasses is somewhat ambiguous (Dirihan et al. 2016b). 
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F. rubra grasses commonly form associations with Epichloë endophytes (e.g. 

Saikkonen et al. 2000, Bazely et al. 2007), and natural European grass populations 

can have high E. festucae infection frequencies (Zabalgogeazcoa et al. 1999, Wäli 

et al. 2007, Bazely et al. 2007, Dirihan et al. 2016a). E. festucae is also a common 

fungal symbiont of Lolium, Koeleria and other Festuca species (Leuchtmann et al. 

1994, Schardl 2001, Schardl et al. 2004), and is a frequently used model species in 

endophyte–grass research because of its stable symbioses, efficient vertical 

transmission, production of different classes of alkaloids and its ability to improve 

host fitness (Schardl 2001, Leuchtmann et al. 2014). Interestingly, E. festucae is 

capable of reproducing both vertically (via endophyte-infected seeds) and 

horizontally (by producing fungal fruiting bodies on plant inflorescences), but the 

main form of reproduction of the fungus is thought to be asexual (Sampson 1933, 

Schardl 2001). Thus, E. festucae is considered to be a mutualistic symbiont of fine 

fescues (Leuchtmann et al. 1994, Schardl 2001). 

3.2 Study areas and plant collection 

Two of the papers in this thesis are based on analyses of separate sets of biological 

data, while one is a review-type paper. The locations of the data collection sites are 

presented in Table 2. Separate data sets, i.e. plant samples, were collected from 

subarctic Kilpisjärvi and boreal Oulu in Finland (I), and from Finnish subarctic 

Utsjoki and the Swiss subalpine area of Uri (II). In paper I, whole specimens of A. 

flexuosa were collected from Kilpisjärvi and Oulu during the summers of 2008 and 

2009. Kilpisjärvi samples were taken on both sides of the tree line, while Oulu 

samples were taken from boreal mixed forests and from the Bothnian Bay’s sandy 

land uplift shores. The plants were brought to the laboratory to determine the root 

fungal structures. Two separate greenhouse experiments were then conducted with 

the collected plants to study the effects of substrate watering and organic matter 

(OM) level on the root fungal colonizations. In paper II, whole plants and seeds of 

F. rubra were collected during the summer of 2009 from semi-natural meadows 

close to the tree-line in Utsjoki and Uri. Two parallel experiments were then 

conducted at the same collection sites from 2009 to 2012 to study local adaptation 

and the effects of foliar fungi on F. rubra. All of the study sites were selected 

because they are representative of subalpine, subarctic and boreal vegetation zones, 

and are also relatively easily accessible. 
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Table 2. Locations of the plant collection sites and study areas. 

Plant collection site Grass species Vegetation zone Latitude Longitude Altitude (m.a.s.l.) 

Kilpisjärvi, Finland A. flexuosa subarctic 69°03′ N 20°50′ E 600 

Oulu, Finland A. flexuosa boreal 65°01′ N 25°30′ E 1–20 

Utsjoki, Finland F. rubra subarctic 69°46′ N 26°57′ E 70–110 

Uri, Switzerland F. rubra subalpine 46°53′ N 8°42′ E 1400–1600 

3.3 Experimental designs 

3.3.1 Experiments on root-associated fungi of A. flexuosa 

The plants collected from Kilpisjärvi and Oulu (Table 2) were kept at +4 °C until 

their roots were cleaned and small segments of them were preserved in 50% ethanol. 

Roots were stained for microscopic observation according to the modified method 

of Phillips and Hayman (1970), and the numbers of root fungal structures were then 

determined by the magnified intersection method (McGonicle et al. 1990). 

Structures characteristic of AM and DSE fungi were calculated separately, i.e. AM 

hyphae, fine-type AM hyphae (FE) and arbuscules, and also DSE hyphae and 

hyaline septate endophyte (HSE)-type hyphae were studied (I).  

In addition, I examined the effects of substrate watering and organic matter 

(OM) level in separate experiments on root fungal colonizations under greenhouse 

conditions, with the cleaned plant material collected from the field. These 

experiments are described below for the first time and are therefore presented in 

more detail, because they were excluded from the publication (I). The experiment 

on watering was conducted in 2008 and the experiment on organic matter was 

conducted in 2009, using the plant material collected in the respective years. In the 

watering experiment, the plants were potted into 1 L pots filled with autoclaved 

substrate consisting of a 5:1 mixture of sand and peat (White 420W, Kekkilä Oy, 

Vantaa, Finland, substrate pH 6.2, conductivity 78 µScm-1) and placed on 24 trays, 

with 10 pots on each tray. Half of the plants (120 plants, 15 specimens representing 

each of the 8 subsites) were subjected to low watering treatment, in which each set 

of 10 pots received 0.5 L of tap water every three to five days so that the substrate 

dried out completely in between watering. Half of the plants (120) were assigned 

to control treatment in which the substrate was kept moist at all times by adding 1 

L of tap water per tray every 48 hours until they were thoroughly wet, but no extra 
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water was left on the trays. The plants were fertilized twice during the experiment 

by adding 2 ml/L of Neko N-P-K 7-2-2 plant fertilizer (Oy Neko Ab, Finland) into 

the water.  

The experiment on organic matter level was carried out with 96 plants in 1 L 

pots, with 24 specimens representing each of the 4 field sites. Half of the plants 

were assigned to low OM treatment (sand:peat 2:1) and the other half to the control 

treatment (sand:peat 1:2) (peat White 420 W F6, Kekkilä Oy, Vantaa, Finland). The 

OM levels were relatively low in both treatments in comparison to the field 

conditions (e.g. Aikio et al. 2000). They were chosen to contrast the OM amount, 

but not to have a high peat content as AM experiments are often carried out in low 

OM substrates with relatively high pH (e.g. Kytöviita & Ruotsalainen 2007). The 

substrate was fertilized with a slow-release solid fertilizer (Nutricote Oy, Järvenpää, 

Finland) to balance the different nutrient levels created by the different peat 

concentrations between the treatments: 2.2 g l-1 in the low OM and 1.0 g l-1 in the 

control treatment. The fertilizer was added after autoclaving and the pH in both the 

low OM and the control substrates was 4.2. Conductivity was 162 µScm-1, C % 

dwg-1 0.90%, and N % dwg-1 0.02% in the low OM treatment and 295 µScm-1, C % 

dwg-1 3.19% and N % dwg-1 0.06% in the control treatment. The pots were kept 

moist at all times by adding tap water every 48 hours until the pots were thoroughly 

wet. To kill aphids that were detected a few times, the shoots were sprayed with a 

very low amount of tall oil soap–water solution twice during the experiment and 

care was taken to not add this solution to the substrate. 

Both experiments were conducted at the botanical garden of the University of 

Oulu over a three month period. To avoid the potentially harmful effects of 

autoclaving, the substrates were incubated for one to two weeks at room 

temperature prior to introducing the plants into the pots. Light was provided by 400 

W Philips SON-T PIA Green Power lamps, and the radiation limit was 250 W/m², 

after which the lamps turned off. The positions of the pots and the trays on the 

greenhouse table were changed every week to avoid uneven lighting conditions. 

The greenhouse mean temperatures were 15.2 and 20.4 °C in 2008 and 2009 

respectively, and the relative humidity was on average 66.3 and 56.5% respectively. 

At the harvest, the roots were carefully washed, fine root segments were collected 

and stained for microscopy as described above. However, after the 2008 experiment 

the roots were so delicate that 0.5% KOH was used for clearing the roots instead 

of 1%. The data are presented as the relative decrease (%) of the colonization at the 

start. 



37 

3.3.2 Experiments on local adaptation and foliar endophytes of F. 
rubra 

Whole specimens and seeds of endophytic (E+) and endophyte-free (E-) F. rubra 

were collected from Finnish and Swiss semi-natural fields (Table 2). Two parallel 

experiments were then conducted using plant material representing different stages 

in the life history of F. rubra: 1) established plants collected from subarctic and 

subalpine semi-natural fields, and 2) seedlings grown from the seeds of F. rubra 

that were collected from natural sites.  

The first experiment (hereafter referred to as the established grass experiment) 

was established in 2009, so that the plants collected from the fields were separated 

into tillers to produce eight genetically identical plant populations. One tiller of 

each plant genotype was then replanted into four blocks in both countries, and the 

blocks were established close to the plant collection sites (Table 2). These grasses 

were either naturally endophyte-infected (E+) or naturally endophyte-free (E-). The 

second experiment (hereafter referred to as the seedling experiment) was 

established so that some of the collected seeds were heat-treated in order to kill the 

endophyte (Wäli et al. 2011) and obtain manipulatively endophyte-free seeds 

(ME-). Thus, the seedlings were either naturally endophyte-infected (E+), naturally 

endophyte-free (E-) or manipulatively endophyte-free (ME-). The seedlings were 

then planted into the same field sites a year later. The plant performances in both 

the experiments were followed for three consecutive growing seasons (2009-2012). 

The plant reproductive biomasses and the vegetative biomasses measured at the 

end of the experiments were considered as our main proxies of fitness. However, 

the number of tillers and plant height over the growing seasons were also used to 

assess whether plant adaptation and endophyte-related effects change over time. 

To diagnose local adaptation, we compared whether the local plants performed 

better than the foreign plants at the site of origin, but also took into account the 

performance of local and foreign plants reciprocally in the subarctic and subalpine 

habitats (i.e. the ‘sympatric vs. allopatric’ comparisons) (Kawecki & Ebert 2004, 

Leimu & Fischer 2008, Kardol et al. 2014).  

3.4 Statistical analyses 

All the statistical analyses were performed in R statistical program (R Core Team 

2014) using linear mixed models (Crawley 2013). In both of the experimental 

papers (I and II), I had two different but similar data sets that were analysed 
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separately: Paper I had two data sets of plant root-associated fungal structures that 

were collected in different years (2008 and 2009), and separate greenhouse 

experiments in both years. Paper II had two parallel field experiments (the 

established grass experiment and the seedling experiment). 

Data sets from paper I were analysed using linear mixed effect models (lme 

function in R, Crawley 2013). With regard to the field data, it was tested whether 

vegetation zone, humus thickness in both data sets and site openness in the 2008 

data set affected the percentages of the different fungal structures of D. flexuosa 

roots. Vegetation zone, humus thickness and site openness, together with all the 

interactions among these factors were used as fixed terms, and the plant collection 

site (nested within the vegetation zone) was used as a random term. With regard to 

the greenhouse data, it was tested whether the experimental treatment (watering in 

2008, and organic matter level in 2009), colonization type (fixed terms) and their 

interactions affected the relative decrease of colonization percentage from the 

starting levels of colonizations. The plant collection site (nested within the 

vegetation zone) was again used as a random term.The normality of the residuals 

was examined visually, and square-root and arcsine- transformations were 

performed when the data did not meet the requirements of the normality and the 

homogeneity of variances.  

In paper II, data sets were analysed using the linear mixed model with residual 

maximum likelihood (the Asreml function in the asreml package in R, Gilmour et 

al. 2009, Schmid et al. 2017), and Wald tests and variance components were 

extracted (the test.asreml function in the Pascal package). This was done in order 

to take into account the nested nature of the random terms. We tested the effects of 

target country, country of origin, endophyte status and the interactions (fixed terms) 

on the root, shoot, seed and reproductive biomasses in the final measurements 

(taken in September 2012). The effects of the same fixed terms, together with time, 

were tested on the number of tillers and the height of F. rubra in the repeated 

measurements (taken from 2009–2012). The interactions between the target 

country and the country of origin tests for local adaptation/maladaptation to the 

native habitat (target = origin) in comparison to the introduced habitat (target ≠ 

origin). The plots (nested within the target country) and the grass genotype (nested 

within the country of origin and endophyte status) were used as random terms, and 

log- or square-root transformations were performed when needed in order to fit the 

model better.  
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4 Results and discussion 

4.1 Grasses and root-associated fungi 

4.1.1 Contrasting fungal colonization patterns in natural 
environments 

My results showed that A. flexuosa roots readily harbour both arbuscular 

mycorrhizal and dark septate endophytic fungi in natural environments, but that the 

colonization patterns of these fungi were different in response to vegetation zones 

and certain site properties (I). Interestingly, I also found that the same A. flexuosa 

individuals that were heavily colonized by root fungi in nature lost almost all of 

their fungal colonizations in greenhouse conditions. 

In natural habitats, both AM and DSE fungal colonizations were common in A. 

flexuosa grasses, but the AM fungi were more abundant, which is in accordance 

with many other studies (Read & Haselwandter 1981, Zijlstra et al. 2005, García et 

al. 2012, Hengodage et al. 2016). In general, I did not detect latitudinal differences 

in the abundances of AM fungi, even though several studies have shown that 

mycorrhizal colonizations decrease towards higher altitudes and latitudes (e.g. 

Väre et al. 1992, 1997, Olsson et al. 2004, Upson et al. 2008, Angel et al. 2016), 

especially in arctic and alpine ecosystems (Read & Haselwandter 1981, Gardes & 

Dahlberg 1996, Olsson et al. 2004). By contrast, I found DSE fungi to be more 

frequent in the subarctic, but only in the form of hyaline septate hyphae (HSE). 

This may be due to possible functional differences between HSE and DSE hyphae 

that are manifested differently in boreal and subarctic habits. Indeed, DSE fungi 

are likely to be structurally polymorphic (Haselwandter & Read 1982, Barrow & 

Aaltonen 2001), and to produce structurally different stained, melanized, and 

hyaline tissue. HSE hyphae may represent a pre-melanization stage of the typical 

DSE hyphae (Yu et al. 2001, Mandyam & Jumpponen 2008), and they are 

suggested to be the active phases of DSE fungi (Barrow & Aaltonen 2001, Barrow 

2003). It is possible that typical, melanized DSE hyphal walls may enable them to 

function in stressful conditions, e.g. in dry soils (Jumpponen & Trappe 1998, 

Robinson 2001), while thin and probably more permeable walls of HSE may allow 

potential resource exchange with the host (Barrow & Aaltonen 2001, Barrow 2003). 

It is possible the long-lasting, melanized DSE hyphae may not be as physiologically 
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active as the HSE hyphae could potentially be at the subarctic field sites, because 

fungi in subarctic soils may face a lack of sufficient moisture more rarely. 

However, I found contrasting colonization patterns of AM and DSE fungi in A. 

flexuosa under different site conditions, as have several other studies. DSE 

colonizations have been reported to be more abundant, while AM colonizations are 

less abundant in varying environmental conditions, for example, under high 

disturbance (García et al. 2012), after tree harvesting (Hengodage et al. 2016) and 

defoliation (Saravesi et al. 2014). Moreover, contrasting colonization patterns have 

been reported in wetland dicots and monocots (Weishampel & Bedford 2006), 

between female and male flowers and they are even shown to have temporal 

variation (Mandyam & Jumpponen 2008, Vega-Frutis et al. 2013), indicating that 

AM and DSE fungi have differing optima for hosts and environmental conditions.  

In general, I found that the AM fungal colonizations were higher, but that the 

DSE fungal colonizations were lower at open sites compared to forested sites. My 

results are in accordance with the studies of Francini et al. (2014) and Huusko et 

al. (2016), who found AM dominance shifting to DSE dominance with increasing 

successional gradient, i.e. with an increase in vegetation cover and soil organic 

matter and a decrease in soil pH (Huusko et al. 2016). Similarly, other studies have 

found AM fungi to dominate grass roots in habitats of young successional age 

(Read 1989, 1991, Postma et al. 2007), and AM mycorrhizal colonizations have 

been shown to have decreased in relation to decreased light (shading) and increased 

nutrients (e.g. Shi et al. 2014, Johnson et al. 2015). Shade should reduce carbon 

allocation to mycorrhizas via decreased photosynthetic ability of the host plants, 

which causes soil nutrients to be relatively less limited than carbon (Johnson et al. 

2010, Shi et al. 2014). Indeed, tree shading and soil organic matter were among the 

most notable differences between my study sites, so that organic matter was low at 

the open sites, but high at the forested sites. In addition, the open sites have high 

prevalence of abiotic stress (e.g. intensive solar radiation, low soil fertility, salt 

stress and strong wind) coupled with high pH and plant-available N supply, but low 

P supply (Pennanen et al. 2001, Postma et al. 2007, Huusko et al. 2016). In such 

conditions, host nutrient uptake and tolerance against drought and salt stress (Koske 

et al. 2004, Rodríguez-Echeverría & Freitas 2006, Hoeksema et al. 2010) could be 

improved through AM fungal associations, explaining the higher colonizations of 

AM fungi. By contrast, I found DSE fungal colonization to be more common in 

forested sites in the boreal zone. Increasing humus cover at the forested sites can 

be assumed to favour DSE fungi as they have been shown to increase host plant 

growth when nutrients are in organic form in soil (Usuki et al. 2002, Usuki & 
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Narisawa 2007, Upson et al. 2009, Newsham 2011, Mayerhofer et al. 2013). Some 

studies have found DSE fungi to produce hydrolytic enzymes, enabling the usage 

of organic matter in the rhizosphere (Caldwell et al. 2000, Newsham 2011, 

Mayerhofer et al. 2015, Knapp & Kovács 2016). My findings support this as I 

found DSE fungi to correlate positively with humus thickness, and AM fungi to 

correlate negatively with it. In addition, factors such as temporal variation of fungal 

colonizations (Li et al. 2005, but see Ruotsalainen et al. 2002) may have 

contributed to the contrasting colonization patterns.  

4.1.2 Greenhouse experiments 

The colonization of both AM and DSE fungi decreased dramatically in the 

greenhouse experiments, with an average decrease of 97% from the colonization 

levels at the start, independently of the plant origin, experimental treatments or 

plant performance. Before the greenhouse experiments, the colonization levels in 

2008 were as follows: AM hyphae 10-30%, arbuscular colonizations 1-4%, DSE 

hyphae 2-15% and HSE 2-35%. In 2009 they were: AM hyphae 50-65%, arbuscular 

colonizations 10-20%, DSE hyphae 50% and FE (fine-type AM) 60-70%. The 

results are presented as a relative decrease in colonization from the starting levels 

(Fig. 1). The arbuscular percentage decreased less than the other fungal 

colonization types in the watering experiment (Table 3, Fig. 3 (a.)).     

In neither greenhouse experiments, the watering level nor the amount of 

organic matter had any detectable effects on fungal colonization levels. 

Consequently, I did not find further experimental support for the findings obtained 

in the first part of this research, i.e. that AM and DSE fungi are affected differently 

by contrasting conditions. It is possible that the host plants simply reject their root 

fungi when brought into the greenhouse. Indeed, AM symbiosis in grasses can be 

facultative (Vosatka & Dodd 1998), and high nutrient levels have been shown to 

repress essential symbiotic genes and to reduce AM colonizations (Breuillin et al. 

2010). Moreover, the lack of new fungal inocula or associating microbial 

communities in the substrate may have contributed to the decrease of fungal 

colonizations in the greenhouse, as some microbes can have significant effects on 

mycorrhizal formation and fungal growth, for example (e.g. Frey-Klett et al. 2007, 

Ordoñez et al. 2016). The overall reduction in colonizations is at least partly likely 

to be due to the greenhouse conditions, which are always simplified. However, my 

results also suggest something about the condition sensibility of plant-microbial 

symbioses as the evidently mycorrhizal and DSE colonized plants simply dropped 
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or lost their fungal colonization. The relative importance of the benefits to the plant 

may have changed in greenhouse conditions compared to the natural environment, 

and once beneficial fungi may have become useless partners once the environment 

changed (Werner & Kiers 2015). It is possible that higher numbers of treatment 

levels in both experiments may have improved the interpretability of the results. 

However, the less prominent reduction of arbuscules during the watering 

experiment may suggest that arbuscules, as functionally important structures, are 

not as easily abandoned, but are rather favoured in milder greenhouse conditions. 

My results may also point out potential problems related to artificial growing 

conditions when studying plant–microbe interactions. 

Table 3. Impact of colonization type (levels in the watering experiment: arbuscular 

mycorrhizal hyphae (AM), arbuscules, dark septate hyphae (DSE), hyaline septate 

hyphae (HSE) and fine endophyte type-AM hyphae (FE); levels in the organic matter 

(OM) experiment: AM hyphae, arbuscules, DSE hyphae and FE hyphae) and treatment 

(levels in the watering experiment: low and control; levels in the OM experiment: low 

and control) and their interaction on the relative decrease % of fungal colonization in 

Avenella flexuosa. F values are followed by the hypothesis and the error degrees of 

freedom.  

Source Watering experiment  OM experiment 

F P  F P 

Colonization type 25.123,53 <0.0001  2.663,21 0.0749 

Treatment 0.091,53 0.7629  0.691,21 0.4161 

Colonization type x treatment 0.633,53 0.5974  0.693,21 0.5692 

Significant P-values (P<0.05) in bold. 
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Fig. 3. Relative decrease of root fungal colonization percentages in relation to the 

colonization level at the start (±SE) in (a) the watering experiment and (b) the organic 

matter experiment in different colonization types: AM = arbuscular mycorrhizal hyphae, 

ARB = arbuscules, DSE = dark septate endophytes , HSE = hyaline septate endophytes 

and FE = fine endophyte type-AM colonization. Water and organic matter = decreased 

levels of watering and organic matter respectively. 

4.2 Grasses and foliar fungi 

Since Epichloë endophytes colonize many grass species of the subfamily Pooideae 

(Leuchtmann 1992), and the colonization rates of grasses in nature can be high (e.g. 

Zabalgogeazcoa et al.1999, Wäli et al. 2007), endophytes could be influential to 

the success of their host grasses, and they may help grasses to adapt to changing 

environment. Indeed, the ability of Epichloë endophytes to improve host fitness is 

well acknowledged (III, Fletcher 2012, Johnson et al. 2013), and they have been 

found to be able to modify host persistence strategies (Gibert et al. 2013). 

Furthermore, endophytic grasses have been demonstrated to have high invasive 

potential (Clay & Holah 1999, Rudgers et al. 2005, Uchitel et al. 2011, Casas et al. 

2016). However, I did not detect any consistent patterns of endophyte-induced 

benefits on the host performance. By contrast, I found that the benefits are highly 

dependent on symbiotum origin and on host plant life stage (II, Figs. 3–6). Indeed, 

previous studies have found the effects of E. festucae on F. rubra performance to 

be highly variable. Under various circumstances, studies have linked E. festucae to 

enhanced seed yield (Schardl 2001) and seed survival (Gundel et al. 2011), better 

competitive ability (Vázquez-de-Aldana et al. 2013a), altered content of certain 

nutrients and fiber constituents (Zabalgogeazcoa et al. 2006, Vázquez-de-Aldana 
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et al. 2013b), and increased herbivore and disease resistance (Bazely et al. 1997, 

Popay & Bonos 2004) in F. rubra. However, in line with my results, other studies 

report E. festucae to be either beneficial or costly to F. rubra performance, seedling 

establishment or nutrient content, depending on symbiotum genetics and origin 

(Zabalgogeazcoa et al. 2006, Wäli et al. 2009, Saikkonen et al. 2010, Laitinen et 

al. 2016). My results showed that endophyte affected the host grasses differently in 

subarctic and subalpine habitats, depending on host origin (II, Figs. 3–6).  

Interestingly, the life stage of the symbiotum (i.e. established plants vs. 

seedling stage) appeared to influence the interaction outcome. I found that plants 

from the seedling experiment (i.e. young plants) exhibited more endophyte-related 

effects relative to the plants from the established experiment (i.e. older plants), 

although again, in a very varying manner depending on symbiotum origin and 

experimental country. In both experiments the number of tillers and the height of 

the plants were influenced by the endophyte, whereas the reproductive biomass in 

the seedling experiment was the only biomass variable that exhibited any 

endophyte-related effect. In line with my findings, previous studies have also 

reported contrasting endophyte effects related to host age or life stage, with benefits 

only occurring in early stages (Ahlholm et al. 2002, Olejniczak and Lembicz 2007, 

Faeth 2009), or in later stages (Cheplick 2008, Saikkonen et al. 2010) of plant life. 

However, none of these studies compared different host stage (or age) classes 

simultaneously in the same year as I did, which is important for assessing the net 

outcome of an interaction over the entire life span of a plant (Rudgers et al. 2010). 

Therefore, it has been proposed that putative host benefits to endophytes may take 

a long time to manifest (Cheplick 2008), or that the changing environmental 

conditions over the consecutive experimental years influence the endophyte effects 

(Rudgers et al. 2010). However, neither of these scenarios explains my findings as 

I found both young E- and E+ and old E- and E+ grasses outperformed each other, 

depending on the grass origin, and all the grasses experienced the same 

environmental conditions in both countries. Different growth histories of the plants 

used in the two experiments probably caused the varied endophyte-related 

outcomes. In old grown plants, long-term survival in a certain habitat may have 

selected genotypes that were best adapted to that environment, while plants from 

seeds representing recombinant genotypes did not undergo such selection. 

Therefore, the observed endophyte effects may be indirectly linked to different 

plant genotypes, although the old grown plants and the seeds came from the same 

site.  
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The variable results may also derive from the fact that the endophytes entail 

energy costs for the host plants. As such, they may limit resources available to 

competing plant activities, such as growth or reproduction in the host plant 

(Saikkonen et al. 2002). I found some indications from the seedling experiment that 

foreign manipulatively endophyte-free plants (ME-) had a slightly higher 

reproductive biomass in comparison to E-/E+ plants in Finland. I also found that at 

the beginning of both experiments the endophytic plants were shorter in 

comparison to the E-/ME- plants, but that with time the endophytic plants grew 

taller. These findings could indicate that endophytes may inhibit plant reproduction 

and growth early in the plant life stage. However, I did not detect any endophyte-

induced effects on seed biomass, which does not provide further evidence for 

endophyte-induced costs on plant reproduction. Moreover, previous findings have 

found that endophytes increase (Cheplick & Faeth 2009, Saikkonen et al. 2010, 

Faeth et al. 2017) or decrease (Faeth & Sullivan 2003, Faeth et al. 2010, Jia et al. 

2015) host reproduction and growth, depending on time, endophyte genotype and 

environmental conditions. Therefore, the biological interpretation of these results 

is difficult.  

It is also possible that other microbes could have contributed to the variability 

of the results, as plants typically inhabit multiple microbes that can affect each other 

or the host simultaneously (e.g. Vandegrift et al. 2015, Vignale et al. 2016, García-

Parisi & Omacini 2017). For example, AM fungi can shift the intraspecific 

feedback effects between endophytic and endophyte-free conspecific plants from 

negative to positive (García-Parisi & Omacini 2017), and the fitness costs of DSE 

to plants have been shown to be negated by Epichloë endophytes (Vandegrift et al. 

2015). Indeed, I found the plants to harbour AM and DSE fungi in their roots, and 

some plant leaves showed mild symptoms of unidentified diseases, but as their 

effects were not tested in the experiments, a more detailed discussion of the possible 

roles of these cohabiting fungi will occur elsewhere (Kauppinen et al. unpubl.).  

Taken together, my results are in line with a number of studies that have found 

the effects of Epichloë endophytes on plant performance to be highly variable (e.g. 

Saikkonen et al. 1998, Cheplick & Faeth 2009, Hume et al. 2016, Laitinen et al. 

2016). It is clear that more research is needed to shed more light on the possible 

endophyte-induced costs, and to fully capture the endophyte-induced effects on 

plant performance, long-term studies should be performed simultaneously with 

different host plant life stages. 
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4.3 Local adaptation of grasses 

I found clear evidence of the local adaptation of F. rubra to local subarctic and 

subalpine habitats, as the native plants generally performed better than the foreign 

plants (II). This is in line with the local adaptation hypothesis (Kawecki & Ebert 

2004), and a number of studies that have found local adaptation in common 

grassland species (Bischoff et al. 2006, Gonzalo-Turpin & Hazard 2009, Hamann 

et al. 2016, Bucharova et al. 2017). Indeed, plant species that are distributed over 

heterogeneous environments often show genetic or phenotypic differentiation, 

resulting from either genetic drift or natural selection (Volis et al. 2015). 

Local adaptation was particularly evident in reproduction, as the foreign plants 

did not produce viable seeds at all. This is in concordance with several other studies 

that have found local adaptation especially in reproductive traits, rather than in 

vegetative growth (e.g. Nagy & Rice 1997, Bischoff et al. 2006, Hamann et al. 

2016). More specifically, I found that the foreign (Finnish) plants in Switzerland 

did not produce any reproductive structures, while the foreign (Swiss) plants in 

Finland produced some inflorescences and seeds, although these were not mature 

enough. It is probable that the Swiss seeds did not mature on time due to the shorter 

growing season in Finland and regional differences in climatic conditions, which 

may reflect genetic adaptation to the regional length of the growing season (Gugger 

et al. 2015). In addition, differences in day length between the subarctic and 

subalpine habitats may have affected the reproductive success of the foreign plants. 

Day length is known to be important factor in controlling the flowering process 

(Heide 1994), and there is a naturally occurring variation in day length 

requirements between plant populations (Fjellheim et al. 2014). The exact timing 

of flowering may be the most influential factor for successful reproduction, being 

even more crucial in cold environments where short growing seasons (Körner 2003) 

and unfavorable conditions such as frost (Inouye 2008) pose additional challenges 

to reproductive success (Gugger et al. 2015).  

I also found indications of local adaptation in the vegetative traits as the local 

plants generally performed better in local habitats than in foreign habitats. However, 

the subalpine and subarctic plants performed equally well in Finland (local vs. 

foreign contrasts) and, in some cases, the subalpine plants performed equally well 

or even better in foreign habitats in comparison to their local habitats (sympatric 

vs. allopatric contrasts). This may imply that subalpine grasses are more plastic in 

their requirements for growth conditions, and may be better adapted when facing 

environmental changes caused by climate change. Both the subarctic and subalpine 
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ecosystems are subject to climate change, with predicted increases in temperature 

and precipitation (IPCC 2013) being the main drivers of these changes. The 

subarctic and subalpine boundary zones between the forest and tundra ecosystems, 

i.e. tree line ecotones (Körner & Paulsen 2004, Kim & Lee 2015) are of particular 

interest because they are assumed to primarily respond to changes in climate, rather 

than to some other environmental factors (Epstein et al. 2004), which may make 

them prone to early and rapid change. The vegetation of these ecotones is predicted 

to migrate into higher elevations and latitudes in response to climate change (e.g. 

Danby & Hik 2007). For example, increasing temperatures in the subarctic over the 

forthcoming century (IPCC 2013), coupled with anthropogenic stressors such as 

reindeer herbivory, may advance the expansion of graminoids into these areas (Post 

et al. 2009, De Long et al. 2015). These results indicate that subalpine grasses have 

a greater potential to relocate to new areas compared to subarctic plants, although 

the reproduction of the subalpine plants was insufficient in the subarctic. However, 

this reproduction barrier could be mitigated by climate change as the growing 

season may be prolonged in the subarctic due to increasing temperatures.  

4.4 Applications of grass – foliar endophyte symbiosis 

My literary review (III) showed that although Epichloë endophytes are successfully 

used in agricultural practices in certain parts of the world, they have been ignored 

in Europe. Moreover, I showed that Epichloë possess an untapped potential for 

various other practical applications beyond agriculture. This is based on the 

endophytes’ well-documented capability to enhance plant performance and provide 

protection against herbivores and pathogens via toxic alkaloids, especially in 

agricultural settings (Schardl & Moon 2003, Cheplick & Faeth 2009, Johnson et al. 

2013).  

Selected strains of Epichloë in pasture grasses (which are resistant to herbivory, 

yet safe for livestock) are widely used today in the USA, New Zealand, Australia 

and South America (Easton & Fletcher 2006, Johnson et al. 2013), where 

monoculture pastures are prominent. In addition to agriculture, endophytic turf 

grass cultivars can be used for any lawn areas (e.g. airports, recreational areas, 

sports fields) to deter herbivores (Pennell et al. 2010, 2016, Finch et al. 2015). 

However, the use of Epichloë endophytes in Europe is virtually non-existent, 

although many European grass cultivars possess great potential for improvement 

through endophyte infection. Epichloë endophytes are natural symbionts of many 

European wild grasses (e.g. Saikkonen 2000, Bazely et al. 2007), and endophyte 
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infection frequencies in wild grass populations (Zabalgogeazcoa et al.1999, Wäli 

et al. 2007, Bazely et al. 2007, Dirihan et al. 2016a) and forage grasses (Saikkonen 

et al. 2000, Puentes et al. 2007, Saari et al. 2009) can be high. Moreover, in some 

European forage grass cultivars, endophytes have been found to provide substantial 

improvements to host biomass production (e.g. Saari et al. 2010, Saikkonen et al. 

2013). Yet, most European forage grass cultivars are endophyte-free or have low 

infection levels, possibly because some European countries impose limits on 

endophyte infection levels in commercial grass cultivars to avoid potential 

livestock toxicosis, and because the use of polyculture pastures is common in 

Europe (Zabalgogeazcoa & Bony 2005). However, the putative toxicosis problems 

would be avoidable with selected strains, and European grass populations could in 

fact serve as a pool for completely new strains of endophytes and grasses (Takach 

et al. 2012, Meyer et al. 2013). Indeed, many Epichloë host grass species originate 

from Europe and the Middle East, where biodiversity hotspots for these organisms 

could occur (Saha et al. 1987, Saikkonen 2000, Zabalgogeazcoa & Bony 2005, 

Dobrindt et al. 2013). I propose that the diversity of European Epichloë endophytes 

and their host grass species should be further studied, and that the possibility of 

also using endophytes in European sustainable agriculture should be considered.  

The potential applications of endophytic grass cultivars are wide-ranging, and 

should be taken into account in the management of sustainable agriculture and 

environmental improvement. Considerable empirical evidence suggests that 

endophytes can provide protection against weeds (Saikkonen et al. 2013) and 

pathogens (e.g. Clarke et al. 2006, Lehtonen et al. 2006, Wiewióra et al. 2015, 

Wang et al. 2016), and that the development and deployment of such applications 

could lead to a reduction in the use of synthetic herbicides, and fungicides, and 

could improve ecological and food safety (Saikkonen et al. 2016). Other 

applications could include improved bioenergy production (Rudgers & Clay 2007), 

bioremediation of contaminated soils (Bonnet et al. 2000, Soleimani et al. 2010), 

restoration of native grasslands and prevention of soil erosion or overgrazing (Ball 

1997, Cheplick & Faeth 2009). Furthermore, the potential applications of Epichloë 

endophytes are related to successful grass production management in a changing 

climate (Saikkonen et al. 2016). The predicted climate change sets challenges to 

both natural and agricultural plant species, particularly in arctic and alpine habitats. 

Since endophyte symbiosis may enhance plant performance, and hence the plant’s 

ability to exploit novel or extreme habitats (Clay & Schardl 2002), endophyte 

harbouring plants could have an advantage over non-endophytic plants in changing 

environments. Warming and drought stress can affect the alkaloid production of 
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endophytes (Hill et al. 1996, Groppe et al. 1999, Compant et al. 2010, Saikkonen 

et al. 2016) and increase growth of endophytic plants (Compant et al. 2010, Hill et 

al. 1996), and it has even been suggested that Epichloë endophytes contribute to 

soil carbon sequestration (Iqbal et al. 2012, 2013). Advances in biotechnology and 

further understanding of the genetic bases of the symbiotum will allow the 

production of new, synthetic symbioses between Epichloë endophytes and 

important crop plants (Saikkonen et al. 2016), and some are already under 

development (Simpson et al. 2014). Therefore, it is clear that more vigorous 

research is needed to further elucidate the usefulness of these potential practical 

applications of Epichloë endophytes.  

However, I propose that practical implementation of these endophyte benefits 

should be executed with caution. In order to fully exploit the potential of Epichloë-

endophyte-improved grass cultivars, the costs and potential risks associated with 

endophyte-grass interactions must be acknowledged. First, some endophytic 

grasses can be harmful to grazing mammals via the production of toxic alkaloids, 

mainly lolitrem B and ergot (Bacon et al. 1977, Johnson et al. 2013). Second, 

endophyte infection can be unstable because the fungus can lose its viability in 

heritable mother plant lineage (Rolston et al. 1986, Saikkonen et al. 2010). 

Continuous monitoring of the endophyte status of commercial cultivars is needed 

to ensure that the endophyte-grass combinations remain stable. Third, endophyte 

induced plant and animal responses can be conditional (Saikkonen et al. 1998, 

Ahlholm et al. 2002, Popay & Bonos 2004, Lehtonen et al. 2006, Fletcher 2012), 

as is shown in this thesis (II). Accordingly, the safe and successful use of 

endophytes requires a thorough understanding of the variation in chemical profiles 

and the concentrations of toxic compounds of endophyte–host grass combinations 

in different environments (Gundel et al. 2013, Saikkonen et al. 2016). Ideally, pre-

release testing of endophytic cultivars should be completed in the particular area 

and conditions of its planned use. In addition, changes in environmental conditions 

and agricultural practices can lead to changes in symbiotic associations, and the 

introduced endophytes could in turn affect the local ecosystem. For example, 

endophytes could reduce the competitive abilities of other plants (Saikkonen et al. 

2013, Vázquez-de-Aldana et al. 2013a) and reduce local biodiversity. Alternatively, 

some fungal endophytes may even increase the invasiveness of the host grasses and 

thus threaten the native ecosystem of the planned target habitats (Clay & Holah 

1999, Saikkonen 2000, Cheplick & Faeth 2009). Therefore, the use of controlled 

fungus–plant genotype combinations in different environments, also in their natural 

habitats, is essential to fully elucidate the interactions among plants and endophytes 
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(Saikkonen et al. 2004). Moreover, I want to emphasize that native and local 

endophyte–grass combinations should be preferred as a source for cultivar 

improvement programmes when possible, and I suggest that the spread of alien 

invasive endophytes and grasses to natural habitats should be eschewed to avoid 

the risk of biological hazards.  

4.5 Context dependency of the grass – fungal associations 

In general, my studies (I, II, III) revealed that plant fungal interactions are highly 

variable and support the view of context dependency of interacting associations 

(Bronstein 1994, Johnson et al. 1997, Saikkonen et al. 1998, 2004, Müller & Krauss 

2005, Hoeksema et al. 2010, Chamberlain et al. 2014). More specifically, I found 

that the outcomes of such associations appear to be dependent on environmental 

context (I) and on origin of the symbiotum (II), and no clear patterns of fungal 

colonizations (I) or universal facilitation (II) were found. Indeed, Chamberlain et 

al. (2014) showed that context dependency is common in mutualistic associations. 

In particular the change of sign, i.e. the outcome of association switches from 

positive to negative or vice versa, is more common in mutualism than in other types 

of species interactions (predation and competition) (Chamberlain et al. 2014). This 

plasticity is driven by abiotic, biotic or genetic context, and estimations of 

interactions in a particular context are therefore difficult and cannot be extrapolated 

over time and space. Instead, they may be complex functions of their environment 

(Hoeksema & Bruna 2015).  

Varying symbiont-induced effects can be expected to arise from the variation 

in the relative benefits and costs of the association in different ecological contexts 

(Bronstein 1994). In the case of root-associated fungi, I found that different fungal 

groups (AM and DSE) colonize A. flexuosa in a different manner (I), suggesting 

that they entail differing effects (e.g. benefits and costs) on the plants in contrasting 

environments. AM fungi and plants exchange mineral and organic resources, and 

therefore a variation in soil nutrient availability can be expected to affect the costs 

and benefits of the association (Smith & Read 2008, Hoeksema et al. 2010). For 

example, AM fungi have been shown to decrease when the overall soil fertility is 

high (Jones & Smith 2004, Hoeksema & Bruna 2015). Indeed, I found AM fungi 

to be more abundant at nutrient poor, open sites. Moreover, plant functional groups 

and plant taxonomy, microbial communities, neighbour density, herbivores and 

differences in symbiotum genotypes can contribute to variation in mycorrhizal–

grass association outcomes (Johnson et al. 1997, Hoeksema et al. 2010, Johnson et 
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al. 2010, Hoeksema & Bruna 2015). Far less is known about the contextual factors 

that influence the outcomes of DSE–plant association, as the fundamental functions 

in DSE–host interactions have remained unclear. However, it appears that host 

species and ecotypes vary in their responses to populations of DSE fungi, and that 

environmental conditions further affect the host responses (Mandyam et al. 2013, 

Mandyam & Jumpponen 2015). My results (I), together with earlier findings (e.g. 

Francini et al. 2014, Huusko et al. 2016), indicate that soil organic matter can 

contribute to variation in DSE–grass interactions. 

In the case of Epichloë endophytes, their associations with grasses are 

traditionally viewed as mutualistic, based on numerous studies that have tended to 

show endophyte-induced benefits on a few, ecologically important pasture grasses 

(III, Saikkonen et al. 2006, Cheplick & Faeth 2009). In simplified agro–ecosystems, 

beneficial traits of the symbiotic partners can provide a selective advantage to the 

host plant, leading to highly integrated symbioses (Saikkonen et al. 2000, 2004), 

while the naturally occurring parasitic and potentially more-labile associations 

have been purged through strong artificial selection (Müller & Krauss 2005). It 

appears that the context dependency of the interactions is often more common in 

natural environments than it is in agricultural settings (e.g. Saikkonen et al. 2004, 

2006, II, III). In natural environments, selective forces are much more variable 

compared to agro-environments, and they can operate simultaneously on several 

traits, or plasticity in traits, of the interacting partners, leading to substantial 

variation in nature. Moreover, the genetic diversity of both plants and fungi is 

higher in natural environments than in agricultural environments (Saikkonen et al. 

2004). Indeed, my research showed that benefits for the host in the association with 

Epichloë were highly variable in their natural habitats. Notably, the endophyte-

induced benefits on the host appeared to vary with the life stage of the grass (II). 

Relatively few studies have investigated contextual factors apart from water and 

nutrient availability (e.g. Cheplick et al. 1989, Davitt et al. 2011) on the outcome 

of endophyte–grass symbiosis (Cheplick & Faeth 2009, Hoeksema & Bruna 2015). 

My results (II) indicate that, together with plant origin, host life stage can be a 

factor influencing the variability in symbiosis outcomes. Taken together, more 

research is needed to explore the breadth of factors that induce context dependency 

in symbiotic associations. Modelling the mechanisms of context dependency can 

help to explore testable hypotheses and long-term dynamics of the phenomenon, 

while observational studies and manipulative experiments are needed to identify, 

measure and isolate contextual factors that contribute to species interactions 

(Hoeksema & Bruna 2015).  
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4.6 Evolution and theoretical considerations  

Although my research is primarily ecological, the results may also reflect the 

evolution of the symbiotums studied. For example, selection pressures vary 

spatially and temporally, creating a coevolutionary selection mosaic (Thompson 

2005) that leads to a mixture of symbiotic outcomes. As the geographic mosaic 

theory of coevolution predicts (Thompson 2005), plant–fungal associations appear 

to project to the hot- and cold-spots of selective pressures in a given environment 

(Saikkonen et al. 2004, 2006). Symbioses usually entail costs to the partners 

(Schardl & Moon 2003), and although the interactions of grasses with both AM 

and Epichloë fungi are based on mutual exploitation, the benefits to the partners 

rarely align (Herre et al. 1999) and conflicting selection forces are likely to 

destabilize them. For example, conflicts may arise between host and fungal 

reproduction, the energetic costs of harbouring the fungi or the host’s control of 

fungal growth within the host (Saikkonen et al. 2004). However, variation in 

symbiosis functioning is thought to be important in maintaining species coexistence 

(e.g. Bever 2003) and to impact ecosystem–level processes (van der Heijden et al. 

1998, Karst et al. 2008). 

Biological market theory has been suggested as a useful tool to explain 

microbial interactions because it predicts diversity of microbial interactions in 

different environments (Hoeksema & Schwartz 2003, Werner et al. 2014, Wyatt et 

al. 2014). For example, in mycorrhizal symbioses, plants and mycorrhizal fungi 

can form interactions with multiple partners (Selosse et al. 2006, Mikkelsen et al. 

2008, Wyatt et al. 2014), and they have been shown as capable of preferentially 

rewarding the most beneficial traders (Kiers et al. 2011, Werner & Kiers 2015). 

Thus, individuals of a mycorrhiza can simultaneously monitor and compare 

resources provided to and from different trading partners (Werner et al. 2014, Wyatt 

et al. 2014). Similarly, free-living microbes with only facultative associations with 

their partners could, at least in theory, achieve partner choice by reading the 

chemical signals and migrating to the high-quality partners (Werner et al. 2014). In 

some microbial trading systems, the microbial partner may not be able to choose a 

trading partner. The endophytic foliar fungi (Epichloë) form such intimate 

interactions with grasses that they have only limited or no active horizontal 

transmission (Clay 1990, Saikkonen et al. 1998, Cheplick & Faeth 2009). However, 

market theory could still apply as variation in host demand for particular microbes 

may be influenced by environmental conditions (Werner et al. 2014). 
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4.6.1 Root fungi 

Biological market theory appears to appropriately explain why I, together with 

several other studies, have found root fungal abundances to shift along different 

gradients (e.g. Schmidt et al. 2008, Postma et al. 2007, Ruotsalainen & Eskelinen 

2011, Saravesi et al. 2014, Huusko et al. 2016, Hengodage et al. 2016), at least in 

the case of AM fungi. Empirical work has shown that plants supply more 

carbohydrates to those AM fungi that provide more phosphorus, and that AM fungi 

can increase nutrient transfer only to those roots providing more carbohydrates 

(Kiers et al. 2011, Fellbaum et al. 2012, 2014, Wyatt et al. 2014). Thus, at least in 

theory, plants and AM fungi could be capable of choosing the best-quality partners 

in each particular market context, e.g. altitude, soil factors or herbivores (Noë & 

Hammarstein 1994, Werner et al. 2014, Werner & Kiers 2015). For example, plants 

can suppress AM symbiosis under high Pi levels (e.g. Nagy et al. 2009, Breuillin 

et al. 2010), and the preferential allocation of plants towards the most beneficial 

mycorrhizal fungi have been found to depend on light conditions (Zheng et al. 

2015), suggesting that the abundance of beneficial mycorrhizal fungi depends on 

the amount of above- and below-ground resources. However, this theory may not 

be applicable to DSE fungi, because their benefits and costs are not indisputably 

confirmed (Mandyam & Jumpponen 2015). 

By-product mutualism (i.e. cost-free, beneficial symbionts) (Connor 1995) 

could be one explanation to the variable results obtained from this research in 

relation to DSE fungi. This would apply if DSE do indeed improve the available 

nutrient pool in the rhizosphere, while utilizing plant exuded carbon without 

causing any extra cost to the plant. My findings indicate support for this idea as I 

found that not only were DSE fungi more abundant in the plant roots of high 

organic matter content, in comparison to low organic matter in the substrate, but 

that DSE fungi also correlated positively with humus thickness. DSE may be able 

to mineralize organic compounds, such as proteins, peptides and amino acids in the 

rhizosphere, making inorganic nutrients more freely available to roots (Newsham 

2011, Knapp & Kovács 2016), and therefore the improved nutritional effect on the 

plant would be a by-product. This is supported by the fact that no cellular interface 

has been found for nutrient transfer between the fungi and their hosts (Peterson et 

al. 2008), suggesting that DSE probably do not influence plant growth through 

direct contact with roots (Newsham 2011). A recent study showed that DSE nutrient 

mineralization process is not induced by the enzyme substrate or the host (Della 

Monica et al. 2016), and Ruotsalainen and Kytöviita (2004) noted that growth 
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responses from endophytes can be achieved even in the absence of root 

colonization, which the authors hypothesized was due to the saprotrophic release 

of nutrients. However, when I sought to test this in a controlled, experimental setup 

(Table 3, Fig. 2), I found that plants loose almost all of their root fungi, including 

the DSE, and could not find further support for this idea. It appears that plants do 

not benefit from root fungi when the roots can readily access inorganic N, 

supporting the biological market theory. Under conditions of high exogenous 

phosphate supply, plants can suppress AM fungi, which can be interpreted as an 

active strategy of the plant to limit the costs (e.g. carbohydrate consumption) of the 

fungus by inhibiting its proliferation in the roots (Breuillin et al. 2010). Although 

the costs of DSE fungi on the host are not indisputably confirmed, Upson et al. 

(2009) found implications that DSE fungi can be costly to the host when nutrients 

are in inorganic form, but that the costs are mitigated in the presence of organic 

matter. This would suggest against the theory of by-product benefits, and support 

the market theory and the context dependency of the association, which arise from 

the presence or absence of organic matter. Therefore, a consensus concerning the 

appropriate theoretical frameworks and the functions of the associations between 

root fungi and grasses still awaits further elucidation by future research, particularly 

through the use of factorial experiments in which the levels of different factors, e.g. 

C/N ratio and type of organic supplement, are varied (Mayenhofer et al. 2013). 

4.6.2 Foliar endophytes 

My results do not show any constant endophyte induced benefits to F. rubra, but 

on the other hand, the endophyte did not appear to be particularly harmful to the 

host (II). Unlike with the root fungi, the assumptions of biological market theory 

do not seem to be fulfilled. Although individual grasses can occasionally harbour 

multiple genotypes of endophytes simultaneously (Tsai et al. 1994, Clay & Schardl 

2002), the grasses, and especially the endophytes, do not have an obvious pool of 

different partners from which they would be able to choose the best-quality partners 

in each particular condition. Therefore the association is more likely to represent 

conditional reciprocal mutualism, which is possibly related to defensive mutualism 

that reduces herbivory. It is probable that the endophytes are distinctly beneficial 

to their hosts under certain circumstances, e.g. in homogenous agricultural settings 

(III, Johnson et al. 2013) or under high herbivory pressure (Clay 2009), but in other 

conditions the benefits may be absent or so small in magnitude (Gundel et al. 2008) 

that they are difficult to observe. Indeed, numerous studies support the hypothesis 
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of defensive mutualism in these associations (e.g. Bacon et al. 1977, Clay 1988, 

2009), although this view does not exclude other beneficial mechanisms from 

operating simultaneously or alternatively (Popay 2009). My research did not 

include artificial herbivory treatments, which may explain why the observed effects 

were so subtle and varying. 

Variation in symbiosis functioning may also derive from the fact that 

heterogeneous environments and fluctuating selection pressures promote diversity 

in symbiotic associations (Faeth & Sullivan 2003), and the endophytes may provide 

selective benefits to the host only in some environments (Cheplick et al. 1989, Clay 

& Holah 1999, Popay 2009), as suggested by the geographic mosaic theory of 

evolution (Thompson 2005). Epichloë endophytes are inherited symbionts and 

generally persist in plant lineages, but there are several mechanisms by which 

endophytic plants can produce endophyte-free individuals. These include imperfect 

transmission, loss of endophytes from dormant seeds and lack of colonization of 

new tillers. The proportion of endophyte-free plants will increase in a population if 

their fitness is higher than that of endophytic plants, eventually displacing the 

endophytic plants altogether (Clay 2009). However, as selection pressures, such as 

herbivory, vary spatially and temporally (Thompson 2005), both the fungi and the 

plants benefit from the maintenance of heterogeneity within populations, and even 

within genotypes. When the infection frequencies are low or moderate, the overall 

costs of the symbiont for the host population is reduced, but resilience still exists 

for the species as a whole in the case of sporadic herbivory (Popay 2009). Moreover, 

endophytic plants may persist at the metapopulation level if there is sufficient 

migration from populations where the endophyte is beneficial, even when they are 

not beneficial to the host or have imperfect transmission. Maintenance of 

endophytic and endophyte-free grasses in a metapopulation can be assumed to be 

promoted by genetic differences in endophytes and host grasses with regard to their 

environmental tolerance (Saikkonen et al. 2002). In the case of F. rubra, the 

relationship with E. festucae does not appear to be as tight as it is in some other 

endophyte–plant associations, and genetic mismatches of the endophyte and plant 

genotypes commonly occur (Saikkonen et al. 2010). Some genotypes of F. rubra 

do not form associations with E. festucae, possibly because the endophyte-bearing 

plant genotypes are selected and differ from the endophyte-free genotypes 

(Saikkonen et al. 2010). Indeed, the symbiosis of E. festucae and F. rubra can be 

expected to vary due to the plasticity of the reproduction mode of the fungus. E. 

festucae are capable of reproducing both vertically (via endophyte-infected seeds) 

and horizontally (by producing fungal fruiting bodies on plant inflorescences) 
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(Schardl 2001). The maintenance of sexual reproduction would appear to maximize 

the potential of the symbionts to exert mutualistic effects on their hosts, while still 

permitting the symbiont to exhibit the sexual state associated with antagonistic 

characteristic symbionts (Clay & Schardl 2002). From an evolutionary perspective, 

this could lead to a dynamic variation of the evolution of symbiotic outcomes, 

depending on the heterogeneous selection pressures of a given environment. The 

evolution and interaction outcomes of the E. festucae–fescue interaction may 

change due to this plasticity of the reproductive system, resulting in a relatively low 

dependency between the host and the symbiont.   
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5 Conclusions  

Plants host a taxonomically broad collection of fungi, which can express 

mutualistic, commensalistic or parasitic interactions with them. However, a large 

amount of specificity and variability occur in the outcomes of these interactions, 

reflecting the importance of fungal and host species and genotypes, as well as the 

environmental conditions, on the consequences of an interaction at a particular time. 

Indeed, the results presented in this thesis did not reveal any consistent patterns of 

fungal colonization abundances, nor fungal-induced plant responses. Rather, they 

showed that different root-associated fungi colonize grasses in different ways, and 

that foliar endophytes induce highly varying responses to the host in natural 

environments, as predicted by the geographic mosaic theory of coevolution. 

Therefore, my research supports the view that the ecological and evolutionary 

outcomes of symbiotic interactions are highly context dependent. 

My results show root-associated fungi to be common, although in varying 

abundances in natural environments, depending on habitat properties. The AM and 

DSE fungal colonization patterns were largely contrasting, possibly due to different 

optima in relation to site openness and related factors, indicating differences in the 

biology of these root fungal groups. However, I found that the grasses lost almost 

all of their root fungi in controlled and more favourable conditions. This indicates 

that the association between the grasses and the root-associated fungi is fairly loose, 

and conditional to environmental context. It is possible that the association 

represents a biological market, in which the plants choose the best-quality 

symbionts in each particular condition. By contrast, the association between grasses 

and the foliar endophyte Epichloë is more likely to represent conditional reciprocal 

mutualism as I found that endophytes affected the performance of grasses 

differently, depending on the experimental country, plant origin and life stage. It is 

possible that endophytes are distinctly beneficial to their hosts under certain 

circumstances, e.g. in homogenous agricultural settings or under high herbivory 

pressure, but that in natural conditions with varying selection pressures the benefits 

may be difficult to observe. Moreover, my results did not show clear evidence for 

endophytes contributing to the adaptation (or maladaptation) of the host to local or 

foreign environments. However, I did find grass age dependent effects of 

endophytes, indicating that the possible benefits of endophytes may become 

significant during longer observation periods in these perennial grasses. Regardless 

of the variable Epichloë endophyte induced responses, my results demonstrated 

that grasses were locally adapted to their sites of origin, and that local adaptation 
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was especially evident in reproductive output. However, grasses of subalpine origin 

also performed well vegetatively in the foreign, subarctic habitat, suggesting that 

subalpine grasses are versatile with regard to their growth requirements, and may 

have high adaptive potential under changing climates. 

The detection of some endophyte-induced effects on grass performance in 

natural habitats, although variable, indicates that Epichloë endophytes possess the 

potential to modify host responses, and may have applications in sustainable 

agriculture, horticulture, landscaping and environmental improvement. Epichloë 

endophytes are currently successfully used in agriculture in the USA, Australia, 

New Zealand and South America. However, the intentional use of endophyte-

enhanced grasses is virtually non-existent in Europe, although many European 

grass cultivars possess great potential for improvement through endophyte 

infection. I argue that these endophytes should be considered in the development 

of sustainable management strategies for agriculture and environmental 

improvement, especially in Europe where the Epichloë host grass species originate, 

and biodiversity hotspots for these organisms are likely to occur. 

Taken together, my studies show that the nature of the association between 

grasses and their fungal partners is variable and is conditional to each particular 

context. Rather than compartmentalizing these associations into strict categories, 

they should be viewed as complex functions of their environments. Such 

associations can be beneficial in simplified agro-environments, but I propose that 

local symbiotic combinations should be preferred to avoid the risk of biological 

hazards. Nevertheless, more empirical research is needed, and long-term studies 

can help to further elucidate the theoretical frameworks, functions and applications 

of the associations between the grasses and their cohabiting fungi, particularly in 

the case of dark septate endophytes. Incorporating aspects of context dependency 

and exploring the consequences of variation in interaction outcomes in 

experimental studies in nature may further advance progress in ecological 

understanding.   
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Appendix S1 

Glossary box  

Symbiosis: A close and long-term biological association between two or more 

different types of organisms. 

Mutualism: A symbiotic association between different types of organisms that is 

mutually beneficial. 

Local adaptation: A phenomenon in which native genotypes have greater fitness 

than foreign genotypes in their original environment. 

Context dependency: A tendency for species interactions and their environment 

to vary in space and time, with differing consequences for behaviour, physiology, 

and/or fitness of interacting species. 

Geographic mosaic theory of coevolution (GMTC): A theory that hypothesizes 

that coevolutionary processes occur over large geographic ranges, and that a 

species may adapt and become specialized to another species differently in 

separate regions. 

Biological market theory: A theory that assumes that different classes of traders 

exchange commodities for their mutual benefit, and that traders can make 

strategic trading investments to maximize market gains. Markets are 

characterized by competition within trader classes by contesting or outbidding, 

with a preference for the partners offering the highest value, and the 

determination of the exchange value of commodities by supply and demand. 

Endophytes: Microbial endosymbionts, often fungi or bacteria that live inside 

plant tissues without causing apparent disease symptoms. 

Arbuscular mycorrhizal fungi (AM): Fungi of the phylum Glomeromycota that 

penetrate the cortical cells of plant roots to form (usually) mutualistic interactions 

with plants. The association is based on reciprocal resource exchange among 

the fungi and plants. 

Dark septate endophytes (DSE): A miscellaneous group of fungi (Ascomycota) 

that colonize plant roots or reside in soil or on plant material as free-living fungi. 

They are characterized by their morphology of melanized and septate hyphae. 

Epichloë endophytes: Systemic fungal endophytes of many cool-season 

grasses that belong to the genus Epichloë (Clavicipitaceae, Ascomycota). 
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E+: Grasses infected with Epichloë endophytes. 

E-: Grasses free of Epichloë endophytes. 

ME-: Grasses that are manipulatively endophyte-free, i.e. grasses that were 

originally infected with Epichloë endophytes, but in which the endophytes have 

been killed by means of heat treatment or fungicides. 

Vertical transmission: Transmission of a systemic fungus from plant to offspring 

via host seeds. 

Horizontal transmission: Transmission of a fungus by sexual or asexual spores. 

Fig. S1. Glossary box explaining the key concepts and study systems addressed in this 

thesis.  
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