
U N I V E R S I TAT I S  O U L U E N S I SACTA
A

SCIENTIAE RERUM
NATURALIUM

OULU 2006

A 466

Piippa Wäli

ENVIRONMENT AND 
GENETIC BACKGROUND 
AFFECTING ENDOPHYTE-
GRASS SYMBIOSIS

FACULTY OF SCIENCE, 
DEPARTMENT OF BIOLOGY,
UNIVERSITY OF OULU

A
B
C
D
E
F
G

UNIVERS ITY OF OULU P.O. Box 7500   F I -90014  UNIVERS ITY OF OULU F INLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

EDITORIAL SECRETARY

Professor Mikko Siponen

Professor Harri Mantila

Professor Juha Kostamovaara

Professor Olli Vuolteenaho

Senior Assistant Timo Latomaa

Communications Officer Elna Stjerna

Senior Lecturer Seppo Eriksson

 Professor Olli Vuolteenaho

 Publication Editor Kirsti Nurkkala

ISBN 951-42-8162-4 (Paperback)
ISBN 951-42-8163-2 (PDF)
ISSN 0355-3191 (Print)
ISSN 1796-220X (Online)

A
 466

A
C

TA
 P

iip
p

a W
äli

A466etukansi.fm  Page 1  Thursday, August 31, 2006  8:51 AM





A C T A  U N I V E R S I T A T I S  O U L U E N S I S
A  S c i e n t i a e  R e r u m  N a t u r a l i u m  4 6 6

PIIPPA WÄLI

ENVIRONMENT AND GENETIC 
BACKGROUND AFFECTING 
ENDOPHYTE-GRASS SYMBIOSIS

Academic Dissertation to be presented with the assent of
the Faculty of Science, University of Oulu, for public
discussion in Kuusamonsal i  (Auditorium YB210),
Linnanmaa, on September 9th, 2006, at 12 noon

OULUN YLIOPISTO, OULU 2006



Copyright © 2006
Acta Univ. Oul. A 466, 2006

Supervised by
Docent Marjo Helander
Professor Kari Saikkonen

Reviewed by
Doctor Paul E. Hatcher
Professor Dr. Adrian Leuchtmann

ISBN 951-42-8162-4 (Paperback)
ISBN 951-42-8163-2 (PDF) http://herkules.oulu.fi/isbn9514281632/
ISSN 0355-3191 (Printed )
ISSN 1796-220X (Online) http://herkules.oulu.fi/issn03553191/

Cover design
Raimo Ahonen

OULU UNIVERSITY PRESS
OULU  2006



Wäli, Piippa, Environment and genetic background affecting endophyte-grass
symbiosis
Faculty of Science, Department of Biology, University of Oulu, P.O.Box 3000, FI-90014 University
of Oulu, Finland 
Acta Univ. Oul. A 466, 2006
Oulu, Finland

Abstract
Mutualism is often conditional and the associations vary from antagonism to mutualism along
environmental conditions and genotypes of interacting species. I studied antagonism-mutualism
continuum hypothesis of symbiosis experimentally using two different Epichloë/Neotyphodium
endophytes and their host grasses, agricultural meadow fescues and natural fine fescues, as study
systems. These systemic fungal endophytes live asymptomatically within aerial tissues of grasses,
and are vertically transmitted to the next grass generation via seeds. Thus, asexual endophyte strains
are dependent on the growth, survival and reproduction of their hosts. Epichloë/Neotyphodium
endophytes are considered plant mutualists, because they improve the resistance of the host against
various stresses, e.g. herbivores. In addition to experimental approach, I examined prevalence and
genetic structure of Epichloë festucae in natural grass populations. Finally, current knowledge
concerning grass endophytes was reviewed and the effects of variable environment and genetic
background on the ecology and the evolution of grass-endophyte symbiosis were discussed.

The endophyte improved the performance of the agronomic meadow fescues, but the beneficial
effects were dependent on the grass cultivar and the growth environment. The endophyte-infected
(E+) meadow fescues were more susceptible to the pathogenic snow molds and they suffered
increased winter damage compared to the endophyte-free (E-) plants. Many natural Festuca rubra
and F. ovina populations were either endophyte-free or had low infection frequency. The highest
infection frequencies were found in subarctic areas where the infection incidence differed between
habitats. Twenty out of the 25 E. festucae genotypes detected were carrying multiple alleles in
microsatellite loci indicating multiple infections or vegetative hybridization of the fungus. A
dominant genotype (63.5% of all isolates) occurred in all populations suggesting that this fungus is
mainly asexual. E+ F. ovina seedlings performed worse than endophyte-free E- seedlings. In F.
rubra, the river bank originated E+ seedlings allocated fewer, but longer and heavier tillers than the
other seedlings indicating possible improved performance of the endophyte infected grasses in harsh
river bank conditions.

In short, I detected both positive and negative effects of endophyte infection on grasses varying
along species, environment and genotypic background of study subjects. The results support the
antagonism-mutualism continuum hypothesis.

Keywords: cultivar, endophytic fungi, fine fescues, genetic structure, grass, interaction,
meadow fescue, mutualism, seedling establishment, snow mold, symbiosis
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1 Introduction 

Symbiosis is originally defined by Frank (1877) and de Bary (1887) as permanent 
association between two or more specifically distinct organisms, at least during a part of 
the life cycle (Smith & Read 2000, p. 1). Endosymbiosis includes symbiotic interactions 
where one organism is living inside another, either inter or intracellularly. Frank’s 
original definition of symbiosis did not commit the ecological nature of the interaction, 
but later on the term “symbiosis” has often been used to refer to associations which are 
obligatory and beneficial to both interacting organisms. Recently, as knowledge on 
ecology and evolution of symbiosis has accumulated, many scientists have adopted the 
original definition covering the whole spectrum from parasites to mutualists, although 
much controversy concerning the use of the term still exists (Smith & Read 2000, Nardon 
& Charles 2001, Seckbach 2001). 

Species interactions can be divided into six ecological categories: in neutralism both 
species are unaffected; in amensalism one species suffers and the other is unaffected; 
competition is harmful for both; in parasitism/predation one species benefits while the 
other is harmed; commensalism/detrivory benefits one species and the other is 
unaffected, and in mutualism both partners benefit from the interaction (e.g. Begon et al. 
1996). However, these are often not discrete categories of interactions and should rather 
be perceived as a continuum of interactions ranging from parasitism to mutualism (e.g. 
Bronstein 1994a, Johnson et al. 1997, Saikkonen et al. 1998, Herre et al. 1999, 
Hoeksema & Bruna 2000, van Baalen & Jansen 2001, Neuhauser & Fargione 2004). 

In this thesis, I study the interaction continuum hypothesis using fungal endophyte–
grass symbiosis as a model system. I experimentally examine the effects of physical and 
biological environments and genotypic backgrounds of the species on symbiotic 
interaction, and further discuss and review the current knowledge of ecological and 
evolutionary issues concerning endophyte-grass symbiosis. 
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1.1  Theory and evolution of mutualism 

Usually mutualism is defined as a relationship in which the benefits exceed the costs for 
both participants (Stanton 2003, Althoff et al. 2005). Although mutualism is a common 
feature, its long term stability is not fully solved theoretically (Machado et al. 2005). 
There are various destabilizing factors in mutualism and co-operation, and there have 
been difficulties in creating a unified theory of mutualism explaining the evolutionary 
stability of cooperation (e.g. Trivers 1971, Axelrod & Hamilton 1981, Boucher et al. 
1982, Bull et al. 1991, Bronstein 1994b, 2001, Herre et al. 1999, Hibbet et al. 2000, 
Machado et al. 2005).  

Mutualism is often conditional (e.g. Bronstein 1994a, 2001) and co-operation is 
always vulnerable to cheating and exploitation and conflict of interests of partners (e.g. 
Boucher et al. 1982, Bronstein 1994, 2001, Yu 2001). Cheaters are not uncommon in 
mutualisms, and we have only a limited understanding of the ecological and evolutionary 
dynamics governing their stable coexistence with mutualists (Bronstein 2001, Bronstein 
et al. 2003). As a solution for the exploitation of mutualism, the sanctions (for enforcing 
the partner to be on “good behavior”) and the unbeatable strategy (where one species 
totally controls the other) have been proposed (Anstett 2001, West et al. 2002, Kiers et al. 
2003). Changing population density (Holland et al. 2002, 2004, Morris 2003, Zhang 
2003), spatial diversity (Wilson et al. 2003, Yamamura et al. 2004), restricted dispersal 
(Yu et al. 2004) and hybridization are also supposed to serve as general mechanisms that 
limit the spread of cheaters in mutualistic systems (Segraves et al.2005). 

There are various traits of symbionts that are suggested to promote strong stable 
mutualism (Herre et al. 1999). Vertical transmission of the symbiont is one important 
factor promoting the evolution of mutualism. It assures a long persistent relationship 
between the offsprings of interacting individuals (e.g. Genkai-Kato & Yamamura 1999) 
and reduces the potential conflict among participants, because both the symbiont and the 
host benefit from successful reproduction by the host. If the net effect of the obligate 
endosymbiont without horizontal transmission is detrimental to the host, the symbiont 
will be lost from the population of the hosts, because hosts without a symbiont will out 
compete infected hosts (Fine 1975, Lipsitch et al. 1995, Frank 1997). A persistent 
relationship between the offsprings of interacting individuals may also occur without 
vertical transmission when dispersal of two species is limited (Yamamura et al. 2004, Yu 
et al. 2004). Pairwise interaction of single endosymbionts promotes symbiosis. This is 
because there is no competition among symbionts and the payoff from the invested 
resources is returned directly to the partners (Frank 1997). In endosymbiotic mutualism, 
inhabitants should exhibit reduction in sex, recombination and genetic change leading to 
genotypic uniformity within host species (Law & Lewis 1983). Conversely, in horizontal 
transmission multiple symbiont genotypes and varied options in partners (generalists) 
unravel persistent mutualistic associations (e.g. Axelrod & Hamilton 1981, Maynard 
Smith & Szathmáry 1995, Herre et al. 1999). 

Although asexual endosymbionts seem to be good mutualists, there are some problems 
that arise due to the loss of sexuality and genetic diversity that may lead to unstability of 
mutualism in the long run: reduced possibilities of adaptation to a changing biotic and 
abiotic environment and accumulation of deleterious mutations (e.g. Herre et al. 1999, 
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Rispe & Moran 2000). A small amount of horizontal transmission is suggested to 
alleviate the demographic requirement that symbionts have a net beneficial effect on their 
hosts, and many symbionts classified as vertically transmitted are likely to be maintained 
in the host by occasional horizontal transmission (Lipsitch et al. 1995, Frank 1997). 

Accumulating evidence makes it clear that highly species-specific pairwise mutualistic 
interactions and strictly asexual partners are relatively rare (Herre et al. 1999, Hoeksema 
& Bruna 2000, Stanton 2003), although there is phylogenetic evidence supporting 
coevolution in symbiosis, e.g. grass endophytes (e.g. Clay & Schardl 2002). Instead, 
mutualistic guilds of symbionts acting in the same functional symbiosis with one host are 
supposed to represent a more realistic view of many mutualistic systems (Stanton 2003, 
Palmer et al. 2003). Diversity of symbionts within mutualistic guilds may act as a 
resource for novel mutualisms in changing conditions, even though the net benefits for a 
host may be minor compared to a case of one strong mutualistic symbiont (e.g. 
Stachowicz & Whitlatch 2005). In many mutualistic systems that have been thought to be 
well co-adapted, highly specialized and where the symbiont is considered to be a single 
species for many years, the genetical studies of the symbiont have revealed enormous 
diversity. Such systems are e.g. dinoflagellates of reef-building corals (Knowlton & 
Rohwer 2003) and Glomales endomycorrhizas (Pawlowska & Taylor 2004, Bever & Mei 
2005, Pawlowska 2005). In the mutualistic guild concept, the conditionality of 
mutualistic interactions becomes more evident. According to the optimal foraging theory, 
fitness effects of eliminating a poorer mutualist depend on the host’s resource needs and 
the availability of higher quality partners (Schoener 1971, Stanton 2003). Reduction in 
fitness of the host after the removal of the symbiont is not necessarily an indication of a 
mutualistic interaction. Another possibility is that the host has evolved the ability to cope 
with the parasite (Law & Dieckmann 1998). A detected decrease in growth and fitness 
due to the removal of the symbiont may reflect the costs of traits evolved as an adaptation 
to the presence of the symbiont and the disadvantages of losing the traits that were 
adaptive in the absence of the partner (de Mazancourt et al. 2005). 

Behind the problem of the instability of mutualism lies the tradition of considering 
mutualism as an obligate, coevolved pairwise relationship (Stanton 2003, Hay et al. 2004, 
Althoff et al. 2005). Species associations that are mutually beneficial in one ecological 
setting may become neutral or antagonistic when the circumstances change (Connor 
1995, van Baalen & Jansen 2001, Standon 2003, Gomulkiewicz et al. 2003, Hay et al. 
2004). Mutualism is also conditional for interacting species and genotypes. When 
mutualism is considered as a dynamic interaction and the community context, as well as 
temporal and spatial heterogeneity is taken into account, evolutionary stable models of 
mutualism can be created (Ringel et al. 1996, Gomulkiewicz et al. 2003). A suitable 
conceptual frame for exploring mutualism as a phenomenom is the geographic mosaic 
theory of coevolution (Thompson 1994, Gomulkiewicz et al. 2000, Gomulkiewicz et al. 
2003). 
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1.2  Genetic structure of fungal populations 

The population genetics of fungi have been widely explored in plant pathogens, many of 
which are haploid ascomycetes (e.g. Milgroom 1996, Taylor et al. 1999, Keiper et al. 
2003). Because clonality plays an important role in many fungal life cycles, one of the 
main goals in these studies has been to estimate the amount of asexual reproduction and 
recombination (e.g. Anderson & Kohn 1995, Taylor et al. 1999). Greater genotypic 
diversity (Maynard Smith et al. 1993, Milgroom 1996, Halkett et al. 2005) and random 
association of alleles at different loci (Maynard Smith et al. 1993, Milgroom 1996) 
should be detected in sexual compared to clonal fungal populations (Anderson & Kohn 
1995, Milgroom 1996). In addition to the frequency of recombination, the transmission 
mode of the fungus may affect the genetic structure of populations. In strictly vertically 
transmitted endophytes, the gene flow of the fungus is restricted by the host plant’s 
ability to disperse by seeds, which should lead to marked differentiation among 
endophyte populations (Bucheli & Leuchtmann 1996, Arroyo García et al. 2002, Sullivan 
& Faeth 2004) 

The studies on the genetic structure of grass endophyte populations are few. In strictly 
asexual Neotyphodium coenophialum of cultivated varieties of tall fescue (Lolium 
arundinaceum), 90% of isolates had identical multilocus genotypes (Leuchtmann & Clay 
1990). In studies comparing sexual and asexual populations of Epichloë-species, higher 
genetic or genotypic diversity was detected in sexual than asexual populations and 
linkage disequilibrium was observed in asexual populations (Bucheli & Leuchtmann 
1996, Leuchtmann & Clay 1997, Meijer & Leuchtmann 1999, Brem & Leuchtmann 
2003). Strictly asexual Neotyphodium growing in Festuca arizonica expressed low 
haplotypic diversity, significant linkage disequilibrium among microsatellite loci, low 
gene flow between populations and high degree of population subdivision (Sullivan & 
Faeth 2004). In E. festucae populations from semiarid grasslands in Spain, linkage 
disequilibrium was detected indicating strong asexuality, but the moderate differentiation 
between populations was detected suggesting gene flow between populations (Arroyo 
García et al. 2002). 

1.3  Systemic grass endophytes 

Wilson (1995) defined endophytes as fungi or bacteria which, for all or part of their life 
cycle, invade the tissues of living plants and cause unapparent infections entirely within 
plant tissues and cause no symptoms of disease. In literature the term endophyte is often 
treated as synonym with mutualism (Saikkonen et al. 2004). 

Epichloë/Neotyphodium fungi (Clavicipitaceae, Ascomycota) are symbiotic associates 
of grasses. These endophytes form asymptomatic systemic infections where a haploid 
hypha grows intercellularly in above ground parts of grasses. Hypha also grows into 
seeds of the host plant and the fungus is transmitted vertically to the next grass generation 
(Clay 1990, White et al. 1993). Because the fitness of the endophytic fungi and their host 
plant are closely linked, these fungal grass-endophyte symbioses are generally assumed 
to evolve toward mutualism (Clay 1990, Marks et al. 1991, White et al. 1993, Elbersen & 
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West 1996, Clay & Holah 1999). The mutualistic nature of the relationship is supported 
by strong empirical evidence (e.g. Clay & Schardl 2002). Endophyte-infected (E+) 
grasses have been shown to have improved growth, reproduction and resistance/tolerance 
against different abiotic and biotic stresses, e.g. drought, herbivores and pathogens, 
compared to endophyte free (E-) plants (Marks et al. 1991, Gwinn & Gavin 1992, 
Elbersen & West 1996). Thus, E+ plants are thought to be competitively superior 
compared to E- plants in grass populations and grassland communities. However, benefits 
from systemic grass endophytes do not come without associated costs. Harboring the 
endophytic fungus causes expenses for the host, because the fungus receives all its 
nutrition from the host plant (e.g. Ahlholm et al. 2002, Saikkonen et al. 2004). Applying 
the optimal defence theory, a plant’s resources allocated to the production of defensive 
alkaloids by the fungus are assumed to be derived at the expence of the growth and 
reproduction of the host plant. In Epichloë endophytes, sexual reproduction of the fungus 
by choke disease increases costs (e.g. Schardl et al. 2004). The net effect of the 
relationship with the endophyte depends on whether the benefits to the host plant exceed 
the associated costs. 

Most benefits of the endophyte infection in grasses are suggested to be attained by 
endophyte alkaloid-based herbivore defence (Clay 1988). Herbivore resistance is the 
reason why considerable attention has been paid to these fungi since the 70’s, when the 
connection between grass endophytes and cattle toxicities was detected (Bacon et al. 
1977, Bacon & Siegel 1988, Schardl & Phillips 1997). In temperate regions in the USA, 
Australia and New Zealand endophytic fungi cause marked economical problems in 
agriculture. For example, two widely used forage grasses, tall fescue (Lolium 
arundinaceum) and perennial ryegrass (Lolium perenne), harbor endophytes that produce 
various alkaloids that are poisonous to large mammalian herbivores, e.g. cattle and sheep 
(Hoveland 1993). On the other hand, not all the endophyte alkaloids are poisonous to 
vertebrates, but some are harmful only to insect herbivores (e.g. endophyte produced 
lolines in meadow fescue, Lolium pratense), or the non-poisonous endophytes may 
improve the performance of grases by some other mechanism. Thus, there is great 
potential for these grass endophytes as biocontrol agents (Clay 1989). 

Endophytes can provide other benefits to their host besides herbivory defence. There 
is evidence that endophytes can protect grasses against pathogens (Clay & Schardl 2002), 
but the studies on the effects of Epichloë/Neotyphodium endophytes on the pathogen 
resistance of grasses are scarce compared to herbivore resistance (Schardl et al. 2004). 
Antifungal activities of Epichloë/Neotyphodium endophytes have been detected against 
pathogens in laboratory conditions in vitro (White & Cole 1985, Siegel & Latch 1991, 
Christensen 1996, Yue et al. 2000), although some of these results have been 
contradictory. Endophytes can improve the resistance or tolerance of host grasses to 
pathogens (Koshino et al. 1987, Ford & Kirkpatrick 1989, Gwinn & Gavin 1992, 
Christensen 1996, Nan & Li 2001, Bonos et al. 2005) or inhibit the colonization and 
reproduction of mycorrhizal fungi (Guo et al. 1992), but pathogen resistance has been 
shown to vary with different combinations of plant and endophyte genotypes (Welty et al. 
1991, Trevathan 1996, Popay & Bonos 2004, Hamilton & Faeth 2005), and increased 
susceptibility of grasses to some pathogens due to endophyte has also been detected 
(Hamilton & Faeth 2005). 
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The mechanisms of enhanced tolerance of E+ grasses against abiotic stresses are 
supposed to be physiological and morphological (Clay & Schardl 2002). Increased 
drought tolerance is suggested to result from osmotic adjustment due to altered stomatal 
activities and/or endophyte metabolic activities (Siegel & Bush 1997). Morphological 
changes due to endophyte infection may result in changes in resource allocation. Both 
increased clonal growth (Stovall & Clay 1988, Pan & Clay 2002, Pan & Clay 2004) and 
increased allocation to seed production (Clay 1987, Rice et al. 1990) have been reported. 
Mechanisms for these changes are proposed to be enhanced photosynthetic rate due to 
endophyte infection or auxin production by endophyte. Additionally, endophytes are 
sinks for sucrose and possibly reduce the feedback inhibition of photosynthesis and thus 
allow greater growth of infected grasses compared to uninfected plants (Clay & Schardl 
2002). 

If a vertically transmitted symbiont is detrimental to the host, it will be lost from the 
population (Fine 1975, Frank 1997), but if these endophytes increase the fitness of the 
host plant, infection frequencies of infected grasses should increase over time in 
populations (e.g. Clay 1993, Leuchtmann & Clay 1997). In concordance with this idea, 
both Neotyphodium and Epichloë endophytes reach very high infection frequencies 
locally (Sampson 1933, Bazely et al. 1997, Zabalgogeazcoa et al. 1999, Saikkonen et al. 
2000, Leyronas & Raynal 2001), and they are commonly detected in grass populations 
worldwide (e.g. Latch et al. 1984, Saha et al. 1987, Clay & Schardl 2002). 

Three life-cycle patterns of Epichloë/Neotyphodium endophytes have been described 
(White 1988) (Fig.1). Type I endophytes are Epichloë species that are not seed 
transmitted, but always produce stromata and the fungus is spread horizontally via spores. 
Type III endophytes are Neotyphodium-species that are strictly asexual and are 
transmitted only by seed production and clonal growth of the host grass. Type II is a 
mixed type; endophytes are capable of sexual reproduction and horizontal transmission, 
but they are also seed transmitted, and stromata production may be occasional and 
conditional. Life cycle type is suggested to define the ecological role of the endophytes as 
Type I endophytes are suggested to be parasites and Type III endophytes mutualists 
(Schardl et al. 2004). Type I endophytes sterilize the host by stroma formation on grass 
inflorescence and thus the fungus prevents seed production of the host. Due to these 
fitness effects to the host, Type I endophytes are defined as pathogens. The fitness of 
Type III endophytes is totally dependent on the success of the host as these fungi are 
dispersed only by seeds of the host. Thus, all Type III endophytes are suggested to be 
strictly mutualists (e.g. Schardl et al. 2004, but see Faeth et al. 1997). Type II endophytes 
are intermediate also in their ecological role. 
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Fig. 1. Life cycles and transmission types of Epichloë/Neotyphodium endophytes. Vertical 
transmission is asexual and occurs by growth of fungal hyphae into ramets and seeds of host 
grass. Horizontal transmission occurs by a) sexual spores or b) asexual conidia. Type I 
endophytes have the sexual stage and they are parasitic fungi with horizontal transmission. 
Type III endophytes are strictly asexual and are transmitted only vertically. Type II 
endophytes have both a sexual stage and long term asexual stage with vertical transmission.  

Type II endophytes are usually specialized to certain grass species, tribes or genera. 
Phylogenetic distribution of Type II endophytes is strongly suggestive of cladogenesis 
with their host plants, and this cocladogenesis may be indicative of coevolution (Tredway 
et al. 1999, Clay & Schardl 2002). Pathogenic and horizontally spread Type I endophytes 
are more generalist occurring in a vide range of grass species. The asexual and strictly 
vertically transmitted Type III endophytes show no indication of cocladogenesis. Type III 
endophytes have been suggested to have arisen repeatedly via interspecific hybridizations 
(Clay & Schardl 2002). This endophyte group consists of the strongest mutualists, and 
one reason for this could be the pyramiding of favorable genes in hybridization and thus 
combining the production of various alkaloids originating from different ancestors 
(Schardl 2001, Clay & Schardl 2002). Hybridization is also suggested to be the reason for 
incapability of sexual reproduction in Type III endophytes (Clay & Schardl 2002). Those 
asexual hybrid endophytes that persist in grass populations should be highly beneficial to 
their hosts in return for accommodation and nutrition. 

As mutualism is only at the one end of the interaction continuum, mutualism of the 
grasses and their endophytes should be conditional to environment, especially to 
availability of nutrients, genotypes of interacting individuals and other interacting species 
(Saikkonen et al. 1998, Saikkonen et al. 2004, Müller & Krauss 2005). Empirical 
evidence supports this hypothesis. The benefits of endophyte infection have been found 
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to be specific to certain genotypes (Belesky et al. 1989, Marks & Clay 1996, Cheplick 
1997, Bultman et al. 2003 Cheplick & Cho 2003, Hesse et al. 2003, 2005, Cheplick 
2004). Mutualistic relationships have turned out to be negative to the host when the 
physical environment has been changed (Newshamn et al. 1998, Cheplick et al. 2000, 
Bultman & Bell 2003, Hesse et al. 2005), and especially when nutrient availability is 
reduced (Cheplick et al. 1989, Ahlholm et al. 2002, Brem & Leuchtmann 2002, Lehtonen 
et al. 2005a), or when interacting with other species (Richmond et al. 2003, Faeth et al. 
2004, Lehtonen et al. 2005b). 

Out of 30 years of extensive research on Epichloë/Neotyphodium endophytes, 
endophyte–grass-symbiosis has been taken as a model system for ecological and 
evolutionary studies of symbiosis (Latch 1998, Clay & Schardl 2002, Saikkonen et al. 
2004, Müller & Kraus 2005). Especially, the Epichloë festucae of the fine fescues 
provides a promising system for evolutionary studies on mutualism because of the mixed 
lifecycle type, involvement in interspecific hybridizations and hybridizing of host species 
(Schardl 2001). 

1.4  Aims of the study 

The purpose of this thesis was to experimentally study the antagonism-mutualism 
continuum hypothesis of symbiosis (Bronstein 1994a, Saikkonen et al. 1998, Neuhauser 
& Fargione 2004, Müller & Krauss 2005) using two different endophyte-grass symbioses 
as model systems (I, II and IV), explore the occurrence, genetic structure and 
transmission system of one endophyte species (III), and review the current knowledge of 
grass endophytes and discuss the effects of the continuum hypothesis and genetic 
background of interacting species on ecology and evolution of grass-endophyte symbiosis 
(V). Most of the research on grass-endophyte systems is conducted in temperate climate 
regions, in homogenous agricultural systems and has focused on endophyte mediated 
herbivory defence (e.g. Saikkonen et al. 1998). In this study, I explored two presumed 
mutualistic grass - endophyte symbioses in cold climate conditions of northern latitudes. 
This work focuses on aspects other than herbivory defence, with special interest in 
variable environmental conditions and genetic diversity and their effects on the nature of 
the interaction.  

The first study system (I-II) is agricultural meadow fescue (Lolium pratense) and its 
strictly asexual endophyte (Neotyphodium uncinatum). Participants of this system have 
been under strong selection due to breeding, and thus the genetic background is supposed 
to be homogenous. In previous studies N. uncinatum has been shown to be a mutualistic 
symbiont of meadow fescue increasing plant resistance to herbivores (Lehtonen et al. 
2005a). Effects of environmental conditions, the other interacting species and the genetic 
background of the host grass (cultivars) on N. uncinatum-meadow fescue symbiosis were 
studied experimentally in the field and in greenhouse conditions. Also, antifungal activity 
of different N. uncinatum strains in vitro was tested in the laboratory. 

The second study system (III-IV) is both sexually and asexually transmitted Epichloë 
festucae -endophyte of fine fescues in natural grass populations. The fruiting body 
formation of Epichloë festucae is reported to be rare. Thus, the fungus is thought to be 
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mainly asexual and vertically transmitted via seeds and vegetative propagation of the host 
plant (e.g. Schardl 2001). Although E. festucae is capable of sexual reproduction, it is 
thought to be a mutualistic symbiont of fine fescues (e.g. Bazely et al. 1999, Schardl 
2001). Both genetic variation of participants and environmental heterogeneity is assumed 
to be greater in natural systems compared to agricultural environments. The occurrence of 
E. festucae in natural and seminatural populations of red fescue (Festuca rubra sensu 
lato) and sheep fescue (Festuca ovina) were explored, the genetic structure of 12 
subarctic E. festucae populations was examined using four microsatellite loci and 
seedling establishment of endophyte infected and endophyte free red and sheep fescues 
was studied in greenhouse conditions. 

The specific aims of this thesis are to 

1. study the effects of environmental conditions on the nature of fungal endophyte-host 
grass interaction in agricultural settings in cold climate conditions (I and II), 

2. assess the antifungal activity of Neotyphodium endophyte of meadow fescue against 
winter pathogenic snow molds in vitro and in vivo with special reference to speckled 
snow mold (II), 

3. explore the occurrence of Epichloë festucae in northern fine fescue populations, on a 
geographical scale and locally in different habitats (III), 

4. estimate the genetic diversity of Epichloë festucae in subarctic red fescue (Festuca 
rubra s.l.) populations (III), 

5. study the effects of endophyte infection and origin habitat on seedling establishment of 
fine fescues (IV), and 

6. review the theoretical and empirical knowledge on grass-endophyte symbiosis in light 
of conditional and genotypical diversity (V). 



2 Material and methods 

2.1  Plant and fungal material 

Meadow fescue (Lolium pratense (Huds.) Darbysh), previously Festuca pratensis (Huds.) 
is a perennial grass widely used as a forage grass in Finland. It also grows as partly 
naturalized at roadsides and other moist and disturbed habitats in the southern part of the 
country (Hämet-Ahti et al. 1998, Mossberg & Stenberg 2005). The endophyte 
Neotyphodium uncinatum (W. Gams, Petrini & Schmidt) is often detected in meadow 
fescue, both in agricultural cultivars and in natural populations in Europe (Gams et al. 
1990, Cagaš et al. 1999, Saikkonen et al. 2000, Guillaumin et al. 2001, Leyronas & 
Raynal 2001, Lewis 2001). N. uncinatum is a hybrid species and its transmission is 
strictly asexual (Leuchtmann 1994, Craven et al. 2001). It is considered as a mutualistic 
symbiont of meadow fescue, mainly due to herbivore defensive alkaloids (e.g. Cagaš et 
al. 1999, Blankenship 2001, Popay et al. 2003, Lehtonen et al. 2005a), but also due to 
improved drought tolerance (Malinowski et al. 1997).  

Three highly endophyte-infected meadow fescue seed lots (> 90% of seeds infected; 
cultivars Kalevi, Kasper and Salten) were obtained from the Plant Inspection Centre, 
Seed Testing Department, Loimaa, Finland. During storage, some of the infected seeds 
lost their viable endophyte, and grasses of two different endophyte status classes, 
endophyte-infected (E+) and endophyte-free (E-), from all cultivars were therefore 
obtained for the field experiment (I and II). Seeds of E+ and E- grass individuals from all 
three cultivars were collected from the field experiment and used as grass material in the 
greenhouse experiment (II). 

Epichloë festucae (Leuchtm., Schardl, & Siegel) is an endophyte of perennial fine 
fescues (Festuca subgen. Festuca). From fine fescues, the red fescue species (Festuca 
rubra L. sensu lato) is widely spread in Finland both in natural habitats in all kinds of 
grasslands and cultivated and human induced in pastures, meadows, lawns and e.g. road 
sides. Sheep fescue (Festuca ovina L.) grows commonly in dry, open habitats throughout 
Finland (Hämet-Ahti et al. 1998, Mossberg & Stenberg 2005). E. festucae has a mixed 
transmission mode (Fig. 1; Type II). The fruiting body formation of E. festucae is 
reported to be occasional, and the completed sexual life cycle (fruiting body with 
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perithecia) is rare in native grass species (Sampson 1933, Saha et al. 1987, Leuchtmann 
et al. 1994, Väre & Itämies 1995, Bazely et al. 1997, Zabalgogeazcoa et al. 1999, Arroyo 
Gargía et al. 2002). Thus, the fungus is thought to be mainly asexual and vertically 
transmitted via seeds and vegetative propagation of the host plant (Sampson 1933, 
Schardl 2001). Although E. festucae is capable of sexual reproduction, it is thought to be 
a mutualistic symbiont of fine fescues (e.g. Leuchtmann et al. 1994, Bazely et al. 1997, 
Schardl 2001). E. festucae is often detected in different fine fescue species in Europe, and 
it often reaches very high prevalence in natural and seminatural grass populations (Bazely 
et al. 1997, Zabalgogeazcoa 1999, Saikkonen et al. 2000, Schardl 2001, Zabalgogeazcoa 
et al. 2001, Zabalgogeazcoa & García Criado 2002, Zabalgogeazcoa et al. 2003). In 
Finland, endophyte infected fine fescues are detected throughout the country, but high 
prevalence has been found mainly in subarctic areas (Saikkonen at al. 2000). 

To study the frequency of E. festucae infected fine fescue individuals (III), mature 
inflorescences of F. ovina and F. rubra were collected from natural and seminatural 
populations across Finland and in northern Norway, altogether from 86 study sites during 
1999-2000. The 35 study sites for habitat comparisons of endophyte infection frequency 
were located in the Teno river valley in subarctic Finland. Three habitats for F. rubra 
(natural sandy river banks, seminatural meadows and seminatural roadsides) and two 
habitats for F. ovina (open cliffs or open low-alpine sites and seminatural meadows) were 
compared. Intensive agriculture had been discontinued in the seminatural meadows 
around 15 to 50 years ago (personal communication with the land owners). The roadsides 
had been sown in 1979 or 1987 with a seed mixture containing endophyte free F. rubra 
ssp. rubra cultivar Echo (Denmark) (Finnish National Road Administration), after which 
these sandy roadsides had been colonised naturally. For the study of the effects on 
endophyte infection on winter survival of seeds and seedling establishment of fine 
fescues (IV), the seed material obtained in work III was used. For seed bank survey (IV), 
the soil samples were collected from one meadow of a highly endophyte infected F. rubra 
and F. ovina populations (infection frequencies 86% and 25% respectively). 

The endophyte strains were isolated by surface-sterilizing leaf sheaths and plating 
subsequently cut leaf diskettes on potato dextrose agar (5% PDA) (Latch et al. 1984) 
maintained at +20°C. Three N. uncinatum strains used in dual cultures with snow mold 
(II) originated from the three different grass cultivars (Kalevi, Kasper and Salten). To 
study the genotypic variation of E. festucae, a total of 189 isolates were obtained from 12 
F. rubra populations from the Teno river valley (III). Three seeds of each infected 
F. rubra individual were germinated and fungus from one randomly selected seedling was 
isolated. The fungus was identified as Epichloë festucae by comparing the rDNA 
sequences with Blast searches of GeneBank (http://www.ncbi.nlm.nih.gov). PCR 
amplification of rDNA regions ITS1, 5.8S rRNA, and ITS2 was performed using primers 
ITS1 and ITS4 (White et al. 1990). One fungal isolate from F. rubra was also identified 
by Dr. A. Leuchtmann (personal communication). 

Economically important snow molds are low-temperature fungi pathogenic to grasses 
and cereals that cause winter injury in turfs in northern areas where a prolonged, 
persistent snow cover exists during the winter (Tronsmo 1997, Hsiang et al. 1999). These 
fungi infect snow-covered plants under dark, humid conditions where the temperature 
under the snow cover remains around 0°C (Tronsmo 1997, McBeath 2002). The most 
important snow molds in the Nordic countries are pink snow mold (Microdochium nivale 
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(Fries) Samuels and Hallet), speckled snow mold (Typhula ishikariensis Imai), gray snow 
mold (Typhula incarnata Lasch ex Fries) and snow scald (Sclerotinia boerealis (Bubak 
and Vleugel) Schumacher and Kohn) (Nissinen 1996, Tronsmo 1997). Three strains of 
winter pathogenic speckled snow mold, Typhula ishikariensis (116, 117, 122), were 
obtained from the Regional Unit of Agrifood Research Finland (Lapland Research 
Station) (II). The T. ishikariensis strains were maintained on 5% PDA at +4°C. 
T. ishikariensis was grown on moist, sterilized wheat grains at +4°C for two months in 
order to produce sclerotia for inoculations of meadow fescue in the greenhouse 
experiment. The air-dried sclerotia were rubbed off the grains before the inoculations. 

2.2  Experiments with agronomic endophyte–grass symbiosis  

As a strictly asexual endophyte, N. uncinatum is supposed to be mutualistic to naturally 
endophyte infected meadow fescue cultivars, at least in conditions were the cultivars are 
maintained and seeds are grown for commercial distribution. When conditions change, 
e.g. southern origin cultivars are grown in northern latitudes, or when other interacting 
species are present, the outcome of endophyte infection may change. Also, cultivar-
specific differences are expected. Three experiments (I-II) were conducted in order to 
study the effects of environment, genetic background and winter pathogens on 
endophyte-meadow fescue interaction (Table 1). 

In the field experiment there were two different experimental fields (Site 1 and Site 2) 
at the Lapland Research Station of Agrifood Research Finland (66º35´N, 26º10´E) (I-II). 
Nutrient availability was higher and the duration of permanent snow cover shorter at the 
Site 2, indicating more favorable growing conditions compared to Site 1. 

Seeds of three originally endophyte-infected meadow fescue cultivars (Kalevi, Kasper 
and Salten) were germinated and pre-grown in a greenhouse for two weeks. At the 
beginning of the first growing season, the 80 individual seedlings from cultivars Kalevi, 
Kasper and Salten (total 240 grasses) were randomly assigned and planted into the study 
sites together with 400 other meadow fescue seedlings of similar size and age. The 
seedlings were arranged into 40 plots in both study sites. One plot consisted of one 
Kasper, one Salten, and one Kalevi individual and five other seedlings. Within the plot, 
the seedlings were arranged randomly. No fertilizers, pesticides or fungicides were used 
during the experiment. The endophyte status of each grass individual was determined by 
growing the fungus from surface-sterilized and cut leaf sheets on PDA and by 
microscopic examination of stained seeds of each plant individual. Because the status of 
endophyte infection was not known a priori, the design was unbalanced. At the end of the 
experiment, there were 14 E- and 26 E+ Salten individuals, 13 E- and 24 E+ Kasper 
individuals, and 31 E- and 9 E+ Kalevi individuals at the Site 1 and 20 E- and 19 E+ 
Salten individuals, 21 E- and 19 E+ Kasper individuals, and 36 E- and 4 E+ Kalevi 
individuals at the Site 2. The Kalevi cultivar was only included in the snow mold 
estimation and in the first three tiller measurements and only at Site 2 (II). Other 
measurements were carried out with Salten and Kasper cultivars (I). During the 
experiment, the tillers of each individual were counted at the end of the first growing 
season in 1999 (I autumn), after the winter (II spring) and when the second growing 
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season had started (II summer). Wintertime injuries were recorded as soon as the snow 
had melted. Snow molds were detected only at study site 2. The green (live) tillers (tiller 
number at 46 weeks) were counted, and the proportion of each grass individual covered 
by each snow mold was visually evaluated with an estimated accuracy of 10%. The 
winter survival of tillers was assessed as the proportion of the tillers of each grass 
individual alive after the winter (number of green tillers in II spring/ number of tillers in 
the previous autumn). At the end of the second growing season (II autumn), the tillers 
were counted (vegetative tillers and flowering tillers (panicles) separately), the aerial 
plant parts were cut at ground level and oven-dried (+70 °C, three days), and vegetative 
tillers, flowering tillers and seeds were weighed separately. Total shoot biomass and 
relative reproductive weight fraction (RWF) were calculated. 

Table 1. Study species, tested factors and measured response variables in studies of the 
agronomic meadow fescue-endophyte system (I-II). 

 Field experiment Greenhouse 
experiment 

Dual cultures 

Paper I II II II 
Study species     

meadow fescue (Lolium pratense) x x x  
Neotyphodium uncinatum-endophyte x x x x 
Typhula ishikariensis-pathogen  x x x 
Microdochium nivale-pathogen  x   

Factors     
study site x    
endophyte x x x x 
meadow fescue cultivar x x x  
plot x x   
block   x x 
Typhula ishikariensis-pathogen  x x x 
Microdochium nivale-pathogen  x   

Responses     
winter survival  x x  
growth (tiller number) x x x  
root biomass   x  
shoot biomass x  x  
vegetative biomass x    
reproductive biomass x    
reproductive weight fraction (RWF) x    
seed biomass x    
T. ishicariensis growth  x x x 
M. nivale growth  x   

A controlled greenhouse experiment was conducted in order to examine the effects of the 
Neotyphodium endophyte on the susceptibility of meadow fescue to Typhula ishikariensis 
strains and on their recovery from winter damage (II). Open pollinated seeds from a total 
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of 18 half-sib families (three half-sib families from each cultivar (Kalevi, Kasper and 
Salten) and from each endophyte status group (E+ and E-)) were sown individually into 
small pots filled with sand and then grown in a greenhouse. Three pre-grown 4-tiller-
stage seedlings from each half-sib family (total 54 genotypes) were selected at random 
and cut into four distinct fragments, each consisting of one individual tiller with roots. 
The seedlings were weighed and planted individually into square plastic pots containing 
sand (total 216 pots). The tillers of each genotype were randomly assigned to four 
treatments: one control and three different T. ishikariensis strains (numbers 116, 117, 
122). The plants were randomized into three blocks to control the variation due to 
greenhouse conditions. The plants were watered regularly as necessary throughout the 
experiment, and each plant received liquid fertilizer once a week during the growing 
season. Winter hardening was initiated four weeks after the seedlings had been replanted. 
After hardening, the plants were inoculated with T. ishikariensis. Each inoculated plant 
received air-dried sclerotia and suspension of one T. ishikariensis stain. The plants were 
then covered with 6 grams of moist cellulose wadding to simulate snow cover, and each 
pot was wrapped separately in cellophane to avoid contamination of the plants. The 
plants were then incubated in dark cold storage at + 4°C for two months. After the 
artificial winter the above-ground parts of the plant were cut at a height of 1 cm. Shoots 
were oven-dried (+70 °C, three days) the total length (cm) of the oven-dried leaves was 
measured and the new sclerotia on the leaves were counted. The pots were transferred to 
the greenhouse, vernalized and grown for 12 weeks. At the end of the experiment, the 
tillers were counted and the roots were washed carefully. All plant parts were oven-dried 
(+70 °C, three days), and the roots and tillers were weighed separately. 

The antifungal activity of the endophyte strains originating from three different 
cultivars (Kalevi, Kasper and Salten) against three strains of speckled snow mold 
(T. ishikariensis) were evaluated in vitro (II). A full factorial experiment with an 
endophyte factor (control without endophyte and three endophyte strains) and a 
T. ishikariensis factor (three strains) was conducted. There were six replicates of each 
factor combination. Three 2 mm diameter mycelial disks of each endophyte strain were 
transferred onto a plate of 5% PDA. The disks were placed regularly on the vertices of an 
equilateral triangle, 3 cm away from the center of the plate. The plates were incubated at 
a temperature of + 20 °C for two weeks. After incubation, one mycelial disk (2 mm 
diameter) of one T. ishikariensis strain was transferred onto the center of the plate. The 
plates were randomized into six blocks, one replicate in each in order to control variation 
due to the incubator conditions, and incubated in darkness at + 4 °C for 52 days. At the 
end of the experiment, the growth of T. ishikariensis was measured as the distance of the 
edge of the colony from the center of the plate. The width of the inhibition zone was 
measured when it was detected.  

2.3  Endophyte in natural and seminatural fine fescue populations  

Both genotypic variation of participants and environmental heterogeneity is assumed to 
be greater in natural systems compared to agricultural environments. Thus, more variable 
outcomes of interactions between endophytes and grasses are expected in natural 



 

 

29

populations compared to agricultural systems, as well as marked variation in infection 
frequencies of E. festucae in fine fescue populations. Because of the mixed transmission 
system with presumed dominance of asexuality, a low to moderate amount of genotypic 
variation, together with marked genetic differentiation among endophyte populations, is 
predicted and linkage disequilibrium among microsatellite loci should be detected. 
Occurrence and genetic structure of E. festucae in natural and seminatural fine fescue 
populations was examined concentrating on northern Finland (III), and a green house 
experiment (IV) was conduced in order to study the effects of E. festucae on seedling 
establishment in subarctic F. rubra and F. ovina (Table 2). 

Table 2. Study species, tested factors and measured response variables in studies of the 
fine fescue-endophyte system. 

 Survey of 
occurence 

Population 
genetics 

Seed 
bank 

Winter survival 
of seeds 

Seedling 
establishment 

Paper III III IV IV IV 
Study species      

Red fescue  
(Festuca rubra sensu lato) 

x x x x x 

Sheep fescue (Festuca ovina) x  x  x 
Epichloë festucae -endophyte x x x x x 

Factors      
habitat x x   x 
endophyte    x x 
half-sib family     x 
infection frequency  x    
block     x 
geographic distance between 
populations 

 x    

Responses      
infection frequency x  x   
genetic diversity  x    
genetic structure  x    
genetic distance between 
populations 

 x    

linkage disequilibrium  x    
germination incidence   x x x 
time to germination     x 
survival     x 
tiller number     x 
grass length     x 
shoot biomass     x 
root biomass     x 
root/shoot ratio     x 
mean tiller biomass     x 
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2.3.1  Occurrence of Epichloë festucae in fine fescue populations 

To study the frequency of endophyte infected grass individuals (III), mature 
inflorescences of fine fescues were collecred from 86 study sites. Altogether 77 F. rubra 
and 30 F. ovina populations were examined across Finland and in northern Norway 
during 1999-2000. 4 to 70 individuals were sampled from each grass population, 
depending on the number of flowering plants and size of the population. The total sample 
size was 2514 plant individuals. The infection frequency of Epichloë festucae in fine 
fescue populations was studied by staining (Saha et al. 1988) and microscopic 
examination of at least five seeds of each plant individual. In subarctic Finland, the 
grasses were collected from different habitats within the same area, the valley of the river 
Teno, in order to compare the endophyte prevalence in different environments. The 29 
F. rubra populations were collected from three habitats, natural sandy river banks, 
seminatural meadows and seminatural roadsides, and the 14 F. ovina populations were 
collected from two habitats, open cliffs or open low-alpine sites and seminatural 
meadows. 

2.3.2  Genetic structure of northern Epichloë festucae populations 

Four microsatellite markers were used to study genotypic diversity and the rates of gene 
flow of E. festucae among 12 subarctic F. rubra populations. 6 to 67 isolates were 
obtained from each population (total of 189 isolates) (III). The primers for PCR 
amplification of microsatellites; B1, B6, B9a, and B9b loci (Moon et al. 1999), were 
obtained from TAG Copenhagen. DNA was extracted from pure cultures of E. festucae. 
The PCR reactions were run in an Eppendorf Mastercycler thermocycler. PCR products 
were separated in 5% polyacrylamide gels by an ABI PRISM 377 DNA sequencer. 
Fragment sizes were estimated with Genescan Analysis 2.1. Software. Contrary to 
original description of the primers (Moon et al. 1999), the loci B9a (primers B9.1- B9.2) 
and B9b (primers B9.1- B9.4) were treated as separate loci, because the results of PCR 
amplifications with these two pairs of primers (the amount of separate peaks and the 
sequence lengths) did not correlate in this data set. The different allele combinations of 
the four microsatellite markers were regarded as different genotypes. 

2.3.3  Seedling establishment experiments 

The effects of endophyte infection on seedling establishment of fine fescues were 
examined by 1) assessing the presence of seedbank in F. rubra and F. ovina in a subarctic 
seminatural meadow and endophyte viability in seedlings possibly emerging from the 
seed bank, 2) testing winter survival and germination of E+ and E- seeds of F. rubra in 
field conditions, and 3) conducting a germination and seedling growth experiment of E+ 
and E- F. rubra and F. ovina seed sets in greenhouse conditions (IV). 
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In the middle of the summer, before the grass seeds were matured, 120 soil samples 
(cores of 1 litre) were collected randomly with a cylindrical corer (∅ 10 cm) from one 
seminatural meadow in the municipality of Utsjoki, in subarctic Finland, in order to study 
the seed bank of fine fescues. Root and other plant parts were removed and the soil was 
spread on the surface of a sand mixture inside plastic pot. Pots were kept in the 
greenhouse. All germinating grass seedlings were identified and seedlings of Festuca 
species were counted. 

Seeds of altogether 32 Festuca rubra plants were collected from four subarctic 
populations in order to examine the winter survival of seeds. The endophyte infection 
status of individual plants was screened by staining and microscopy of seed samples. 
Seeds of each mother plant were packed into two mesh bags. In September 2000, before 
the frost, the mesh bags were buried in sand at a depth of 2 cm in the experimental field 
at the Kevo Subarctic Research Station (69°45'N, 27°01'E). The next spring, ten days 
after the snow had melted, the mesh bags were picked up and taken into the laboratory. 
The germinated seeds were counted and all seeds and seedlings were placed on moist 
paper in ∅ 9 cm petri dishes kept at room temperature. Germinated seeds were counted 
again after one, two and three weeks. 

Seeds of ten E+ and ten E- plants from both F. rubra and F. ovina were used in the 
seedling establishment experiment. Seeds of F. rubra were collected from two different 
subarctic habitats, meadows and river banks, due to the marked difference in infection 
incidences detected between the habitats (III). All F. ovina seeds were from meadows 
from the same area. About 50 seeds from each mother plant from both species were sown 
on moist paper in five ∅ 9 cm petri dishes (ten seeds in each dish; total 1000 seeds). Petri 
dishes of each grass species were randomized into five blocks and placed into a growth 
chamber with room temperature and natural light cycle conditions. Germination and 
development of each individual seed was followed daily. When the leaf was twice the 
length of the seed, the seedling was planted into a pot containing sand; all seedlings of 
one petri-dish into the same pot. The plants were watered regularly as necessary and 
fertilized once a week during the growing season. 40 days after planting, the seedling 
length and the number of tillers were recorded. The roots of each seedling were washed, 
the plant was oven dried (+60 oC, 48 h), the roots and shoots were weighted separately, 
and root/shoot ratio and mean tiller biomass for each seedling was calculated. 

2.4  Statistical analysis 

The statistical analyses were done with the SAS software package v. 8.02 (SAS Institute 
Inc. Cary, NC, USA 1999-2001), if not stated otherwise. MANOVA (I) was performed 
with proc GLM. Mixed ANOVA (Proc MIXED) was used for all other ANOVA-models 
of field and greenhouse experiments and in dual cultures (I, II, IV). The pairwise 
comparisons were calculated using the Tukey-Kramer test. When the assumptions for 
parametric tests were not met, the data was either transformed or the general linear model 
(proc GENDOM) was applied with an appropriate distribution and link function. The 
Spearman’s correlation coefficient between Microdochium nivale cover and tiller counts 
of meadow fescue (II), and between genotypic diversities and infection frequencies or 
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sample sizes in E. festucae populations (III) were calculated (Proc CORR). The 
difference in genotypic diversity of E. festucae populations between habitats was tested 
by t-test (proc TTEST) (III). The differences in infection frequencies between the habitats 
(III) were examined using probability function distribution (Proc GENMOD). For 
analysis of linkage disequilibrium (III), the data was coded as diploid data, and the 
single-allelic loci were considered to be homozygous. Random association among loci 
was tested with the index of association (IA) and its modification (rd). IA, rd and genotypic 
diversity was calculated with the Multi-locus ver. 1.2. Software. Repeated multilocus 
genotypes were stated as a proportion of different genotypes in the sample. AMOVA (III) 
was used to examine the genetic differentiation of populations (FST). Genotype distances 
were estimated by counting the number of allele differences. AMOVA, pairwise Fst of the 
populations and gene flow as estimates of migration (Nm) were calculated using Arlequin 
v. 2.00. The relationship between pairwise FST and the geographic distance between 
populations was analysed using Mantel’s permutation test with Fstat, v. 2.9.3.2. The 
geographic distances were log-transformed for the analysis. 



3 Results and discussion 

3.1  Effects of environment on agronomic endophyte–grass symbiosis 

Endophyte infection benefited plant performance in a high-nutrient environment, but in 
the site with low-nutrient soils, costs associated with endophyte infection were detected 
on the vegetative growth of grasses (I). In high nutrient environments the difference in 
growth between E+ and E- grasses increased during the second growing season and the 
difference was most pronounced in the reproductive investment of grasses at the end of 
the experiment. However, the benefits of endophyte infection for reproductive biomass 
appeared to be cultivar dependent. The increased seed production of the endophyte 
infected grasses may indicate that endophyte mutualism is dependent on nutrient 
availability. Alternatively, increased seed production may be a result of the grass’ 
response to the parasitic endophyte through resource mobilization to stressed plant parts 
(meristems and inflorescences) with a high concentration of endophyte hyphae. 

Endophyte infection in meadow fescue may be beneficial to agricultural practices due 
to the increased growth and invertebrate herbivore resistance of endophyte infected 
meadow fescues (Fletcher et al. 2001, Lehtonen et al. 2005a). High infection frequencies 
in Finnish meadow fescue cultivars have been detected indicating that endophyte infected 
meadow fescues are used in Finnish agriculture (Saikkonen et al. 2000). In this study the 
benefits of endophyte infection were gained mainly in increased seed yield in resource 
rich environments, and the costs of endophyte infection in terms of vegetative growth in a 
low nutrient environment were detected. The high infection frequency in cultivars may be 
a result of seed growth practices, where seeds are produced for commercial delivery in 
high nutrition conditions. Due to the higher seed yield of E+ grasses, the proportion of E+ 
to E- seeds in seed lots is increasing from generation to generation. 
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3.2  Effects of snow molds on agronomic endophyte -grass symbiosis 

In dual cultures, the endophytes formed an inhibition zone and retarded the growth of 
Typhula ishikariensis indicating antifungal activity of N. uncinatum (II). Contrary to the 
prediction of endophyte infection increasing the pathogen resistance of grasses, we 
detected a cost of endophyte infection to the host plant in terms of winter damage and 
susceptibility to snow molds (II). In the field experiment, the snow mold (T. ishikariensis 
and Microdochium nivale) infections were detected only in the high-nutrient 
environment. The E+ meadow fescues were more susceptible to T. ishikariensis than the 
E- grasses, but in the greenhouse experiment there was no difference in the amount of 
T. ishikariensis between the E+ and E- grasses. The difference between the experiments is 
probably a result of different contamination incidences. In the field experiment, 
contamination of snow molds was natural, while in the greenhouse, all grasses treated 
with T. ishikariensis were heavily infested with both hyphae and sclerotia of 
T. ishikariensis. 

Endophyte infection increased winter damage of grasses both in the greenhouse and in 
field conditions. In the field experiment, the winter survival of tillers of the E+ grasses 
and early growth of E+ meadow fescues during the second spring correlated negatively 
with the cover of M. nivale (rS=-0.3120, p=0.0443; rS=-0.3197, p=0.0390 respectively). In 
E- grasses no such correlations with the cover of M. nivale were detected (tiller survival: 
rS=-0.1157, p=0.3132; early growth: rS=-0.1041, p=0.3642). This result indicates a cost of 
endophyte infection, when additional fungi stress the host grass. During the summer, the 
growth of E+ grasses exceeded the growth of E- plants, and in the middle of the growing 
season the E+ grasses had a significantly higher numbers of tillers compared to E- 
grasses, indicating the marked tolerance of E+ grasses against winter damage. 

Differences in growth and pathogenesis were detected between the different 
T. ishikariensis strains both in the greenhouse experiment (Fig. 2) and in dual cultures 
(II). In the greenhouse experiment there was no main effect of the endophyte on tiller 
number or biomass of meadow fescues, but the significant cultivar x endophyte status 
interaction was detected (Fig. 3), highlighting the effects of the genetic background of the 
participants on endophyte-grass-snow mold interactions. The results of statistical tests of 
the dual cultures and the field and the greenhouse experiments (II) are represented in 
Tables 3 - 5.  

Many fungal species growing on grasses have been shown to suppress the growth of 
T. ishikariensis; reviewed by McBeath (2002). The possible interaction mechanisms 
between Neotyphodium endophytes and snow molds can either be direct or indirect. 
Direct interactions between two fungi may occur through resource competition, 
antagonism (interference competition) or mycoparasitism (Isaac 1992). We detected both 
reduced growth and an inhibition zone in dual cultures of the Neotyphodium endophyte 
and T. ishikariensis, indicating antifungal activity of the endophyte and /or resource 
competition between the fungi. On the basis of these results, the increased susceptibility 
of E+ meadow fescues seen in the field experiment is unlikely due to T. ishikariensis 
using the endophyte as a resource. 
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Table 5. Effects of endophyte strain and Typhula ishikariensis strain on the width of 
inhibition zone and growth of Typhula ishikariensis in dual cultures. Significant p-values 
in bold. 

Width of inhibion 
zone 

Growth of 
T. ishikariensis 

Source df ddf 

F-value p 

df ddf 

F-value p 
Endophyte strain 2 40 1.25 0.2961 3 55 109.33 <0.0001 
T. ishikariensis strain 2 40 1.55 0.2239 2 55 6.55 0.0028 
endophyte x T. ishikariensis 4 40 1.09 0.3745 6 55 0.94 0.4754 
   Z p   Z p 
Block   0.59 0.2767   0.47 0.3189 

Indirect interactions between the two fungi occur through changes in host plants, and they 
are affected by the growing conditions, e.g. nutrient availability, of the host. Endophytes 
may 1) change the metabolism of the host grasses in such a way that the plant serves as a 
better resource for T. ishikariensis or is exposed to winter damage and snow mold 
infections, or 2) change the defence mechanism of the host grass. Accumulation of 
soluble carbohydrates in plants during the autumn is suggested to be important both in the 
winter hardening process and in the development of snow mold resistance (e.g., Gaudet 
1994, Gaudet et al. 1999). Snow molds attack grasses when their disease resistance is low 
due to depletion of their carbohydrate reserves (Nakajima & Abe 1994). Endophytes use 
glucose, fructose and sucrose taken up from the apoplastic space in grass leaf sheets, 
where the carbohydrates are unloaded in the zones of utilization (Lam et al. 1994). It is 
possible that the use of carbohydrates by the endophyte reduces the accumulation of 
carbohydrates, and thus decreases the grass’s tolerance to low temperatures and its 
resistance to snow molds. Alternatively, the endophyte may change the defence 
mechanisms of the host plant. Some fungi have been suggested to induce the defence 
mechanisms of the host and to improve the host’s resistance to pathogenic fungi (e.g. 
Dingle & McGee 2003). A reverse phenomenon was seen in this study. E+ meadow 
fescues were more susceptible to T. ishikariensis than E- grasses in the field experiment. 
The endophyte is an alien organism within grass tissue and for some reason the grass 
does not defend itself against the endophyte. It is possible that the endophyte blocks out 
some defence mechanism of the host and opens the window for this pathogenic fungus. 
One implication of the endophyte induced changes in the immune systems of grasses 
might be the higher reduction in endophyte frequency in snow mold contaminated Site 2 
(infection frequency 48%) in the field experiment compared to Site 1 free of snow molds 
(infection frequency 65%), because snow mold attacks induce some defense mechanism 
in T. ishikariensis resistant grasses also eliminating the Neotyphodium-endophyte (I). 
Originally used seed lots had an infection frequency of > 90%. E+ grasses of Site 2 were 
significantly more susceptible to T. ishikariensis than E- grasses (II). Grasses susceptible 
to T. ishikariensis also retained the endophyte and the defence mechanism is either absent 
or suppressed by the endophyte. The effects of endophytes on defence mechanism of the 
host grasses should be studied in more detail. 

In summary, the Neotyphodium endophyte can improve the growth of meadow fescues 
in cold climate conditions. When resources are limited and/or grasses are exposed to 
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additional biotic and abiotic stressors, the outcome of endophyte infection may turn out to 
be negative. Trade-offs between different resistance mechanisms may occur, when an 
endophyte protecting grass from pests exposes the same grass to winter damage. In areas 
with extended permanent snow cover, the decreased early growth of endophyte-infected 
grasses after snow mold infection may cause losses of forage production in some growing 
conditions. The benefits and disadvantages of endophyte infection in agriculture and the 
optimal growing conditions for E+ meadow fescues should be explored further in more 
detail and cultivation practices should be developed accordingly. 

Fig. 2. The biomass of meadow fescues (Lolium pratense) with different speckled snow mold 
(Typhula ishikariensis) treatments (n=44 in control, n=43 in strain 116, n=46 in strain 117 and 
n=41 in strain 122) at the end of the greenhouse experiment. Total biomass is divided into 
root biomass and shoot biomass. Different letters indicate significant differences (p < 0.05) in 
pairwise comparisons between different pathogen treatments. Values are estimates of least 
squares means with 95% confidence limits. 

3.3  Occurrence of Epichloë festucae in natural and seminatural  
fine fescue populations 

Infection incidence varied significantly among grass species and populations. We found 
62% of F. rubra and 37% of F. ovina populations to have endophyte infections (III). A 
substantial number of the F. rubra and F. ovina populations (53 out of 77 and 25 out of 
30, respectively) were either endophyte-free or had very low (< 20%) infection 
frequency. The highest infection frequencies were found in subarctic Finland. In both 
grass species, infection frequencies were significantly higher in the meadow populations 
compared to other habitats. The highly variable infection frequencies of E. festucae on a 
geographical scale and locally between different habitats suggest that the selective 
advantage of the fungus to the host may vary between environments. Additionally, the 
dispersal of the fungus may be restricted. The detected patterns in infection frequency 
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might be a result of dynamics described in the geographic mosaic theory of coevolution 
(Thompson 1999). 
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Fig. 3. Reaction norms for endophyte infection status (endophyte-infected: E+, endophyte-
free: E-) of meadow fescue (Lolium pratense) cultivars Kalevi, Kasper and Salten. a) number 
of tillers and b) shoot biomass of meadow fescues in a greenhouse experiment. Tiller number 
and shoot biomass were measured at the end of the experiment (Kalevi: n = 17 in E+, n = 32 
in E- , Kasper: n = 11 in E+, n = 51 in E-, Salten: n = 26 in E+, n = 36 in E-). Different letters 
indicate significant differences (p < 0.05) between cultivars and endophyte statuses (pairwise 
comparisons: Tukey-Kramer test). Values are estimates of least squares means with 95% 
confidence limits. 

3.4  Genetic structure of northern Epichloë festucae -populations 

In this study, 25 fungal genotypes out of 109 isolates of haploid E. festucae were 
detected. One dominant genotype occurred in all of the 12 populations, representing 
63.5% of all isolates (III). A moderate level of genotypic diversity (0.573) was found in 
the data. The detected repeated multilocus genotypes and occurrence of the dominant 
genotype is in concordance with presumed clonality of the endophyte, but the detected 
level of genotypic diversity is high for an asexual fungus. Conventionally high genotypic 
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diversity is explained by sexual recombination, but in the case of fungi, also other 
mechanisms are possible. For example, mitotic or parasexual recombination (e.g. somatic 
hybridization) (e.g. Talbot et al. 1993, Schardl et al. 1994, Anderson & Kohn 1998, Kuhn 
et al. 2001, Moon et al. 2004), mutation accumulation of somatic cell lineages (Talbot et 
al. 1993, Kuhn et al. 2001) and hypervariable microsatellite loci (Taylor 1999) are 
suggested to be possible sources of genotypic variation. 

Low levels of genetic differentiation (FST = 0.0814) and dominant genotypes occurring 
in the examined populations indicate genetic flow among different populations. If fungus 
is only transmitted vertically, then the only long term dispersal agent is grass seeds. The 
river occasionally floods the examined populations during the spring, allowing effective 
long-distance dispersal of the floating seeds of F. rubra with hairy glumes. Other possible 
seed dispersal vectors are human activities, e.g. reindeer farming. 

Fruiting body production was never detected in the subarctic area during five years of 
intensive fieldwork, indicating that E. festucae is mainly asexual. Furthermore, the 
presence of repeated multilocus genotypes, and one common and widespread genotype, 
together with linked microsatellite loci (linkage disequilibrium) indicate that E. festucae 
is primarily clonal in the subarctic study area. At least three mechanisms, either alone or 
in interaction, may explain the lack of fruiting body formation in Epichloë festucae in 
northern areas: 1) environmental factors and 2) genotypes of the endophyte or host may 
prevent fruiting body formation (Bucheli & Leuchtmann 1996, Meijer & Leuchtmann 
2001, Brem & Leuchtmann 2003), or 3) the sexual strains of E. festucae may have 
limited dispersal capability (Väre & Itämies 1995). In subarctic areas, the growing season 
is short, about 105 days (Elamo 2002), but day length is extremely long (24 hours for 
most of the growing season). Such a short and intensive growing period favors fast 
growth of the host grass. This possibly constrains horizontal transmission of the fungus 
by sexual spores, if rapidly growing grasses can produce seeds before the Epichloë 
endophyte completes its sexual life cycle (Kirby 1961, Clay 1993). Alternatively, one 
perennial red fescue genotype (and one fungal genotype) can be hundreds of years old 
(Harberd 1961) and successful sexual production may occur in the frequency not detected 
during this study.  

Although the dominance of clonal spread of E. festucae was detected, recombination 
of the fungus cannot be ruled out. Linkage equilibrium was detected in clone-corrected 
total data, and population-specific linkage equilibrium was found in six out of 12 
populations, indicating occasional recombination. In Epichloë endophytes, horizontal 
transmission occurs via ascospores, but in some asexual species, contagious spread is also 
suggested to be possible via asexual conidia and/or epiphyllous mycelium through leaf 
tissue (Bacon & Hinton 1991, Meijer & Lechtmann 1999, Moy et al. 2000, Saikkonen et 
al. 2004) and through cuts on flowering stems (Western & Cavett 1959), which makes 
multiple infections and parasexual recombination possible even without the sexual stage 
of the fungus. Alternatively, hypervariable microsatellite loci may partly explain the 
linkage equilibrium detected (Taylor et al. 1999). 

Twenty out of the 25 fungal genotypes detected with four microsatellite markers were 
carrying multiple alleles in at least one locus, indicating multiple endophyte strains 
within grass individuals or vegetative hybridization of the fungus. Hybridization plays an 
important role in the speciation of Epichloë/Neotyphodium endophytes (e.g. Schardl et al. 
1994, Moon et al. 2000) and E. festucae has been proposed to be one partner in 
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hybridizations leading to speciation of asexual Neotyphodium endophytes (Leuchtmann 
et al. 1994, Schardl et al. 1994, Tsai et al. 1994, Schardl 2001, Moon et al. 2000, Clay & 
Schardl 2002, Moon et al. 2004, Gentile et al. 2005). Another possible reason for the 
presence of multiallelic loci is the multistrain infection of the grass individuals. In 
Epichloë endophyte grass system the grass individuals are suggested to be infected by 
only one fungal individual (Wille et al. 2002), but multiple strain infections are obtained 
artificially and detected in natural grass populations (Wille et al. 2002, Meijer & 
Leuchtmann 1999). In the case of multiple infections, individual grass tillers were 
infected only by one fungal genotype indicating partitioning of fungal genotypes into 
separate tillers (Wille et al. 1999, Meijer & Leuchtmann 1999). In this study (III) the 
fungi were isolated from the leaf (including sheath) of one-tiller stage seedlings, where 
the partitioning of possible multiple endophyte strains may not have occurred yet.  

In a changing and heterogeneous environment, sustaining multiple symbionts might be 
competent strategy for the host, although the current time net benefits to the host might 
be reduced compared to the sustaining of one strongly mutualistic symbiont (e.g. 
Stachowicz & Whitlatch 2005). Recent studies on molecular genetics have revealed the 
cryptic species of endosymbionts in the presumably specialized pairwise interaction of 
species (e.g. Knowlton & Rohwer 2003, Stanton 2003). These symbioses are viewed as 
mutualistic guilds (Stanton 2003). The diversity in genotypes, environments and net 
effects of interactions seems to be a common feature in mutualistic populations (e.g. 
Herre 1999). In natural populations of grasses, such guilds of endophyte strains might 
exist. One possible step in future grass endophyte research could be the tracking of 
possible endophyte guilds. 

3.5  Effects of Epichloë festucae in seedling establishment of two 
northern fine fescues 

Only 8 F. rubra and 5 F. ovina seedlings emerged from altogether 120 soil samples (IV). 
In the winter survival experiment of F. rubra seeds, 49% of the seeds germinated and 
there was no difference in germination incidence between E+ and E- seeds (IV). Most of 
the seeds had already germinated when the mesh bags were opened, probably already 
during the fall. All seedlings had emerged one week after the seeds were taken into the 
laboratory. These results indicate that there is no marked seed bank of F. rubra in 
subarctic Finland, but instead seeds germinate immediately in a moist environment. 
In the seedling establishment experiment, seed family had a marked effect on both fine 
fescue species (IV). There was great variation among seed families in almost all 
measured variables. Because the endophyte and grass respond to selection in concert, as a 
phenotypic unit, and because there was a great number of seed families in the experiment, 
the data was analyzed both with and without the seed family factor. When seed family 
was included in the statistical analysis, the endophyte infection in both species and 
habitat in F. rubra had no significant effect on variables, but the seed family explained 
most variation. 

When the data was analyzed without the seed family, the endophyte infection had no 
effect on germination incidence or seedling survival of either F. ovina or F. rubra. 



 

 

42

Germination incidence in both species was high being 90% in F. ovina and 92% in 
F. rubra. F. rubra seeds from river banks had higher a germination frequency compared 
to seeds originating from meadows. In F. ovina, indications of cost of bearing the 
endophyte was detected in seedling growth. The infected seedlings seemed to be shorter 
and had smaller mean tiller biomass than E- seedlings. They also invested more into roots 
compared to E- individuals. In F. rubra, endophyte infection affected seedling growth 
interactively with habitat. E+ seeds from river banks germinated faster than other seeds. 
E+ seedlings from river banks had fewer but longer tillers with a higher mean biomass 
compared to other seedlings. 

These results suggest that different selection pressures might be maintaining the 
endophyte infection in different grass species in different habitats. According to this 
experiment, the endophyte seems to be antagonistic or neutral for both F. ovina and 
F. rubra seedlings originating from meadows. The beneficial effects of endophyte in 
highly infected meadows may occur through the endophyte mediated herbivory resistance 
of grasses or through some other mechanism acting in later stages of the grass’s lifecycle. 
The possible horizontal transmission of fungus might also maintain the high infection 
frequency in meadows. Voles are common in the studied meadows, and thus, the role of 
vole herbivory in maintaining the high infection frequency should be examined. The 
alkaloid levels of red fescues in these particular meadows should also be analyzed, 
because the hay is mowed for reindeer forage and E. festucae is shown to be able to 
produce alkaloids poisonous to vertebrates (Bazely et al. 1997, Yue et al. 1997, 
Richardson et al. 1999, Wilkinson et al. 2000). 

In riverbank habitats the most detrimental factors for seedling survival of F. rubra are 
probably the harsh conditions due to river dynamics. According to the results of this 
study, the endophyte may change the growth form of river bank red fescues. Investment 
in fewer but longer and heavier tillers may be beneficial to grasses growing in the 
strongly disturbed environment, such as river banks, where grasses are repeatedly flooded 
and buried with sand. The mechanism for the endophyte mediated change in resource 
allocation of the host might occur through source-sink dynamics (Pan & Clay 2002, Pan 
& Clay 2004). Actively growing fungus is concentrated in strong sink tissues of grasses 
and it makes the sinks even stronger promoting resource allocation into few, heavy and 
long tillers. Mechanisms for these changes are supposed to be enhanced photosynthetic 
rate due endophyte infection or auxin production of the endophyte. Additionally, 
endophytes are sinks for sucrose, possibly reducing the feedback inhibition of 
photosynthesis and thus allowing greater growth of infected grasses compared to 
uninfected plants (Clay & Schardl 2002). 

Because the variation in traits among seed families was marked and endophyte 
infection was not manipulated in this experiment, results and conclusions drawn here for 
endophyte effects on seedling establishment are only indicative. The endophyte infected 
grasses from the river bank environment may be better adapted to harsh condition due to 
river dynamics than endophyte free grasses. Effects of endophyte on the resource 
allocation of grasses originating from different habitats should be investigated in more 
detail with manipulations of endophyte infection within grass genotypes of seed families. 
The subarctic Epichloë festucae fine fescue system provides promising material for 
studies of coevolution of symbiosis under different selection pressures. 
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3.6  Evolution of endophyte-grass symbiosis 

Mutualism is best viewed as a reciprocally exploitative interaction that provides net 
benefits to both partners (V, Connor 1995, Herre et al. 1999, Bronstein 2001). Benefits to 
the participants are seldom symmetric and conflicting selection forces act on partners. 
Selection pressures change spatially and temporally creating a coevolutionary selection 
mosaic, and genetic mismatch between species occurs commonly (V). As a result, a 
symbiosis between two species is a variable mixture of interactions, a continuum from 
antagonism to mutualism varying temporarily, spatially and among different genotypes of 
interacting species (V, Johnson et al. 1997, Saikkonen et al. 1998, Herre et al. 1999, 
Hoeksema & Bruna 2000, van Baalen & Jansen 2001, Neuhauser & Fargione 2004). The 
mutualistic nature of the interaction and the degree of possible mutualism of a single 
endophyte-grass -symbiosis, as well as many other symbiotic interactions, may be 
overestimated due to the active selection of clearly beneficial (or harmful) genotype-
combinations and circumstances (Saikkonen et al. manuscript). 

The asexual endophytes of certain agronomic grasses unquestionably benefit their host 
grasses, at least in some conditions, and thus, these symbioses have been generally 
viewed as mutualistic on an ecological scale (Clay & Schardl 2002, Schardl et al. 2004). 
The mutualistic grass-endophyte symbiosis has also been suggested to have coevolved 
(White 1988, Schardl et al. 1997, Clay & Schardl 2002). There is no direct evidence for 
reciprocal evolution between endophytes and grasses, but 1) cocladogenesis between 
partners, 2) high infection frequencies of vertically transmitted symbionts, 3) mechanisms 
of the endophyte to enhance plant growth and reproduction and 4) host specificity of 
endophytes are interpreted as evidence of coevolution (review in Clay & Schardl 2002). 

There are many traits in endophyte-grass symbiosis that are proposed to promote 
mutualistic evolution. Asexual endophytes are suggested to be the strictly vertically 
transmitted creating a permanent association between the fungal genotype and host 
lineage and dependence of the fungus on plant survival and reproduction (White 1988, 
Clay 1993, Clay & Schardl 2002). Codispersal of partner genotypes is relatively high in 
inbreeding grass populations as agronomic cultivars. One grass genotype is usually 
assumed to be infected with a single endophyte genotype (Wille et al. 1999, Meijer & 
Leuchtmann 1999). In such a tightly pairwise interaction, returns of the investment to the 
symbiont are received directly and fully by the original donator creating a possibility for 
mutualistic coevolution (e.g. Frank 1997). Costly adaptations of the fungus, indicating 
evolved association, are suggested to be the production of secondary metabolites, e.g. 
antiherbivore alkaloids and auxin, loss of sexual recombination, contagious spread and 
virulence and lack of a host independent stage (e.g. sclerotia) (White 1988, Clay & 
Schardl 2002). For the host plants, the adaptive traits for symbiosis are not so evident, but 
e.g. enhanced resource allocation, control mechanism over the fungal growth, 
suppression of immune defence and following susceptibility to pathogenic fungi, possible 
loss of alternative herbivore resistance and tolerance mechanisms and harboring the 
costly symbiont when the herbivores are absent, have been proposed (White 1988, Clay 
1993, White & Morgan-Jones 1996, Clay & Schardl 2002, Lehtonen et al. 2005a). 

Benefits of the endophyte infection to the host grass are conditional to the physical 
and biological environment (I, II, Cheplick et al. 1989, 2000, Newshamn et al. 1998, 
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Ahlholm et al. 2002, Brem & Leuchtmann 2002, Bultman & Bell 2003, Faeth & Sullivan 
2003, Richmond et al. 2003, Faeth et al. 2004, Hesse et al. 2005, Lehtonen et al. 2005a, 
2005b) indicating mutual exploitation of the partners. Costs and benefits to the partners 
are not symmetric (V, Saikkonen et al. 2004, Müller & Krauss 2005) and dependence of 
the partners is asymmetric, because symbiosis is obligatory for the fungus, but 
conditional to the host grass (V, Saikkonen et al. 2004, Müller & Krauss 2005). Another 
important factor destabilizing the mutulialistic interaction is the mismatch between the 
sexually reproducing host plant and asexual endophyte (V). Maintenance of at least 
occasional recombination and a small amount of horizontal transmission of the endophyte 
should be favored because of the accumulation of deleterious mutations in clonal lineages 
and because the fungus is continually confronted with new genetic combinations in 
outcrossing host plant populations. Accordingly, continuous horizontal spread occurs by 
sexual spores in sexually reproducing endophyte strains, but continuous spread is also 
possible via asexual spores (conidia) for both sexual and asexual endophyte strains (e.g. 
Meijer & Leuchtmann 1999, Saikkonen et al. 2004). Additionally, fruiting body 
formation is controlled by fungal and host genotypes, but to some extent also by 
environmental conditions (Kirby 1961, Bucheli & Leuchtmann 1996, Meijer & 
Leuchtmann 2000) and a vice versa transition between avirulent and virulent traits can be 
the result of mutation at a single locus (Freeman & Rodriguez 1993). Alternative 
recombination mode for the fungi is parasexual recombination of the strains (e.g. Schardl 
et al. 1994, Craven et al. 2001) 

Specialized mutualistic endophyte-grass associations can evolve and occur in 
homogeneous and stable agricultural systems. Strictly asexual and strongly mutualistic 
grass-endophytes are likely to be rare and exceptional in a range of interactions (V). 
Conditions comparable with homogeneous agronomical systems, with strong and 
homogenizing selective breeding that promote asexual and strongly mutualistic symbiosis 
are rare in nature (V, Faeth & Sullivan 2002, Saikkonen et al. 2004). In highly variable 
host populations the mismatch between endophyte and host could select for endophytes 
that minimize the cost to any possible host genotype resulting in less benign endophytes, 
because thus, strongly beneficial endophytes are costly to the host due to their alkaloid 
production (Faeth 2002, Faeth & Sullivan 2003, Saikkonen et al. 2004). Diversity in a 
heterogeneous environment promotes diversity in the symbiotic partner: hybridization, 
weak and/or occasional/conditional mutualism (V, Faeth & Sullivan 2003, Faeth et al. 
2004), or mutualism related to a short time period in a particular life stage of the grass.  

In temporally and spatially changing environments the more stable strategy for the 
host might be to sustain multiple symbionts instead of one specialized symbiont, even 
though most multiple symbionts are not clearly beneficial (e.g. Stachowicz & Whitlatch 
2005). Harboring multiple mutualistic symbionts is presumed to be costly to the host due 
to competition between symbionts leading to more virulent symbionts (e.g. Frank 1997). 
Thus, the selection is assumed to favor the host traits preventing multiple infections 
(Frank 1997). Multiple infections are detected in endophyte-grass symbiosis, but in such 
cases different endophyte strains are found to segregate into different tillers of the host 
plant reducing the harmful competition among different strains (Meijer & Leuchtmann 
1999, Wille et al. 1999, Christensen et al. 2000). 

Epichloë/Neotyphodium endophytes have evolved to live internally within the grass 
tissues and many fungal species and strains are specialized to certain grass species and 
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genotypes. Success of these endophytes lays partly in their beneficial effects on growth, 
survival and reproduction of the host grasses. These mutually beneficial endophyte-grass 
associations can be stated as by-product mutualism of highly evolved, weakly parasitic or 
benign symbiont with pooid grasses. The lack of the host’s dependence on the 
association, together with absence of clear adaptive traits of the host for this symbiosis, 
do not support the reciprocally highly coevolved ultimate mutualism of endophyte-grass 
associations although grasses seem to invest in the endophyte symbiont. 



4 Conclusions 

As assumed by the interaction continuum hypothesis, the mutualism in grass-endophyte 
symbiosis was conditional and depended on the genotypes of interacting species. In this 
study, both positive and negative effects of endophyte infection on the host grasses were 
detected varying along 1) interacting species, 2) biotic and abiotic environment and 3) 
genotypic background of participants. Also, many other ecologically important 
mutualisms are conditional, and actually may consist of a mixture of benign, neutral and 
antagonistic interactions. The elements traditionally supposed to destabilize the pairwise 
mutualism can also stabilize the interaction at the community level or create a coevolving 
mosaic of the various interactions. The symbiont can provide novel options for the host 
species to adjust to a changing physical and abiotic environment. 

There are two explanations for high endophyte infection frequencies in grass 
populations: 1) strong selection for strong asexual mutualist or 2) contagious spread of a 
mild mutualistic or neutral symbiont. Clonally dispersed and vertically transmitted 
symbionts are special cases among the mutualistic interactions. When (i) environment, 
including other interacting species, is constant in both time and space, (ii) the host 
organisms do not experience chages, and (iii) there is a strong selective force, the 
interaction may develop toward specialized, strong mutualism. These circumstances 
might promote a persistance of a single asexual and genetically uniform symbiont within 
a host species or populations. Such a case is herbivory resistance mutualism of 
Neotyphodium endophytes with some agricultural populations of Lolium species with a 
long history of human driven selection. A similar situation can also persist in certain 
natural populations, e.g. permanent temperate grasslands and in dense old grass 
populations, were physical disturbance is rare and clonal growth overdominates seedling 
establishment. Although, when the physical and biological environment or genotypic 
background changes, the outcome of these interactions may turn out from mutualistic to 
neutral or antagonistic. Thus, when endophyte infected grass cultivars are used in 
agriculture, the possible benefits and disadvantages of endophyte infection and the 
optimal conditions for endophyte infected grasses should be explored in more detail, and 
cultivation practices should be developed accordingly. 

However, the assumptions do not hold true in many natural grassland ecosystems. In 
natural systems with spatial and temporal heterogenity of both the physical and biological 
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environment and with moderate or strong disturbance, variable outcomes of interactions 
are expected along a landscape and time. In a changing and heterogeneous physical and 
biotic environment, hosts carrying multiple symbionts, and symbionts with occasional 
contagious spreading and some kind of recombination, would be expected. This kind of 
situation is supposed here for subarctic E. festucae in fine fescue populations. Generally 
speaking, the diversity in genotypes, environment and outcomes of interactions seems to 
be a common feature in mutualistic populations. 

In previous studies grass endophytes have been shown to affect the resource allocation 
of host plants. In this study the increase in biomass of meadow fescue due to the 
endophyte infection was detected mainly in reproductive biomass, indicating the 
allocation effect of the endophyte. In the seedling establishment experiment, endophyte 
infected red fescues originating from river bank habitats had fewer, but longer and 
heavier tillers compared to other red fescues. Increased seed production in meadow 
fescue, and allocation to larger ramets in endophyte infected river bank red fescues, might 
be a result of the same phenomenon. Endophyte hyphae are suggested to be able to grow 
only in meristems along the elongating grass cells. Thus, active endophyte hyphae in 
meristems act as additional sinks in the plant. These additionally allocated sugars and 
nutrients are not lost, like in case of herbivory or pathogen attack, but they remain as 
viable biomass within grasses. In the future, the effects of grass endophytes on resource 
allocation of their hosts should be tested in more detail in long term experiments with 
grasses originating from different habitats and with manipulations of endophyte 
infections within grass genotypes or seed families. 

In contrast to the previous literature, we detected multiallelic loci of haploid E. 
festucae within individuals of subarctic red fescues. Usually the grass individuals are 
suggested to be infected with only one haploid endophyte strain. Recent results in studies 
of the molecular genetics of many fungal systems have shown, however, that presumably 
asexual fungal systems carry unexpectedly high amounts of genetic variation, and in 
many systems complementary recombination systems (e.g. parasexual recombination) to 
sexual reproduction are suggested. The latest molecular genetic studies on endosymbiotic 
systems have revealed cryptic species of endosymbionts in presumably pairwise 
interactions of species showing symbioses as mutualistic guilds. Multiple infections of 
different grass endophyte strains are gained artificially and detected in natural 
populations of other grass species. In light of these findings, our results in E. festucae are 
not surprising. 

Endophyte-grass symbiosis and especially the subarctic E. festucae fine fescue system 
provides promising material for studies on coevolution of symbiosis. E. festucae is 
capable of both sexual and asexual transmission as well as hybridization. This endophyte 
is detected in two grass species in the same growing sites. The other host, F. rubra likely 
consists of two or three hybridizing subspecies in the area. Large genetic variation in both 
interacting species, together with a heterogeneous and extreme environment that possibly 
promotes clonality in both participants, provide plenty of material for geographical 
selection matrices. Thus, subarctic fine fescues and their endophytes provides a 
promising model system for testing e.g. the geographic mosaic theory of coevolution. 
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