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Abstract
By: Kristin Kane
Effects of endophyte infection, environmental stress and competition on Lolium perenne
populations from the Mediterranean region

Advisor: Gregory P. Cheplick, PhD

My thesis is a study of the variable outcomes of the interaction between the common
forage grass species Lolium perenne and its fungal symbiont Neotyphodium lolii to explain the
existing variation in endophyte infection frequencies. N. [lolii is a systemic fungal endophyte that
colonizes the aerial tissues of its host plant and is vertically transmitted to the next generation via
seeds. Neotyphodium endophytes in agronomic grass species are considered plant mutualists,
because they improve the resistance of the host against various abiotic and biotic stresses.
Empirical evidence suggests variable fitness effects of this endophyte on wild populations of L
.perenne and this association may vary from mutualism to antagonism and may depend upon
environmental conditions and the genotypes of these interacting species. 1 used wild infected
grass populations which are part of the native distributional range of L. perenne, to understand
how the overall ecological outcome of this interaction depends upon host genotype, water
availability, inter-genotype competition between endophyte-infected (E+) and non-infected (E-)
grasses, and the native habitat of this grass species. I also examined a possible relationship
between climate in the Mediterranean and infection frequencies of N. lolii in natural L. perenne
populations.

In some populations under drought, E+ plants had more tillers, greater tiller lengths, total
dry mass and green shoot mass than non-infected E- plants, suggesting a positive effect of

endophyte infection on host growth. Total tiller length and the number of tillers showed

111



significant population*treatment*infection interactions for 4 of 6 populations which shows
endophyte effects specific for particular accessions and cultivars under different water
treatments. E+ genotypes outperformed E- genotypes under inter-genotype competition. E-
genotypes experienced the effects of competition more severely than E+ genotypes although E+
genotypes didn't significantly outperform E- genotypes in all populations. In addition I found a
negative relationship between infection frequency and a precipitation climate variable.
Interpretation of the results leads to the conclusion and support of the hypothesis that the
interaction of infection, genotype and the environment is crucial in determining the outcome of

the grass-endophyte symbiosis.
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Chapter 1

General Introduction

Plant- microbial symbioses are ubiquitous, and the nature of these relationships can range
across a continuum from parasitic to mutualistic (Johnson et al., 1997; Saikkonen et al., 1998;
Jones and Smith, 2004: Hirsch, 2004; Neuhauser and Fargione, 2004). The degree and nature of
these symbioses may be constant through time or they may be sensitive to changes in biotic or
abiotic stressors (Thompson, 1988; Bronstein, 1994; Herre et al., 1999). Symbioses that are
mutualistic between plants and microbes are usually based on an exchange of benefits between
the two organisms. For example, plant hosts commonly supply nutrients, space, and reproduction
for the symbiotic microbe, in return for microbial-mediated advantages against abiotic and biotic
stress (Rodriguez et al., 2008; Timmusk and Wanger, 1999).

Microbial symbioses that decrease abiotic stress for the plant can have significant

positive impacts on their host plants. For example, mycorrhizae and rhizobacteria increase the



nutrient acquisition of the host plants they occupy, often conferring significant advantages to the
host plant such as increased growth (Hetrick, 1989; Bolan, 1991; van Loon, 2007; Lugtenberg
and Kamilova, 2009). Other abiotic stress benefits from plant-microbial mutualisms are
associated with tolerance to heat (Redman et al., 2002; Rodriguez et al., 2008; Rodriguez et al.,
2004), salt (Rodriguez et al., 2008; Yano- Melo et al., 2003), or drought (Timmusk and Wanger,
1999; Rodriguez et al., 2004; Arshad et al., 2008; Kannadan and Rudgers, 2008). Microbially-
mediated abiotic stress tolerance can even allow host plants to survive in environments that they
could not without the mutualistic relationship (Redman et al., 2002; Rodriguez et al., 2008;
Rodriguez and Redman, 2008).

Plant-microbial mutualisms can also reduce biotic stress to the plant by reducing
herbivory (Miller et al., 2002; Miller, 1986; Hartley and Gange, 2009) or increasing disease
resistance of the host plant (Graham and Menge, 1982; Volpin et al., 1994) which may alter
competitive interactions in the community (Rudgers et al., 2005; 2007). For example,
mycorrhizae can alter herbivory of host plants by changing nitrogen availability, which may
impact the carbon and nitrogen ratio of the plant in a way that is detrimental to potential
herbivores (Gange and West, 1994; Bennett et al., 2006; Hartley and Gange, 2009). Mycorrhizal
disease resistance can be the result of mycorrhizae consuming root exudates otherwise used by
pathogens (Graham and Menge, 1982) or by a mycorrhizae induced defense response (Volpin et

al., 1994).

While most plant-microbial mutualisms are species-specific, they can have significant
effects across multiple ecological scales, ultimately influencing plant community and ecosystem

structure, and function (van der Heijden, 2010 ; Clay and Holah, 1999; Rudgers et al., 2004;



2005; 2007; Rudgers and Clay, 2008). By reducing abiotic or biotic stress to the plant, plant-
microbial interactions can alter inter- and intra-specific competition (Zobel and Moora, 1995;
Allen and Allen, 1990; Hart et al., 2003), plant community structure (Hartnett and Wilson, 2002;
van der Heijden, 2010) as well as nutrient cycling (Fogel 1980; van der Heijden, 2010). Because
of the ecological importance of plant — microbe symbioses, knowing their response to climate
change is critical in predicting the response of ecosystems to increasing atmospheric CO2,
temperature, and altered precipitation regimes. Previous research has shown that plant-microbial
symbioses are sensitive to differences in temperature (Smith and Bowen, 1979; Staddon et al.,
2002; Smith and Roncadori, 2006), and there is increasing evidence that plant-microbial
symbioses may be responsive to climate change (Staddon et al., 2002; Garcia et al., 2008; Rogers
et al., 2009). For example, recent work has illustrated elevated CO, may increase
ectomycorrhizal colonization of some plant species (Garcia et al., 2008) and increase microbial
nitrogen fixation in some legumes (Rogers et al., 2009) - both of which may result in alterations
in nutrient availability, capture and use in the ecosystems where they occur. One important type
of plant-micobial symbiosis is that of plants and aboveground endophytic fungi.

Wilson (1995) defined endophytes as fungi or bacteria which, for most or all of their life
cycles, invade the tissues of living plants and cause unapparent infections entirely within plant
tissue and cause no symptoms of plant disease. In literature, the term endophyte is often treated
as a synonym with mutualism (Saikkonen et al., 2004). Endophytic fungi are the most common
group of fungal symbionts worldwide; every plant species examined thus far has harbored at
least one fungal endophyte (Arnold et al. 2000; Faeth and Fagan, 2002). Endophytic fungi are
very common in grasses. More than 80 grass genera in all subfamilies of the Poaceae family are

capable of forming relationships with fungal endophytes (Clay, 1990; White, 1987). Of the



common grass-endophyte relationships, the perennial ryegrass-Neotyphodium lolii and tall
fescue- Neotyphodium coenophialum relationships are perhaps the best studied and most well-
known.

Perennial ryegrass, Lolium perenne, is a widespread, ecologically and economically
important cool-season grass that is known to associate with the endophytic fungus N. lolii
(Latch,Christensen and Samuels). Native to Europe, perennial ryegrass has been widespread in
New Zealand pastures since the last quarter of the19™ century (Easton and Fletcher, 2007). When
an improved strain of perennial ryegrass became available in the 1930's, this was continuously
selected and reselected and improved in New Zealand for the next four decades. Most old
ryegrass pastures in New Zealand are intensively infected with endophytic fungi (Latch and
Christensen 1982; Widdup and Ryan 1992), accounting for the animal toxicosis that became a
growing concern (Bush and Buckner, 1973). When N. /olii was identified as responsible for
ryegrass staggers (Fletcher and Harvey, 1981) in livestock, it was proposed that endophyte- free
ryegrass (E-) would solve the problem. However, research quickly revealed that endophyte-free
ryegrass was less robust and not resistant to pasture pests such as the Argentine stem weevil
(Listronotus bonariensis) (Prestidge and Gallagher, 1988; Prestidge et al., 1982). These results
prompted further research into the relationship between Neotyphodium endophytes and perennial
ryegrass.

N. lolii 1s an obligate, symbiotic fungal endophyte of perennial ryegrass, depending on its
plant host for shelter, nutrients and reproduction (Isaac, 1992). Neotyphodium is an entirely
asexual genus, and evidence suggests it evolved from sexual Epichloé species (Schardl
andLeuchtmann, 2005; Wilkinson and Schardl, 1997). N. lolii does not produce sexual structures

but instead grows into the ovaries and developing seeds of its host (White et al.,1993) and by this



very efficient mode of reproduction the fungus is vertically transmitted. Neotyphodium
endophytes are important in ecosystems because they have considerable impact on the fitness of
the grass species they infect. These are symbiotic associates of grasses which form asymptomatic
systemic infections in the above ground parts of plants. Neotyphodium hyphae grow
intercellularly in the above-ground portion of perennial ryegrass and are typically concentrated in
the leaf sheath and stems (Herd et al.,1997; Keogh et al., 1996; Tan et al., 2001). Since the fitness
of the endophytic fungi and their host plant are closely linked, fungal endophyte-grass symbioses
are generally assumed to evolve toward mutualism (Clay, 1990; Marks et al., 1991; White et al.,
1993; Elberson and West, 1996; Clay and Holah, 1999).
The mutualistic nature of some grass-endophyte symbioses is supported by strong empirical
evidence (Clay and Schardl, 2002). Reported benefits of endophyte infection to L. perenne
include deterrence of herbivores by way of alkaloid production by this fungus (Van Heeswijick
and McDonald, 1992; Schardl and Panaccione, 2005; Breen, 1994; Bush et al., 1997). Benefits
also include resistance to abiotic stress such as drought ( Ravel et al., 1997; Malinowski et al.,
2005), flooding (Saikkonen et al., 1998) or low soil nutrients (Ravel et al., 1997; Cheplick et al.,
2007; Malinowski et al., 2005). Marks et al., (1991) and Clay et al., (1993) have recorded greater
competitive ability of infected hosts under certain environmental conditions. The fungus acquires
host sugars and amino acids for nutrition and receives a means of propagation to the next
generation by vertical transmission into host seeds (Clay, 1990; White et al., 1993).

However, the benefits of fungal symbionts do not come without associated costs. Since
the fungus receives all of its nutrition from the host plant, harboring the fungus causes expenses
for the host (Ahlholm et al., 2002; Saikknonen et al., 2004). The net effect of this relationship

depends on whether the benefits to the host plant exceed the associated costs. Recorded costs of



infection to L. perenne include growth under limited soil nutrients (Cheplick et al., 1989;
Cheplick 1988), or under low water supply (Cheplick et al., 2000; Cheplick et al., 2004; Hesse,
2004). Reduced competitive ability has also been reported in infected genotypes, relative to
uninfected L. perenne (Marks et al., 1991; Richmond et al., 2003). The grass-endophyte
symbiosis is believed to span a continuum of interactions from mutualistic to antagonistic
(Cheplick 2004, Cheplick and Faeth, 2009, Hesse et al. 2004, Lewis 2004, Ravel et al. 1997) and
the outcomes of this interaction are influenced by plant genotype, endophyte genotype, the
environment and their interactions.

Nearly all studies and experiments involving population, community and ecosystem level
effects of endophytes have involved two artificially cultivated grass systems, tall fescue and
perennial ryegrass (Cheplick, 1998; Clay and Holah, 1999). Recent investigations of endophyte-
grass interactions in natural grass populations indicate that consequences of infection for the
fitness of the host plant can be variable, particularly with regard to herbivore resistance
(Saikkonen et al., 1999, Schulthess and Faeth 1998, Cheplick and Faeth, 2009). Endophyte-grass
interactions, particularly those arising from natural populations, remain evolutionarily complex
in nature. The outcome of the endophyte grass interaction can vary widely with plant and
endophyte genotype and the environmental conditions in which the interaction occurs so it can
be argued that mutualisms may be the exception rather than the rule for endophyte infected
populations (Faeth 2002). For example, Cheplick (2007) used infected perennial ryegrass
genotypes originating from its native distributional range to test the hypothesis that endophyte
infection imparts a growth cost under extreme resource limitation in L. perenne. He found a cost
of infection that included a reduction in root:shoot ratio and in photosynthetic shoot mass. Also,

the effects of infection varied among host genotypes indicating the effects of endophytes depend



on specific host-endophyte combinations within populations, which has the potential for
genotypic sorting by natural selection for specific host endophyte combinations. In addition,
Hesse et al., (2003) used three genotypes arising from natural habitats which differed in water
availability to test for the effects of the endophyte Neotyphodium on L. perenne growth and seed
yield under drought. His results suggested that environmental conditions in the original habitat of

the plants may influence the symbiotic interaction between plants and fungi.

If the asexual endophyte acts as plant mutualists then natural selection through herbivore
resistance, competitive abilities or resistances to stresses such as drought should favor infected
plants and endophyte-infected populations should become 100% over time (Clay 1998,
Wilkinson and Schardl 1997). While Neotyphodium endophytes are well-studied agricultural
systems, data on their distribution and abundance in non-agricultural systems at larger scales

across landscapes is lacking.

Thesis Outline

This thesis is centered on the Lolium perenne -Neotyphodium lolii symbiosis native to
Europe, Asia and Africa. To study this symbiosis, I used seeds obtained from wild grasses of L.
perenne from these regions. I use the terms “wild grasses” or “natural populations” to mean
populations with their naturally occurring endophyte from its endemic habitat without any type

of manipulation or selective breeding. In this thesis I investigate the interaction continuum



hypothesis (Bronstein 1994, Saikkonen et al. 1998, Miiller and Krauss 2005) for this grass-
endophyte symbiosis. Since I am using natural populations which are subject to spatial and
temporal heterogeneity of both the physical and biological environment, I expect variable
outcomes of this interaction.

Endophyte- infected (E+) populations of L. perenne are believed to survive in areas that
are under constant stress and selection due to seasonal drought periods. In the second chapter I
conducted a drought stress experiment employing wild genotypes of L. perenne from four
populations within the native range. My objective was to understand whether endophytes can
ameliorate the effects of drought stress for populations from the Mediterranean region.

In natural populations competitors are a major component of the biotic environment and
both inter and intraspecific competitive pressures are expected in populations (Bazzaz 1996,
Turkington and Mehrhoft, 1990). Competitive ability is a well-known benefit of endophyte
infected grasses (Hill et al. 1991), but studies of interspecific competition are limited in this grass
species. The range of possible outcomes of interspecific competition is likely to span the
continuum from mutualistic to parasitic. I conducted an inter-genotype and intra-genotype
competition experiment (Chapter 3) to determine whether E+ genotypes competing with a
different E- genotype would outperform an E+ genotype competing with an identical E-
genotype. Inter-genotype and intra-genotype competition has never been studied for this
endophyte-grass interaction.

To study the environment component of the continuum hypothesis, I investigated
temperature and precipitation patterns in countries from the Mediterranean region in which
perennial ryegrass is known to exist. [used geographic distribution analyses to model habitat

suitability. I then modeled habitat suitability in the year 2050 to project climate change (Chapter



4). Only a few studies have investigated the response of the grass-fungal endophyte symbiosis to
atmospheric and climate change factors. No other study but that presented here has actually
projected climate change in the areas in which this grass-endophyte system exists naturally. The
premise of this model is to understand the climate in the Mediterranean where L. perenne
survives, and understand the impacts of climate change on its distributional range. A projected
increase or decrease in its distributional range because of a change in this grasses’ range of
growth conditions could predict responses of grass-fungal endophytes to climate change.
Potential global climate change is likely to impact biotic interactions in natural communities
which may shift the symbiotic continuum and have significant impacts on levels of endophyte-
infection frequencies in natural populations. I assessed endophyte infection frequencies in these
natural populations and studied the potential relationship between infection frequencies with

current temperature and precipitation levels (Chapter 4).

Another aspect of the grass-endophyte symbiosis is the physical relationship between the
fungus and the vasculature of the host plant. Previous studies using light and electron
microscopy have found that Neotyphodium endophytes from natural associates have the potential
to colonize vascular bundles (Christensen et al. 2000). To investigate the physical relationship of
the fungus Neotyphodium lolii to the vasculature of its host plant, I describe in chapter 5 the
disruption of the plant cell membrane only in endophyte infected grasses using a novel confocal
microscopy technique incorporating the fluorescent dyes wheat germ agglutinin (WGA) and

propidium iodine (PI)
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Chapter 2: Effects of endophyte infection on drought stress tolerance of

Lolium perenne accessions from the Mediterranean region™

16



Abstract:

Perennial ryegrass (Lolium perenne) is a cool-season grass species that is often infected
by the leaf-inhabiting endophyte Neotyphodium lolii. This particular endophyte is asexual and
has the potential to impact host survival, growth and reproduction. The objective was to assess
the potential costs or benefits of endophyte infection on drought stress tolerance of native
perennial ryegrass accessions originally collected from Italy, Morocco, Tunisia, and Turkey.
Sixty infected (E+) individuals from each accession were planted in a greenhouse. Half of these
individuals were treated with a systemic fungicide to eliminate the endophyte (E-). For two
drought periods water was withheld for 10-14 days and then allowed a one week recovery period
following each. In some accessions under drought, E+ plants had more tillers, greater tiller
lengths, total dry mass and green shoot mass than E- plants, suggesting a positive effect of
endophyte infection on host growth. Total tiller length and the number of tillers showed
significant population*treatment*infection interactions for 4 of 6 populations. This work is
unique in that it documents the effects of endophyte infection for a common forage grass species
from wild populations native to its distributional range. The results suggest that endophyte
infection can help ameliorate abiotic stress such as drought and there may be a selective

advantage for grasses from certain Mediterranean regions.

Keywords: Endophytes; Lolium perenne (perennial ryegrass); Mediterranean; Drought Stress
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Introduction

On a global scale there is accumulating evidence that climate is changing. In the
Mediterranean region, climate models predict increases in temperature and decreases in
precipitation (Cubash et al., 1996), which may lead to the increase in duration and severity of
summer droughts. The magnitude and rate of climate change will critically affect the extent to
which plants in ecological systems can withstand stress and their ability to adapt. Stationary
organisms such as plants may be the most limited in their ability to cope with environmental
change (Jump & Penuelas, 2005) as environmental conditions such as temperature, light and
water availability play a key role in defining the role and distribution of plants in natural
ecosystems. In addition, the response of plants to an altered environment may depend on their
ability to form symbiotic relationships with microorganisms.

Fungal endophytes are obligate biotrophs that live in symbiotic relationships with
hundreds of grass species worldwide (White, 1987; Clay, 1990). In a few cultivated grass
species, fungal endophytes can improve host competitive abilities through increased vegetative
growth and reproduction (Cheplick et al., 1989; Marks et al., 1991; Malinowski et al., 1997),
resistance to herbivores and seed predators (Cheplick and Clay, 1988; Clay et al., 1993; Breen,
1994; Bush et al., 1997) and enhanced tolerance to abiotic stressors such as drought and flooding
(Saikkonen et al., 1998; West, 1994; Read and Camp, 1986; West, 1993). The ability of fungal
endophytes to confer stress tolerance to plants may provide a novel strategy for appeasing the
impacts of global climate change on agricultural and native plant communities.

Perennial ryegrass, L. perenne, is one of the most important pasture, forage, and
turfgrasses in the world. It is a cool-season grass that has been introduced into many temperate

regions of North America, and is native to Northern Europe, Asia and Africa (Jung et al., 1996).

18



It can tolerate a wide range of environmental stresses and grazing conditions that has undeniably
contributed to its ecological success. It is possible that this success is due to the presence of the
leaf-inhabiting fungus Neotyphodium lolii, which may be responsible for imparting some of the
benefits this grass species exhibits in forage ecosystems and the range of biotic and abiotic
stresses it tolerates.

In L. perenne, the effects of endophytes on drought and recovery from drought have been
ambiguous and like most grass-endophyte symbioses observed in nature, this may span a
continuum of interactions from mutualistic to antagonistic (Cheplick et al., 2000; Cheplick,
2008; Wilkinson and Schardl, 1997; Saikkonen et al., 1998; Faeth and Sullivan, 2003; Ahlholm
et al., 2002; Hahn et al., 2008). Perennial ryegrass populations in nature exist in a mixture of
endophyte infected and uninfected grasses (Bradshaw 1959; Clay 1990; Leuchtmann 1992).
Endophyte infection frequencies are the proportion of individuals in a population that contain a
fungal endophyte (Cheplick and Faeth, 2009). If endophyte infection is mutualistic it would be
expected for populations to have high endophyte infection frequencies. Infection frequencies of
agronomic grasses usually increase within a few years to 100% because of increases in general
competitive abilities (Clay and Holah, 1999). Neotyphodium infection frequencies in natural
grass populations are much more variable ranging from 0-100%. This variability in infection
frequencies among native grass species suggest that the costs and benefits of endophyte infection
differ among environments (Faeth, 2002). Variability could also be explained by imperfect
transmission, where the endophyte fails to grow into some seeds or if the endophyte is randomly
lost through hyphae inviability in seeds or adult plants (Siegel et al. 1984). Assessing lifetime
costs and benefits has been challenging because the frequency of asexual endophytes, such as

Neotyphodium, in natural populations is quite variable and it not always near or at 100%
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infectivity. Within grass species that harbor asexual endophytes, the frequency of infection can
vary among populations, individuals, and tillers within individuals (Saikkonen et al., 2000,
Schulthess and Faeth, 1998).

While systemic endophytes in agronomic grasses have been well studied, the interactions
between host plants and endophytes in natural populations and communities are poorly
understood (Faeth, 2002; Saikkonen et al., 2006; Cheplick and Faeth, 2009). Given its
importance in pasture and turf communities it is critical to elucidate the role of N. lo/ii on the
growth of perennial ryegrass under a variety of environmental conditions. Here I tested the
hypothesis that the endophyte N. lolii would ameliorate the effects of drought stress for Lolium

perenne populations from its native range in the Mediterranean region.

2. Material and Methods
2.1 Seed sources for experiments

Seeds of Lolium perenne were obtained from the Western Regional Plant Introduction
Station, United States Department of Agriculture, Pullman, Washington, USA (National Plant

Germplasm System; http://www.ars-grin.gov/npgs). To ensure adequate genetic diversity, seeds

of each accession were collected from 50-100 plants with space isolation of 50m to minimize
outcrossing between Lolium and Festuca accessions/species (Clement et al., 2001). Asa
predominately outcrossing species (Beddows, 1967), Lolium perenne is genetically variable
within and between cultivars and individuals arising from seeds are expected to represent distinct

genotypes (Huff, 1997, Kubik et al., 2001).
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The accession from Italy (PI 598931) was collected in Sardinia (41°5°9” N,
9:21° 317 __E), the accession from Turkey (PI 598512) was collected along a mountainside in
Antalya at 840m elevation (Nelson et al., 1993). The accession from Morocco (PI 598854) was
collected from a moist meadow (33°29°9” N, 6°8° 45 W) and the Tunisia accession (PI
598909) was obtained in Skalba near a moist floodplain (36°49°29 N, 1058 47’ E).

Two cultivars of L. perenne known to be infected were also used for comparison: seeds of
Repell II and Palmer II, were obtained from Loft’s/Pennington Seed Company, Inc. (Madison,
Georgia, USA). Information on the development of these registered cultivars from clones

collected from old turf areas in Maryland, New York, and New Jersey, USA can be found in

Hurley et al. (1994 a, b).

2.2 Endophyte assessment and elimination of the endophyte

About 100 seeds from each accession and cultivar were sown into pots containing a 1:1
soil mix of topsoil and vermiculite. Three-four weeks later, 60-70 seedlings per accession and
cultivar were randomly selected and replanted individually into 9 oz plastic cups. When
individuals were large enough, all leaf sheaths were excised and cleared in 70% ethanol for at
least one day. Each segment was stained for 10 min with aniline blue-lactic acid (Bacon and
White, 1994) and examined with a light microscope at 400 X. The presence of intercellular
hyphae indicated endophyte presence.

Sixty E+ seedlings were randomly selected and transplanted into 9 oz plastic cups in a
2:1:1 mixture of topsoil, peat moss and vermiculite. Plants were maintained in a greenhouse and
served as a stock culture. Three months later when the genotypes had produced multiple ramets,

half the ramets of each genotype were subjected to fungicide treatment to eradicate the
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endophyte. The fungicide benomyl (methyl 1-[(butylcarbamoyl]-2-benzimidazolcarbamate)-
(Sigma-Aldrich Chemical Company, Saint Louis, Missouri, USA) was added to the soil as a 1
g/L aqueous solution. Past research has indicated that this fungicide is an effective way of
eliminating Neotyphodium endophytes without showing phytotoxic effects (Latch and
Christensen, 1982) and has no apparent effect on plant growth (Cheplick et al., 1989; Marks et
al., 1990; Marks et al., 1991). Plants were allowed to grow in the greenhouse where ample
sunlight was provided, until enough time had elapsed for a new tiller to become available. After
two months, the leaf sheath from the new tiller was collected, stained and microscopically
analyzed to determine the efficacy of the fungicide. Only newly formed daughter ramets, made
by fungicide treated parental ramets were used in the experiment, which began about 3 months
after fungicide treatment. The other half of the plants remained endophyte infected (E+). Before
the start of the experiment, all genotypes were grown in round plastic pots containing a 2:1:1

mixture of topsoil, peat moss and vermiculite.

2.3 Drought stress experiment

In total, there were 360 plants at the beginning of the experiment. There were 60 plants
per accession and cultivar, half of which were E+ and the other half E-. Thirty E+ and thirty E-
plants were planted into 90z plastic cups containing a 2:1:1 mixture of topsoil, peat moss and
fine vermiculite. These plants were then separated into three water treatments so that10E- and
10E+ genotypes per accession/cultivar were in each treatment. All plants were maintained in the
greenhouse and watered as needed.

All plants were watered before the first drought period so that soil moisture was at 100%.

A soil moisture probe (Field Scout TDR 100, Spectrum Technologies Inc, Plainfield, Illinois,
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USA) was used to determine the percentage of soil saturation. There were two sequential
drought periods each lasting 10-14 days and after each, a one -week recovery period. There was
a high water treatment that served as a control where plants were watered as needed. When
watered, the soil moisture level in this treatment always reached a maximum of 100%. For the
drought treatment water was withheld to induce drought conditions and soil moisture was less
than 10%. In the medium water treatment, percent soil moisture ranged from 50-80%. When the
soil saturation reached a level below 50%, water was given until soil moisture reached 100%.
2.4 Response variables

A few days prior to the first drought, the initial number of tillers (ITTL) was recorded and
used as a covariate. Total tiller length (TTL), which is the total summed length of all tillers for
each plant, was also measured and recorded. TTL was recorded by measuring with a ruler the
length of each tiller from the base to the tip of the leaf. After each recovery period, I recorded
the number of tillers and the total tiller length. At the end of the experiment, the shoots were
clipped 1 cm above the soil surface and the roots were washed, bagged and dried in a drying
oven at 60° C. Clipped shoots, including both green (alive) and brown (dead) tillers, and tiller
bases were separately retained and dried to a constant mass. Using an electronic balance, the dry

mass of roots, shoots and tiller bases were obtained.

2.5 Data Analysis
Analysis of covariance (ANCOVA) was employed to evaluate the primary factors using a general
linear model that included treatment (control, medium water, and drought), population (four

accessions and two cultivars), and infection status (E- or E+) and all interactions. The variable
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ITTL was treated as the covariate, and was recorded prior to the first drought period. Root: shoot
ratio (log10-transformed) was also calculated and analyzed as above.

The GLM procedure of the Statistical Analysis System, Version 8.2 (SAS institute, Cary,
North Carolina, USA) was used for all analyses. If the covariate was significant, least square
means, adjusted for the covariate, were used for data tables and figures. If the covariate was not
significant, then a three-way ANOVA was used for the three factors involved and their
interactions. The Tukey post- hoc test was utilized to make comparisons among means.
3. Results
3.1 After the first drought

The number of tillers after the first drought did not depend on the experimental treatment
(watered vs. drought).  Across all accessions and cultivars, the number of tillers was
significantly affected with E+ plants having significantly more tillers than E- plants (table 1).
There was also a significant interaction of treatment with infection (table 1, figure 1A) and this
demonstrates the effect of endophyte on tiller production varied under the different soil moisture
levels. E+ plants had significantly more tillers in the drought treatment compared to E- plants
(mean £1SE 6.13 + 0.05 E+ vs. 4.62 + 0.05 E-).

Total tiller length after the first drought was also significantly affected by infection (table
1) with infected plants having greater tiller lengths than uninfected plants. There was also a
significant treatment by infection interaction (table 1, figure 1B). The total tiller length of
endophyte- infected plants under drought was significantly greater than E- plants in drought

(95.55+ 6.37 mm E+ vs. 67.21+ 6.16 mm E-).
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3.2 After the second drought

The number of tillers after the second drought was significantly affected by treatment,
population and their interaction (table 1). Drought significantly reduced the number of tillers for
all plants exposed to drought stress compared to the control and medium group (mean +1SE
6.49+.023 Control, 6.27+.023 Medium vs. 1.78+.023 for drought). Although, the effect of
infection was not significant, there was a significant three-way interaction (treatment x
population x infection) (Table 1, Fig.2.2), which indicates the effects of endophyte infection on
tiller numbers depended on the experimental treatment and the accession. For the accessions
from Morocco and Tunisa, endophyte-infected plants under drought had significantly more tillers
than uninfected plants under drought. In the accession from Italy there were no significant
differences between E+ and E- plants or plants in the control vs. drought. Grasses from Turkey
grew significantly better in the control and medium water treatments, with differences between
E+ and E- grasses. There was no difference between E+ and E- grasses under drought for this
accession.

Total tiller length after the second drought was affected by treatment, population, and
infection (Table 1). The amount of water available affected total summed lengths of tillers for all
plants. Drought significantly reduced tiller length (25.664+3.84mm in drought vs.
113.17£3.84mm for control and 90.47+3.84 mm for medium water treatment). Infected

individuals were significantly larger than uninfected individuals (101.9243.20mm for E+ and
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70.95+3.20mm for E-). There was a significant treatment by population interaction (Table 1) and
all accessions except Italy exhibited different responses to drought. Grasses from Morocco,
Palmer, Repell, Turkey, and Tunisia showed a decrease in tiller length under drought compared
to grasses in the control. There was a significant three way interaction (treatment X population
X infection) for total tiller length measured after the second drought period (Table 1, Fig. 2.3).
E+ grasses from Morocco and Tunisia had greater tiller lengths under drought than E- grasses
(Fig. 2.3B, D). There was no significant difference in the control group for E+ and E-
individuals. For the accession from Turkey, E+ grasses grew better in the control where water
was continuously available and under the medium water treatment where the soil was constantly
moist. There was no difference between E+ and E- plants from Turkey under drought. The tiller
lengths of E+ grasses were also longer than E- grasses in the cultivars Palmer II and Repell 11
(Fig. 2.3 E, F).

Across all accessions and cultivars, green shoot mass was 128.45+ 6.544 mg for E+ and 107.22
+6.53 mg for E- plants. The only accession that showed a significant difference between E+ and
E- for this was Turkey and E+ (194.79+15.64mg) plants had more photosynthetic tissue than E-
(103.30£15.64mg) plants (table 2,figure 2.4A). The effect of endophytes on green shoot mass
varied across accessions and water treatments.

Total dry mass at harvest was significantly greater in the control groups (mean +1
SE=525.5£16.7mg in control vs.359.6+16.7mg in the drought), and there was an interaction of
population and infection Table 2, Figure 4.) Figure 4B illustrates this interaction for Turkey.
Total dry mass in the accession from Turkey was greater for E+ 628.43+33.52mg plants then for

E- 445.51£33.51mg.
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Drought significantly reduced shoot mass and root mass compared to the control and
medium water treatment (Table 2, 4, Fig.5). E+ grasses from Turkey had greater shoot mass than
did uninfected grasses (E+ 431.54 mg vs. E- 302.12 mg). For both of these variables there was
an interaction of treatment by populations (table 2, Figure 5A, B). At the end of the experiment,
grasses from the accessions Morocco, Turkey and Tunisia under drought had less shoot mass
than in the control group (5A). The accession from Turkey also had significantly less root mass

under drought than in the control; the cultivar Palmer exhibited the same response (figure 5B).

Discussion

4.1 Benefits of endophyte infection on growth of perennial ryegrass

Fungal endophytes are generally considered to be plant mutualists (Clay, 1990, Clay and
Schardl, 2002) providing a variety of advantages to infected hosts. However, few studies in
natural systems have directly examined this issue since cultivated plants receive far more
attention (Saikkonen et al., 2006). For example, Neotyphodium coenophialum, the endophyte
which infects tall fescue (Lolium arundinaceum), ameliorates the effects of drought stress
through altered water potential, enhanced osmotic adjustment and survival and growth of
infected compared to noninfected plants (Malinowski and Belesky, 2000, Elmi and West, 1995,
West, 1994). However, the reported benefits of the endophyte Neotyphodium lolii on the drought
stress tolerance of perennial ryegrass have been inconsistent. Some have reported positive
effects (Ravel et al., 1997, Lewis et al., 1997, Hesse et al., 2003, Hesse et al., 2004 and Hahn et

al., 2008), while Cheplick et al., (2000), Cheplick (2004), and Eerens et al., (1998) found
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negative effects and Barker et al., (1997) found no measurable effect of endophyte infection.
Enhanced drought tolerance is a well-known benefit of endophyte infection in tall fescue and
perennial ryegrass (Arechavaleta et al., 1989; Bouton et al., 1993; Lewis et al., 1997; Malinowski
et al., 1997) and may be the most thoroughly documented feature of abiotic-stress tolerance in
endophyte-infected plants (Malinowski and Belesky, 2000). Future studies using native grasses
from areas where severe drought is known to occur will give insight into how endophytes have
helped plants adapt to their native environments and if endophytes can help mitigate the effects

of climate change.

In this experiment, accessions from native populations of endophyte infected Lolium
perenne were selected because they are widespread throughout Europe, where stress from
summer drought is common. It is suggested that summer drought conditions may impart a
selection pressure in favor of infection (Lewis et al., 1997) and since high infection frequencies
of this symbiosis have been reported endophyte infection should promote drought tolerance.
Future climate projections predict that areas in the Mediterranean will experience longer, more
severe drought periods (Cubash et al., 1996). The results from this experiment suggest that
infection may play some role in success of perennial rye grass Mediterranean regions under
climate change.

All accessions from the native distributional range of L. perenne significantly varied in
tiller numbers, tiller length, green shoot mass, and total dry mass, including shoot and root mass.
These results are not surprising given the substantial genetic variation found with L. perenne
populations (Cheplick 1998, 2004; Hesse et al., 2003, 2004). Also, there may be a continuum of

interactions of endophyte effects on host growth (Cheplick et al., 1989, Ahlholm et al., 2002,
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Cheplick, 1998, Cheplick et al., 2000, Cheplick, 2004, Hesse et al., 2004, Cheplick, 2007) that
depend on the interacting effects of abiotic, biotic and genetic factors which include endophyte
and host genotype (Clay, 1988; Saikkonen et al., 1998, Cheplick and Faeth, 2009).

Significant three way interactions were observed for the number of tillers, and total tiller
length showing endophyte effects specific for particular accessions and cultivars under different
water treatments. These effects were apparent for endophyte-infected grasses from Morocco and
Tunisia. Drought significantly reduced the tiller length of grasses from these regions, but
endophyte infected hosts from these populations grew better under drought than non-infected
hosts. In the accession from Turkey I demonstrated that E+ grasses from this region grew better
under watered conditions compared to E- but there was no statistical difference between E+ and
E- under drought. The results imply that it is important to recognize the natural habitat in which
the populations originate. Endophyte plant associations are adapted to their native range of
environmental growth conditions (Hesse, 2003), implying that environmental change can disturb
the balance of the interaction, resulting in negative endophyte effects on plant growth. For
example, Hesse (2003) found that infected Lolium perenne genotypes in Germany from a dry and
flood-dry environment grew better under drought than uninfected genotypes, whereas the
genotype that lives naturally in a wet environment was negatively affected by endophyte
infection when placed under drought stress.

It is also prudent to examine native grasses infected by variable endophyte genotypes if a
complete understanding of the ecological genetics of the grass endophyte symbiosis is to be met.
This is due to the existing interaction between different endophyte and host genotype
combinations and different effects on host growth and reproduction are to be expected for

different associations. Studies using isozymes (Leuchtmann and Clay 1990) and DNA markers
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(van Zijll de Jong et al., 2003) have concluded that the genotypic diversity of Neotyphodium
endophytes in tall fescue and perennial ryegrass is relatively low. Currently, there is not much
known about whether genetic variation in endophytic fungi impacts host grass populations.
Other studies demonstrate that endophyte genotype can influence host growth (Hill 1996),

having more studies of this kind are greatly needed.

In this study, I demonstrated that the presence of the N. lolii endophyte significantly
affected morphological growth responses (tiller numbers and tiller length) of the host plant in
some populations. Differences between E+ and E- grasses under drought were found for 4 out of
6 populations and the results do support a protective role for the endophyte under water deficit.
In conclusion, the results suggest that for some L. perenne populations from the Mediterranean
region, endophyte infection can help alleviate abiotic stressors such as drought and there may be
a selective advantage for grasses from some Mediterranean regions to have mutualistic

interactions with endophytes.
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Chapter 2: Tables

Table 2.1.
First Drought period Second Drought Period

No. of Tillers Total Tiller Length No. of tillers Total Tiller Length
Source Df MS F P MS F P MS F P MS F P
ittl 1 559.85 130.63 0.000 179233.7 (152.23 0.000 709.79  |112.4 0.000 105482.0 59.37 0.000
Treat 2 2.97 0.69 0.501 1036.2  |0.88 0.416 846.11 134.0 0.000 247426.4 139.25 0.000
Pop 5 23.34 5.45 0.000 5541.0 @471 0.000 51.69 8.19 0.000 14541.7 3.18 0.000
Infect 1 25.99 6.07 0.014 52204  4.43 0.036 8.54 1.35 0.246 10019.8 5.64 0.018
Treat*pop 10 5.96 1.39 0.183 1969.6 1.67 0.086 45.43 7.19 0.000 12678.1 7.14 0.000
Treat*infect 2 21.71 5.06 0.007 8960.2  [7.61 0.000 5.38 0.85 0.427 769.6 0.43 0.649
Pop *infect 5 4.15 0.97 0.436 819.4 0.69 0.627 13.74 2.18 0.056 3451.9 1.94 0.087
Treat*pop*infect |10 4.89 1.14 0.331 1379.7 1.17 0.309 15.14 2.39 0.009 3973.4 2.24 0.015
Error 323 4.28 1177.4 6.31




LE

Table 2.2

GSM SM Total Mass Root Mass

Source Df MS F P VI F P MS F P MS F P

ittl 1 125134.5 17.14  {0.000 264800.8  [130.18 0.000 442630.3  (131.94 0.000 80915.04 50.94 0.000
Treat 2 720116.2 98.65  (0.000 34229.5 16.83 0.000 91276.4 27.21 0.000 15680.22 9.87 0.000
Pop 5 110845.8 15.18  (0.000 28950.3 14.23 0.000 54969.2 16.39 0.000 29555.63 18.61 0.000
Infect 1 37069.3 5.08 0.025 12028.4 5.91 0.015 26682.7 7.9535 0.005 11949.72 7.52 0.006
Treat*pop 10 39379.2 5.39 0.000 5384.9 2.65 0.004 11016.9 3.2839 0.000 4969.21 3.13 0.000
Treat*infect 2 27879.9 3.82 0.023 2912.5 1.43 0.240 907.5 0.2705 0.763 2514.01 1.58 0.207
Pop *infect 5 21145.7 2.89 0.014 4344.6 2.14 0.061 7610.7 2.2686 0.047 1629.21 1.03 0.402
Treat*pop*infect 10 18386.9 2.52 0.006 3064.2 1.51 0.135 5436.9 1.6206 0.099 1675.55 1.05 0.397
Error 323 7299.8 2034.1 3354.8 1588.36
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Chapter 3: Inter-and Intra-genotypic competition in endophyte infected
Lolium perenne populations from the Mediterranean region.
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Introduction

Endophytes may alter physiological, developmental or morphological properties of host
plants such that competitive abilities are enhanced, especially in stressful environments (Clay
1988, Bacon 1993, Malinowski and Belesky 1999). These properties include modifications in
shoot and root growth (Latch et al. 1985, De Battista et al. 1990, Malinowski et al. 1997a,
Malinowski et al. 1997b), physiological responses to abiotic stress (West 1994, Malinowski et al.
1997a, Malinowski et al. 1997b), production of anti-herbivore substances (Barker et al. 1983,
Clay 1988, Siegel et al. 1990, Schardl and Philips 1997) and allelopathic compounds (Petroski et
al. 1990). Asexual, vertically transmitted endophytes in the Neotyphodium genus are well known
for increasing competitive abilities of several agronomic grasses (Marks et al 1991, Clay et al
1993, Clay and Holah 1999), but little is known about endophyte-host interactions in grasses
native to a particular region (Saikkonen et al. 1999).

For example, Faeth et al. (2004) tested whether the asexual Neotyphodium endophyte
enhances competitive abilities in a native grass, Arizona fescue (Festuca arizonica). The results
did not support their hypothesis that this particular endophyte conferred a competitive advantage
over uninfected plants, but instead E- plants consistently outperformed E+ plants in terms of root
and shoot biomass. These results were surprising because previous studies of tall fescue, an
agronomic species have shown that infection typically increases competitive abilities under
water stress (Bacon and White 1994, Elbersen and West 1996). Furthermore, in other grass

species similar results have been found for the native woodland grass species Brachypodium

44



sylvaticum and Bromus benekenii (Brem and Leuchtmann, 2002). Indicated by dry matter yield,
infected Br. benekenii were stronger competitors than uninfected plants, whereas plants of B.
sylvaticum were better competitors when uninfected.

Studies of these types using native grasses and native populations of agronomic grasses
are greatly needed to achieve a more realistic and holistic view of the plant- endophyte
interaction. Clearly the mutualistic nature of this association is not universal, especially among
native and wild grass populations. A reason for this may be because tall fescue and perennial
ryegrass are introduced Eurasian grasses. Cultivars of these grass species, and probably their
endophytes, have limited genetic diversity because of selective breeding and cultivation relative
to grasses and endophytes in natural populations. Plant genotypes may respond differently to
endophyte infection; for example Cheplick et al. (2000) found that in Lolium perenne drought
tolerance varied significantly among host plant genotypes.

Since there are no studies directed at determining the competitive abilities of native L.
perenne grasses infected with the asexual endophyte Neotyphodium lolii, 1 tested the competitive
abilities of E+ and E- genotypes of L. perenne from their native habitats under intergenotype and
intragenotype competition. The questions addressed are 1.) Are endophyte- infected grasses
stronger competitors than E- genotypes under intra- and intergenotype competition? 2.) Within L.

perenne accessions are there genotype-specific responses to competition?
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Methods

Experimental design

The L. perenne accessions used in this experiment originated from Morocco (M), Tunisia
(TN), Portugal (P), and New Zealand (NZ). To obtain infected replicates of genotypes, infected
seeds were grown in a 2:1 mixture of soil and vermiculite, and when plants were large enough
and produced multiple tillers, those tillers were extracted and placed in separate pots (3.5cm
diameter-13.5cm length) and were allowed to grow until large enough for use. Three genotypes
for each population were used and were identified by assigning a random number. There were 12
replicates for each genotype (E+ and E-). E- replicates were created and verified in a similar
fashion to that which has already been described in chapter 2 (Kane 2011). The experiment
included three different treatments: a monoculture treatment which served as a control and two
plant genotype mixture treatments. Each treatment was replicated three times for a total of 288
plants.

The monoculture treatment contained only one genotype per pot. For each genotype and
accession there were two monoculture treatments. There was an infected monoculture treatment,
and an uninfected monoculture treatment for each genotype. The intra- and intergenotype
treatments had two genotypes of the same size and were transplanted into small tubular pots
(3.5cm diameter-13.5cm length) with the competitor plant aboutl.5cm from the target plant. To
ensure that any one genotype did not have a competitive size advantage over another at the start
of the experiment, genotypes were matched for initial fresh weight (iISM) to <10mg. To keep
initial size constant across populations all plants were trimmed to the same height of S5cm before
the start of the experiment. The intragenotype treatment consisted of 2 plants per pot of the same

genotype, one E+ and the other E-. The intergenotype treatment contained one E+ genotype
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competing with a different genotype (E-), with genotypes from the same population (accession).
Pots were randomly arranged in the greenhouse and the soil was a 2:1:1 mixture of topsoil,
vermiculite and peat moss.

The effects of competition on shoot mass, total mass (shoot mass and root mass), total
tiller length, root mass and root:shoot ratio were analyzed. At harvest total tiller length was
measured with a ruler for all plants. The plants were placed in a drying oven for two weeks so
that a dry weight could be obtained. All plants were first weighed with shoots and roots attached
to achieve total mass, and then the root was separated from the shoot and weighed separately. To
conform to rules of normality, all variables were log-transformed before the statistical analysis
began.

Statistical analysis

The statistical design was a partially nested, mixed ANCOVA. Sources of variation were
treatment (control; intergenotype competition; intragenotype competition), endophyte infection
(E+ and E-), population (M, NZ, TN, P), host genotype nested within population (genotype(pop))
and their interactions. All were treated as fixed except for genotype(pop) which was treated as a
random factor because the genotypes chosen for each competition experiment were a random
subset of all genotypes available for each population. Because each genotype belongs to only one
population, genotype is nested within each population. The variable iSM was used as the
covariate. All interactions with genotype(pop) made those interactions random. The GLM
procedure of the Statistical Analysis System, Version 8.2 (SAS institute, Cary, North Carolina,

USA) was used for statistical analyses.

47



Results

Monoculture Treatments

Averaged over all populations, the mean shoot mass of E- grasses was significantly larger

(P=0.0295) than E+ grasses in monoculture (Fig. 3.1B). When analyzing total mass, E-
genotypes were larger but this result was not significant (Fig. 3.1A). In Tunisia, and New
Zealand, 2 out of 3 E- genotypes had significantly larger tiller lengths than E+ genotypes when
growing alone (Fig. 3.8 A and B, Fig. 3.2 B and C respectively).

Some E- genotypes from Morocco and Portugal had longer tiller lengths than E+
genotypes (Fig.3.6 B and C, Fig.3.7 B and C) but this was not significant. Two E+ genotypes had
greater shoot mass in the control than E- genotypes for Morocco but this was not significant (Fig.
3.9 B,C). The shoot mass of E- genotype 16 from Tunisia was significantly larger than E- (Fig.
3.3B). In New Zealand and Portugal 2 out of 3 E- genotypes were larger than E+ but only one of

these was significant for NZ, and P (Fig. 3.5, and Fig. 3.4).

Intragenotype competition

The response variables shoot mass and total dry mass were both significantly lower for

all genotypes when growing under intragenotype competition compared to when growing alone
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(table 3.1, Fig. 3.1), indicating that competition had occurred. Figure 3.1A shows the
treat*infection interaction for total mass. There was no difference between E+ and E- genotypes
in response to intragenotype competition. For shoot mass there was a significant three way
interaction of treatment*infection*genotype(pop) (table 1). This means that E+ and E- genotypes
responded in different ways to the different treatments. For example, figure 3.3 shows this three-
way interaction for competing genotypes from Tunisia. Figure 3.3B shows this interaction for
genotype 16. Although there is no significant difference between infected and non-infected
genotype 16, there was a significant decline in shoot mass for E- 16 in the intragenotype
treatment compared to the control. A sharp decrease occurred for E- genotype 15 between the
control and intragenotype treatment, but this result was not significant. The shoot mass of non-
infected replicates of genotype 17 however, stayed consistently the same under all treatments.
There was again no real difference between infected and non-infected replicates of genotype 17
under intragenotype competition. Although, there was a marginal decline in shoot mass for
infected replicates of genotype 17 when comparing the control and intragenotype treatment
(P=0.0444).

Figure 3.4 shows the three- way interaction for the shoot mass of the three genotypes from
Portugal. The only genotype that showed a statistical difference between E+ and E- replicates in
the intragenotype treatment was genotype 9. E- replicates of this genotype were significantly
larger than E+ replicates ( E-=140.73+26.71mg and E+ 50.56+26.71mg). In addition there were
significant declines in shoot mass when comparing the controls with the intragenotype treatment
for both E+ and E- replicates of genotype 9. For the genotypes within the accession from New
Zealand, there was no significant difference between E+ and E- replicates. For genotypes 2 and 3

E- replicates were significantly smaller in the intragenotype treatment than the control (Fig.3.5
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B,C). For all three genotypes, the shoot mass of E+ replicates remained consistent between the
control and intragenotype competition treatment suggesting that these replicates did not respond
to competition. E+ and E- genotypes in Morocco did not significantly differ in shoot mass under
intragenotype competition (Fig. 3.9).

Total tiller length was significantly affected by the three- way interaction
treatment*infection*genotype (pop) (table 2). Figure 3.6 shows this interaction for grasses from
Morocco. In genotype 11 there was no marked difference between E+ and E- replicates under
intragenotype competition (Fig. 3.6A). E- and E+ replicates of genotype 2 showed no decrease in
tiller length when comparing the control with the intragenotype treatment (Fig. 3.6B). This trend
was also present in genotype 14. Although there were declines in tiller length, this was not
significant. Another trend was that E- replicates were larger than E+ replicates, although the
difference was not significant.

This interaction was also significant for grasses from Portugal. In the intragenotype
treatment, infected genotype 2 had greater tiller lengths than its E- counterpart (Fig. 3.7A). When
competing with a different genotype there was no difference between the E- and E+ genotypes,
but E+ genotype 2 in the intragenotype treatment had greater tiller length than E- in the
intergenotype treatment.

In the control, genotype 16 (E-) from Tunisia (mean=64.75+6.96mm) was significantly
greater than the infected replicate of genotype 16 (25.33+5.68mm). But under competitive
pressure E- genotype 16 was significantly smaller (16.05+6.96mm) than its E+ counterpart
(37.35+£6.96mm) under intragenotype competition (Fig. 3.8B). E- genotypes from New Zealand
were consistently larger across all treatments, but they were not significantly larger than E+

genotypes (Fig. 3.2 A,B,C).

50



Intergenotype Competition

Total tiller length for E- genotype 2 from Morocco in the intergenotype treatment was
significantly larger (mean=24.82+4.41mm) than E+ (mean=11.91+4.02mm) (Fig. 3.6B). The
crossing of lines indicates that the growth response for genotype 14 from Morocco under
different treatments depends on its infection status(Fig. 3.6C). Also since the crossing of lines is
apparent only for the intergenotype competition treatment, the response of this genotype is also
dependent upon whether it is competing with a different genotype. Also, for genotype 14, E+
replicates were larger than E- but this result was not significantly different (Fig. 3.6C). For
genotypes from the accessions Portugal, New Zealand and Tunisia, there were no significant
differences between E- and E+ replicates under intergenotype competition (Fig. 3.7, 3.5 and 3.8
respectively). Two out of three E+ replicates from Portugal had longer but not significantly
different tiller lengths than E- replicates(Fig. 3.7). However, E+ and E- genotypes from Tunisia
(Fig. 3.8) and New Zealand (Fig. 3.2) appear to respond in a similar fashion to intergenotype
competition, showing little to no difference in tiller length.

Infected genotypes 15 from Tunisia (Fig. 3.3A) and 12 from Portugal (Fig. 3.4C) had
significantly greater shoot mass than their non-infected counterparts. Two out of three endophyte
infected genotypes from Morocco had greater shoot mass than non-infected genotypes but this
result was not significant (Fig.3.9). Although two E- genotypes from New Zealand were larger

than E+ genotypes there were no significant differences (Fig. 3.5).
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For the variables root mass and root:shoot ratio, there were significant population by
infection interactions (tables 2 and 3). Figure 3.10 shows this interaction for root mass. New
Zealand E- genotypes had greater root mass than E+ genotypes (P=0.0079), whereas E+
genotypes had greater root mass than E- genotypes (P=0.0073) from Tunisia. Infected and non-
infected genotypes from Morocco and Portugal had similar root masses. In Portugal (Fig. 3.11),

E- genotypes had significantly reduced root:shoot ratio compared to E+ genotypes (P=0.0070).

Discussion

Endophyte-infected genotypes under intergenotype competition performed better than
non-infected genotypes which lends support to the hypothesis that infection by the asexual
endophyte Neotyphodium lolii in perennial ryegrass confers a competitive advantage over
uninfected genotypes. E+ genotypes also had significantly larger total mass than E- genotypes in
the intergenotype competition treatment as indicated by the treatment*infection interaction (Fig.
3.1). The influence of genotype(pop) on shoot mass, total tiller length, root mass and total mass
was much more pronounced than infection, infection by itself was not significantly related to any
of the morphological response variables measured in this experiment (tables 1, 2 and 3). These
results are similar to the common garden experiment conducted by Cheplick (2008) in which E+
and E- genotypes performed in a similar manner. Interpretation of the results also leads to the
conclusion and support of the hypothesis that the interaction of infection, genotype and the
environment is crucial in determining the outcome of the grass-endophyte symbiosis (Cheplick

and Faeth 2009, Cheplick 2004, Cheplick et al., 2000, Lewis 2004, Ravel et al., 1997)).
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The significant three- way interactions for geno(pop) x infection x treatment for the
variables shoot mass and total tiller length exhibit the genotype- specific responses of E+ and E-
replicates within accessions. Under intragenotype competition, there was no significant trend
where one outperformed the other when comparing E+ and E- genotype replicates within
accessions. From the data, it appears that E- genotypes experienced the effects of competition
more severely that E+ genotypes. For example, the E- replicates of genotype 16 from Tunisia had
significantly greater shoot mass in the control than the E+ replicate, but it experienced a
significant 75% decline in shoot mass when competing with its E+ replicate (Fig. 3.3B). The
same trend is also shown for E- genotypes 2 and 3 from New Zealand (Fig. 3.5). Although there
was no difference between E+ and E- replicates in the intragenotype treatment, these two NZ
genotypes experienced significant declines in shoot mass when competing with an E+ replicate
of the same genotype as compared to the control. E- genotype 2 experienced a 72.6% decline
(P=0.0112), and E- genotype 3 from New Zealand experienced a 57.8 % decline (P=0.0082). 2
out of 3 E+ genotypes from Morocco had greater shoot mass under intergenotype competition
but this result was not significant (Fig. 3.9), E- genotypes from New Zealand had greater shoot
mass, again this was not significant, and E+ genotypes were larger than E- genotypes in Tunisia
and Portugal but only 1 out of 3 E+ genotypes for each of these populations were significantly
larger than an E- genotype.

There is a strong selective advantage for endophyte-infected grasses in populations that
include noninfected plants (Clay 1988). The reason is endophyte infection stimulates production
of an array of bioprotective alkaloids (Bush et al. 1997) and non-alkaloid secondary metabolites
(Koshino et al. 1989) in the host grass. In this way E+ grasses have direct allelopathic effects on

their competitors (Malinowski and Belesky 2000). Loline alkaloids are one such class of
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endophyte related secondary metabolites with allelopathic properties. Alkaloids from infected
grasses may be leached into the soil and inhibit growth of competing grasses (Mathews and Clay
2001). Although loline concentration in roots was not directly measured in this experiment, the
production of lolines may be one explanation as to why E+ grasses outperformed E- grasses
especially under inter-genotype competition. Siemens et al. 2002, proposed that constitutive
alkaloids may have dual functions as herbivore defenses and as allelopathic agents that increase
performance during plant competition. The lolines have been suggested to inhibit seed
germination or growth in other grass species. Petroski et al. 1990, revealed endophyte infected
alkaloids to reduce germination rate of moncot and dicot seed, showing that loline alkaloids may
enhance the competitive abilities of E+ grasses by retarding the establishment of competitors in a
sward. In another study, the abundance of white clover (7rifolium repens L.) declined in
endophyte-infected perennial ryegrass pastures as compared with E- perennial ryegrass (Percival
and Duder 1983, and Sutherland and Hoglund 1989). Seed extracts of E+ tall fescue inhibited
germination of Trifolium spp. (Springer 1997).

In this experiment, the hypothesis was that E+ genotypes will outperform E- genotypes
under competitive stress. The results show greater overall yield for E+ genotypes in the
intergenotype competition treatment and are in line with the resource partitioning hypothesis.
According to this hypothesis, genetically variable individuals should experience less competitive
reduction in performance as compared to genetically similar or identical individuals (Cheplick
and Kane 2004, Cheplick 1992, Maynard Smith 1978). If this true in the present context, then an
E+ genotype competing with a different E- genotype will perform better than one competing an
identical E- genotype. E+ genotypes outperformed E- genotypes under intergenotype

competition as compared to E+ genotypes under intragenotype competition. Also, there were
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greater competitive reductions under intragenotype competition as opposed to the intergenotype
competition treatment. There was also no demonstrable cost to infection as E+ genotypes grew
just as well as or slightly better than E- genotypes under all types of competition.

In the present study, effects of endophyte presence on root mass was inconsistent. E-
grasses from NZ had significantly more root mass than E+ grasses which does not support a
benefit of N. [olii on nutrient uptake during competition. E+ grasses from Tunisia had
significantly more root mass allocated to nutrient uptake, but there were no differences between
grasses from Portugal and Morocco. Increased root allocation commonly occurs in grass species
like L. perenne, and greater partitioning of dry matter to roots when soil nutrients are low may be

one way to improve nutrient uptake (Marriott and Zuazua, 1996).

The results presented show E- genotypes experienced the effects of competition more
severely than E+ genotypes although E+ genotypes didn't significantly outperform E- genotypes
in all cases. This data further suggests that the outcome of the endophyte- plant interaction in
different L. perenne accessions which occupy different habitats may not be so predictable
(Cheplick and Faeth 2009, Clay 1993, Clay and Schardl 2002, Saikkonen et al., 1998, Hesse et
al., 2004, Ahlholm et al., 2002).

Competition experiments with L. perenne have revealed a range from positive to negative
effects of infection by N. lolii under various conditions. Marks et al. (1991) conducted both
intraspecific and interspecific greenhouse experiments using L. perenne cv. Repell. E+ and E-
plants were grown together and also with E+ and E- plants of tall fescue. E- target plants
produced more dry mass than E+ plants under both interspecific and intraspecific competition

suggesting a cost to endophyte-infection in this cultivar. Richmond et al., 2003 also observed
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negative endophyte effects under interspecific competition. His investigations were between E+
and E- L. perenne cv. Palmer Il and crabgrass (Digitaria sanguinalis). A significant detrimental
effect of infection on the competitive ability of L. perenne was found. In his study, the
production of tillers and aboveground dry mass was reduced for E+ plants when growing with
crabgrass. Crabgrass showed greater mass and overall seed yield when competing with E+

perennial ryegrass as compared to competing with E- perennial ryegrass.

Conclusions

The intra- and intergenotype competition experiment showed that endophyte infection
had marginal effects on the competitive performance of Lolium perenne accessions from its
native range. This is in line with the view that strictly asexual fungal endophytes sometimes act
as plant mutualists and to results from studies using agronomic grass cultivars of the same plant
species (Marks et al., 1991, Clay and Holah 1999). The results from this study are more closely
related to the predictions made in Saikkonen et al. (1998) that the influence of endophyte
infection is variable in natural grass populations. Indeed, this may be the case given the fact that
natural grass populations have enormous genotypic variation and variation in endophyte
infection frequencies (Lewis et al. 1997, Clement et al. 2001), which in turn allows for the costs
and benefits of infection to change among different environments (Thompson 1999, 2005, Faeth

2002, Faeth and Bultman 2002, Ahlholm 2002).
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Chapter 3: Tables

Table 1.
————————— Shoot mass Total Mass-------------——-—-
Source d.f. MS F P MS F P
Population 3 5752.63 7.62  10.0482 |17708.13 [2.46 |0.0644

Treatment 37864.40 [17.68 [<0.0001 [184698.99 [25.66 <0.0001

Genotype(pop) 6055.27 2.83  0.0057 [782.37 0.11 0.0233

Infection 2813.36 |1.31 |0.2533  [16507.84 2.29  |0.7420

2
8
1
Pop*infect 3 4207.76  |1.97  |0.1211  [34698.05 4.82  10.0030
6
2
6

Treat*pop 3266.87 |1.53  (0.1725 [8550.14 1.19  (0.3149
Treat*infect 11069.69 |5.17 [0.0066 33752.41 14.69 0.0104
Treat*pop*infect 2435.63 |1.14 |0.3427 |12257.80 |1.70  (0.1230
Treat*geno(pop) 15 1444.82  |0.67  |0.8068  [4539.81 0.63  0.8467
Infect*geno(pop) 8 3359.14 |1.57 |0.137 1194326 [1.66 [0.1116

Treat*infect*geno(pop) |15 3872.34 |1.81  0.0369 [10036.11 |1.39  |0.1547

Error 171 [2141.29
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Table 2.

---Total Tiller Length--- ~ -—---—- Root Mass---------
Source d.f MS F P MS F P
ISM 1 194.06 2.04  0.1555 114.92 0.04 0.8505
Population 3 5752.63 2.69  0.0482 17708.13 2.46 0.0644
Treatment 2 37864.40 17.68 <0.0001 184698.99 25.66 <0.0001
Genotype(pop) 8 6055.27 2.83  0.0057 782.37 0.11 0.0233
Infection 1 2813.36 1.31  0.2533 16507.84 2.29 0.7420
Pop*infect 3 4207.76 1.97  0.1211 34698.05 4.82 0.0030
Treat*pop 6 3266.87 1.53  0.1725 8550.14 1.19 0.3149
Treat*infect 2 11069.69 5.17  0.0066 6148.48 1.92 0.1501
Treat*pop*infect 6 2435.63 1.14  0.3427 12257.80 1.70 0.1230
Treat*geno(pop) 15 1444.82 0.67  0.8068 4539.81 0.63 0.8467
Infect*geno(pop) 8 3359.14 1.57 0.1370 11943.26 1.66 0.1116
Treat*infect*geno(pop) 15  3872.34 1.81 0.0369 10036.11 1.39 0.1547
Error 169 2141.29
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Table 3.

Source DF MS F P

population 3 0.0648 2.80 0.0419
Treatment 2 0.1476 6.37 0.0022
genotype(pop) 8 0.0169 0.73 0.6640
infection 1 0.0279 1.20 0.2743
pop*infect 3 0.0867 3.74 0.0124
treat™pop 6 0.0401 1.73 0.1170
treat*infect 2 0.0125 0.54 0.5843
treat™pop*infect 6 0.0279 1.21 0.3055
treat™geno(pop) 15 0.0268 1.16 0.3091
infect*geno(pop) 8 0.0424 1.83 0.0752
treat*infect*geno(pop) 15 0.0401 1.73  0.0495
Error 161 0.0231
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Chapter 4

Relationship between Climate factors and Neotyphodium infection
frequencies and the Impact of climate change in the Mediterranean
region on Lolium perenne populations
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Introduction

In vertically transmitted symbiotic organisms such as Neotyphodium lolii, variation exists
in their frequency and abundance within and among host populations (Saikkonen et al. 2000,
Schulthess and Faeth 1998). Factors that alter symbiont abundance are linked to elements that
affect the costs and benefits of the symbiosis. For example, exposure to herbivores can increase
the frequency of endosymbiotic fungi that confer herbivore resistance to host grasses, relative to
populations protected from herbivory (Clay et al. 2005). In addition to such factors, transmission
mode of the endophyte may affect the frequency of the symbiosis. In vertical transmission,
endophytes are inherited maternally via seeds, whereas horizontal transmission involves the
contagious spread of symbionts. Since in vertical transmission, symbionts depend entirely on
hosts for their own reproduction (Fine 1975, Ewald 1987, Gundel et al., 2008) this should select
against pathogenic symbionts. In this case, the frequency and abundance of maternally
transmitted fungal endophyte populations are ultimately predicted to reach 100% (Clay 1998,
Wilkinson and Schardl 1997, Cheplick and Faeth 2009). Rudgers et al. (2009) examined patterns
of endophyte frequencies in natural populations for systemic fungal endophytes that varied in
their mode of transmission. Their results were consistent with expectations that infections by
Neotyphodium endophytes are beneficial to their host plants. Across the 118 host species used,
they found that Neotyphodium frequencies were 40-130% greater than in hosts of mixed and
horizontally transmitted Epichloé endophytes. Their results showed a strong association between
variation in endophyte frequencies and endophyte transmission mode.

Limited studies have proposed that geographic variation in endophyte frequency is due to
environmental factors such as climate (Lewis and Clements 1986, White and Baldwin 1992).

These studies reported that populations of L. perenne were highly symbiotic in New Zealand and
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the United States, and the prevailing climate conditions were proposed as driving forces. Lewis
et al, (1997) and Malinowski and Belesky (2006) found positive correlations between the
frequency of infection and hot, dry climatic conditions in Europe. In support of this hypothesis,
manipulative experiments confirmed that endophytes in L. perenne can enhance plant tolerance
to drought (Malinowski and Belesky 2000). Other studies lend support for a latitudinal gradient
in Europe with a high frequency of symbiotic plants at low latitudes and a low frequency of
symbiotic plants at high latitudes (Townsend et al. 2002, Bazely et al. 2007). This data
represents a mixture of studies in natural and agricultural systems. Evidence from agricultural
grass systems support the prediction that frequencies of infected grasses should increase over
time in plant populations if endophytes increase the fitness of host plants (Clay 1996,
Leuchtmann and Clay 1997, Saikkonen et al. 1998). Recent studies on natural grass systems
indicate that infection frequencies are more variable in wild grass populations (Lewis et al. 1997,
Schulthess and Faeth 1998, Saikkonen et al. 2000). Natural systems have not been subjected to
artificial selection and it would be useful to analyze these systems independently.

Fungal endophyte-plant interactions have the ability to impact plant community structure
and function (Rudgers et al. 2010, Clay, Holah and Rudgers 2005, Rudgers and Clay 2008), and
alter relationships between diversity and ecosystem properties (Rudgers et al. 2004). Since
plant- endophyte relationships are complex tri- trophic interactions affected by many factors, it is
worthwhile to study the impact of climate change on endophyte-infected populations from the
Mediterranean region. Climate models predict that temperatures could rise by over 4°C by 2100
over many inland areas and by more than half of this over the Mediterranean region. Over the
same period, annual precipitation is projected to decline by 10 to 40% over much of Africa and

southeastern Spain, with smaller, but potentially significant changes elsewhere (IPCC 2007). As
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a consequence, the frequency and severity of droughts could increase across the region and these
changes have the ability to impact species interactions and the structure and function of

ecosystems.

Given the predicted changes in climate for the Mediterranean region, I devised a model
of species occurrence for L. perenne. 1used current climate files (representative of the year
2010), to model the current distribution and habitat suitability of L. perenne, and then used future
climate files (representative of the year 2050), to understand the impact of climate change on this
species' distribution. [ used the maximum entropy method (Maxent version 3.3.3k, for free

download see http://www.cs.princeton.edu/~schapire/maxent/) to make these models. The model

for a species is determined from a set of environmental or climate layers for a set of grid cells in
a landscape, together with a set of sample locations where the species has been observed.
Maxent (Pearson et al. 2006, Phillips et al. 2006) estimates the realized niche of a species based
on presence-only occurrence records and environmental or climate layers known to describe
important aspects of the habitat that influence the species’ presence. The Maxent algorithm for
determining habitat suitability assigns a probability to each pixel in the study area. The study
area is the space in which the Maxent probability distribution is defined. It computes a species’
distribution based on the probability assigned to each pixel and the value of pixels are
constrained by environmental conditions at presence localities. A high value at a particular grid
cell 1s predicted to have suitable conditions for that species. The computed model is a
probability distribution over all of the grid cells.

As with any modeling approach, the fit or accuracy of the model should be tested to

determine its relevance. This is done in two ways: 1) through receiver operating characteristic
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plots and 2) through defined thresholds. The ROC plot is a plot of sensitivity and 1-specificity.
Sensitivity represents how well the data correctly predicts presence, whereas specificity provides
a measure of correctly predicted absences (Baldwin 2009). To develop a ROC plot, a certain
percentage of the data is selected for training data and the other portion for test data. AUC-area
under the receiver operator curve, measures the ability of the model to discriminate between sites
where a species is present versus those where it is absent. AUC provides an indication of the
usefulness of the model for prioritizing areas in terms of their relative importance as habitat for a
particular species. AUC ranges from 0-1 where a score of 1 indicates perfect discrimination. A
score of 0.5 implies predictive discrimination (no better than random) and a score of less than 0.5
indicates a model worse than random (Phillips et al. 2006).

The second approach involves selecting thresholds to establish sites that are considered
suitable or unsuitable for the species of interest. These thresholds are established by maximizing
sensitivity while minimizing specificity (Fielding and Bell 1997). The use of Maxent is an
effective method for generating unique probability distributions based on an incomplete state of
knowledge, which recently has been applied to species distribution modeling (Elith andGraham
2006 , Pearson et al. 2006).

I also asked whether a relationship exists between infection frequencies and climate in
the Mediterranean. This would give an indication of whether climate factors alter the frequency
and abundance of endophytes in populations. If there is a relationship, then infection frequency
should be particularly important under climate change especially if a warmer, drier climate is
expected. Since plant- endophyte relationships are complex tri- trophic interactions affected by

many factors, including abiotic and biotic environmental conditions as well as host and
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endophyte genotypes, they are likely to produce large-scale patterns of abundance that are highly
variable and difficult to interpret.

In this chapter I am trying to understand how climate factors (temperature and
precipitation) alter the variation of endophyte infection frequencies in natural populations. I
screened the proportion of Neotyphodium endophyte-infected adult plants grown from seeds
sampled from across the Mediterranean region to determine the variation in endophyte
frequencies in natural populations and searched for a relationship between these frequencies and
temperature and precipitation to better understand the nature of the host-endophyte interaction in
native populations.

In this chapter I ask:

1. Is there a significant relationship between infection frequencies and climatic variables in
the Mediterranean region?

2. Are the most heavily infected populations situated in regions with high temperatures and
low precipitation?

3. As the resulting climate changes over the next several decades will the habitat suitability

of Lolium perenne populations increase or decrease?
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Methods

I used the freely available Maxent software version 3.3.3k
(http://www.cs.princeton.edu/~schapire/maxent), which generates and estimate of probability of
presence of the species that varies from 0 to 1, where 0 being the lowest and 1 the highest
probability. I used 99 occurrence records freely available from the National Plant Germplasm

System; (http://www.ars-grin.gov/npgs), and 19 bioclimatic variables available from Worldclim

(www.worldclim.org) to model potential habitat distribution of L. perenne.

I'used 10,000 background pixels to represent the environmental conditions present in the
study region. I used Maxent’s default settings for the convergence threshold and maximum
number of iterations (500). The Maxent models predictions were presented as logistic output.

Testing or validation is required to assess the predictive performance of the model.
Ideally an independent data set should be used for testing model performance, however, in many
cases this will not be available. The most commonly used approach is to partition the data
randomly into "training" and "test" sets, creating independent data for model testing (Fielding
and Bell 1997). Training data are used to build the model and test data are used to measure
predictive success of the model. I randomly selected 25 occurrence records as test data and the

other 74 records were reserved as training data.

The climate database WorldClim (www.worldclim.org) provides monthly precipitation

(prec), maximum (tmax), minimum (tmin) and mean temperatures (tmean) climate files.
Nineteen current bioclimatic variables (representative of the years 1950-2000) were downloaded

directly from the website. These bioclimatic variables are: annual mean temperature, mean
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diurnal range, isothermality, temperature seasonality, maximum temperature of warmest month,
minimum temperature of the coldest month, temperature annual range, mean temperature of
wettest quarter, mean temperature of driest quarter, mean temperature of warmest quarter, mean
temperature of coldest quarter, annual precipitation, precipitation of wettest month, precipitation
of driest month, precipitation seasonality, precipitation of wettest quarter, precipitation of driest
quarter, precipitation of warmest quarter and precipitation of coldest quarter. To understand the
impacts of climate change on the suitability of L. perenne populations, the bioclimatic variables
used as inputs for the Maxent software were derived from the three basic climatic variables (i.e.
tmin, tmax, prec). I downloaded future climate files for the year 2050 from the Woldclim
website, and converted these files from grid files to an ASCII format that is suitable for Maxent.
To define a relationship between Neotyphodium infection levels and the climate in
the Mediterranean I randomly selected a subsample of 28 accessions from the sample of 99
accessions available in the NPGS (table 4.1). I planted 100 seeds from each accession in top soil
and allowed the seeds to germinate in the greenhouse and produce large enough tillers which
could be removed. 30 tillers from each accession were prepared for microscopic detection.
There were 870 leaf sheath samples viewed in this manner. A strip of epidermis was peeled from
the inner surface of the leaf sheath, near the base and mounted on a slide in aniline blue stain
(Latch et al., 1987). The stain was allowed to penetrate the leaf sheath by warming the slide on a
slide warmer. The stain was rinsed and I viewed the slides under 400X to examine for presence
of the endophyte Neotyphodium lolii. Presence of endophytic hyphae was a positive indication of
endophyte infection. To achieve an infection frequency, I counted how many individual tillers
(for each accession) were endophyte infected, and divided that number by 30 and multiplied by

100 to get a percent.
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Using the Climate/Extract function in DIVA-GIS, Version 7.1 (www.diva-gis.org) which

assigns environmental and climatic data to point localities, I created climate files for point
localities at which perennial ryegrass were recorded.

I then used the climatic data available for each locality in a multiple regression analysis
to determine a relationship between climate and infection frequencies found in perennial ryegrass
populations in the Mediterranean region (Fig.4.1). Multiple regression and model selection was
performed using the backward stepwise regression technique. I used the R function leaps as the
model selection tool. Iran a full linear model with infection frequency as the response variable
and the 19 bioclimatic variables as the predictor variables. With this technique, initially all
variables are included in the model and the contribution of each variable to the model is
computed using AIC values. Variables that did not contribute significantly to the model were
rejected. Using a correlation matrix with infection frequency as the dependent variable, |

selectively removed any climate variables that were correlated with one another.

Results

Infection by Neotyphodium lolii was detected in all countries from which Lolium perenne
populations were sampled (table 4.1). More than half of the accessions (19) had an infection
frequency greater than 60% and each accession within a population varied in their percent
infection frequency. Morocco and Italy had the highest average percent infection (70.57% =+

27.24 SD and 69.6% =+ 12.28 SD respectively). The multiple regression analysis (table 4.2)
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reveals a negative parameter estimate for the precipitation of coldest quarter, which indicates that

infection frequencies are high when the precipitation is low (Fig 4.4).

Figure 4.1 illustrates the collection sites for the 99 accessions of Lolium perenne used in
the climate model. Figure 4.2 shows that in addition to the 6 countries used, the Maxent model
developed for L. perenne coincides with the observed distribution of the species. The model
predicts suitable habitat in Greece, Turkey, Switzerland, and Northern France, all countries in
which perennial ryegrass naturally exists.

The climate change model (Fig 4.3), reveals few new suitable areas expected for this
species. Climate change appears to negatively impact habitat suitability in Portugal and France.
However, habitats in Morocco, Tunisia, and Italy appear to become more suitable as a result of
climate change. Tables 4.3-4.6 show the average predicted change in key climate variables for L.
perenne. Increases in temperature and declines in precipitation are expected for populations in
Italy, Morocco, Tunisia, Italy and France. For E+ populations from France, annual temperature
is expected to increase by 20% and annual precipitation is expected to decline by 15.6%.
Populations in Morocco are expected to have temperature increases by 18.2% by 2050 and
precipitation declines by 26.2%. Tunisia expects the smallest percent increase in annual
temperature (11.7%) and has an expected 9% decline in annual precipitation. Annual
temperatures in Italy are expected to change by 19.7% and annual precipitation should decline by

7.3%.

82



Discussion:

Experimental results using cultivated grasses often show a mutualistic relationship
between endophytes and the grasses they infect. Increasing evidence from studies using wild
grass populations often contradict these results. The persistence of vertically transmitted fungal
endophytes in natural grass populations is perplexing, given that infected plants do not
consistently exhibit increased fitness relative to non-infected grasses. Although infections are
widespread in native grass species, infection levels are relatively low within species and
variation in infection frequencies among local populations can be very high (Saikkonen et al.
2000). There are four possible explanations for the observed intermediate infection rates in
natural grass populations. 1.) If these asexual endophytes are not at 100% frequency in
populations it has been suggested that they have not yet reached equilibrium through natural
selection (Clay 1993, 1998). It is predicted that over time these populations should become 100%
infected (Clay 1998, Leutchtmann and Clay 1997, Wilkinson and Schardl 1997) because natural
selection should favor infected plants if they exhibit herbivore resistance, enhanced competitive
abilities and resistances to abiotic stresses such as drought. 2.) Imperfect transmission or the
failure of the endophyte to grow into an ovule or seed or hyphal inviability (Siegal et al. 1984,
Ravel et al. 1997) could lead to loss of infection. 3.) Since the interactions of asexual
endophytes with host grasses span a continuum of interactions, the costs and the benefits of the
symbiosis will vary spatially and temporally and infection frequencies will vary accordingly
(Saikkonen et al. 1998). 4.) Local persistence of endophyte infection should be possible in the

absence of mutualistic effects as a result of metapopulation dynamics (Saikkonen et al. 2002).
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In this chapter, I hypothesized that climate factors were related to the infection frequency
of Neotyphodium lolii in wild populations of L. perenne. 1 expected to see a positive relationship
between infection frequency and temperature and a negative relationship between frequency of
infection and precipitation. If Neotyphodium endophytes are mutualistic then high infection
frequencies should occur in highly stressful habitats for plants. In order to fully grasp the range
of endophyte-mediated effects on host grasses a better understanding of the natural range of
environmental conditions in which the symbiosis exists is greatly needed. Benefits of
evolutionary adaptations to a specific environment for E+ to E- grasses may fail completely once
host plants are exposed to contrasting conditions (Hesse et al. 2003). If we remove endophyte
infected grasses from habitats in which they are adapted and put them in a novel habitat we may
be changing the direction and magnitude of the symbiosis. This may be true, especially for
perennial ryegrass accessions from their native distributional range where high temperatures and
seasonal droughts occur.

Although the P-value was not significant for the model (table 4.2) a significant
relationship was found between infection frequency and precipitation of the coldest quarter.
However, the results do not indicate a strong linear relationship between infection frequency and
precipitation (Fig. 4.4). If there were a relationship than a generalization about the significance
of Neotyphodium lolii in populations of L. perenne could be made. If the populations with the
greatest infection frequency occur in habitats with high temperatures or low precipitation we
could summarize the possible role of endophytes in these populations. It would provide
evidence for the hypothesis that infected plants have a superior fitness to uninfected plants in hot

and dry conditions.
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From the climate files I generated, I found that infected accessions I used come from
areas with variable temperature and precipitation patterns. For example, the annual temperature
range from accessions in Italy ranges from 0.36-15.7°C and from Morocco 10.7-15.1°C. In
Tunisia precipitation ranges from 275-934mm of rainfall per year and in Italy the yearly
precipitation ranges from 636-1124mm. Although these extremes in temperature and
precipitation patterns were found, annual precipitation and annual temperature were not
significantly related to infection frequencies. The results from the climate models suggest an
increase in habitat suitability for L. perenne in populations from Morocco, Tunisia, and Italy.
This is surprising given the great percent change in temperature and precipitation. One would
expect declines in the habitat suitability. However, according the FAO's Ecocrop database
(Hijmans et al., 2005), the populations that are expected to have an increase in habitat suitability
have temperatures and precipitation that are within the minimum to maximum ranges that are
optimal for this species to exist. The minimum average temperature at which this plant grows
optimally is at 14°C and the maximum average temperature is 25°C. Even with the temperature
increases in Morocco, Tunisia and Italy, L. perenne is still in its optimal temperature growth
range. Habitat suitability in France is predicted to decrease. Table 4.3 shows the climate
variables for France and the % change in 2050. Populations in France appear to be the most
vulnerable to climate change and this may be due to a 20% increase in temperature. Most

notable is the 9.8% change in precipitation in this region where rainfall is frequent.

Although individual accessions varied in their percent infection, the average for each
country was between 63-70% (table 4.1). Because of the well documented benefits of

Neotyphodium endophytes under abiotic stress and drought, I hypothesized that there would be a
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significant relationship between infection and climate factors. My results do not indicate that
high infection frequencies occur in high temperature and low precipitation habitats. This is in
contrast to Lewis et al. (1997) who found significant correlations between percentage of infected
seeds and climate. My results are more in line with Glade Brosi et al. 2011, who found
endophyte infection frequency to be significantly higher under elevate CO2, but did not find
support for their hypothesis that infection was significantly higher under altered precipitation,

temperature or the treatment combinations.
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Chapter 4 tables:
Table 4.1.

Origin Accession Number Infection Frequency %
598909 77
Tunisia 610924 100
598911 67
598913 44
610925 58
610950 43
610927 75
610926 66
Average 66.25 + 18.65 SD
632590 91
598839 77
598877 88
598888 85
598902 36
Morocco 598904 27
598854 90
Average 70.57+27.24 SD
598429 50
598432 70
598434 26
610962 63
598931
ttaly 610939 >
80
598935 7
Average 69.6+12.28 SD
628693 75
W69286 85
598438 68
598439 73
610795 57
France 577255 34
Average 65.3+16.32 SD
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Table 4.2.

Climate DF Sum SQ Mean SQ F-value P-Value
Variable

Temperature 1 26.1 26.05 0.0648 0.80149
Seasonality

Min 1 11.9 11.93 0.0296 0.86487
Temperature of

Coldest Month

Mean 1 8.0 8.01 0.0199 0.88909

Temperature of
Wettest Quarter

Precipitation of | 1 469.5 469.5 1.1671 0.29171
Wettest Month
Precipitation of | 1 438.2 438.18 1.0892 0.30798
Wettest Quarter
Precipitation of | 1 2432.5 24325 6.0465 0.02227
Coldest Quarter

22 8850.7 402.30
Error

*= multiple regression different from zero at probability level of 0.05%. Pr>F of the model=
0.2578
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Table 4.3

Origin Climate variable Present 2050 %Change
France Annual Temperature (°(10.05 12.06 20
0
Maximum 23.96 26.66 11.3
Temperature in
warmest Month ~ (°
0
Temperature 635.88 643.07 1.1
Seasonality ° C
Annual Precipitation 801 722.37 -9.8
(mm)
Precipitation of Driest |171 144.25 -15.6
Quarter (mm)
Precipitation of 205.25 154.86 -24.55

Coldest Quarter
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Table 4.4

Origin Climate variable Present 2050 %Change
Morocco Annual Temperature (°  |12.84 15.18 18.2
®);
Maximum Temperature [32.76 36.01 9.9
in warmest Month (° C)
Temperature Seasonality |680.426 692.34 1.7
(° 0
Annual Precipitation 606.33 44721 -26.2
(mm)
Precipitation of Driest  33.43 24.64 -26.3
Quarter (mm)
Precipitation of Coldest [206.5 150.5 -27.12

Quarter(mm)
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Table 4.5

Origin Climate variable Climate Variable Present 2050 %Change
Tunisia Annual Temperature ~ |Annual Temperature [17.10 19.10 11.7
)
Maximum Temperature Maximum Temperature 33.41 35.69
in warmest Month in warmest Month 6.8
)
Temperature Temperature 637.00 636.34 0.35
Seasonality (° C) Seasonality
Annual Precipitation | Annual Precipitation |715.66 648.42 -9.0
(mm)
Precipitation of Driest |Precipitation of Driest 31.58 25.08 -20.5
Quarter (mm) Quarter
Precipitation of ColdestPrecipitation of Coldest323.58 281.58 -13

Quarter (mm)

Quarter
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Table 4.6

Origin Climate variable Climate Variable Present 2050 % Change
Italy Annual Temperature  |Annual Temperature [11.47 13.73 19.7
0
Maximum Temperature Maximum Temperature(24.68 27.68 12.0
in warmest Month in warmest Month
()
Temperature Temperature 587.58 591.60 0.68
Seasonality (° C) Seasonality
Annual Precipitation |Annual Precipitation [797.65 739.04 -7.3
(mm)
Precipitation of Driest |Precipitation of Driest (84.31 68.88 -18.3
Quarter (mm) Quarter
Precipitation of ColdestPrecipitation of Coldest255.72 220.44 -13.8

Quarter (mm)

Quarter
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Figure 4.2
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Figure 4.3
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Chapter 5

Evidence for membrane disruption by endophytic fungi in perennial
ryegrass (Lolium perenne)
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Introduction

Fungal endophytes in the genus Neotyphodium (formerly Acremonium; Glenn et al.
1996) are obligate biotrophs that live in symbiotic relationships with hundreds of grass species
(White 1987, Clay 1990) some of which are important forage and turf grasses. Endophytes grow
as elongate, convoluted hyphae in between host plant cells, apparently obtaining host
photosynthates. They also often form close associations with host plant cell walls (Christensen,
Bennette and Schmid, 2002). These fungi express different symbiotic lifestyles ranging from
mutualism, parasitism and commensalism (Cheplick, Clay and Marks 1989, Ahlholm et al. 2002,
Hesse et al. 2004, Cheplick 2007) due to environmental and genetic conditions. In mutualistic
associations, endophyte infected grasses can show improved ability to tolerate abiotic stresses
such as drought or low soil fertility (West 1994, Malinowski, Belesky and Lewis 2005, Clay and
Schardl 2002, Latch 1997, Saikkonen et al. 1998). From its host, the fungus receives nutrients
and a means of propagation through the seeds. Fungal produced alkaloids result in resistance to
small insects and herbivores (Clay 1988, Breen 1994, Bush, Wilkinson and Schardl 1997), thus
benefiting the growth and competitive abilities of the host plant (Clay, Marks and Cheplick1993,
Cheplick and Clay 1988, Cheplick et al. 1989, Malinowski et al. 1997). However, fungal derived
alkaloids may be detrimental to livestock resulting in ryegrass staggers (Fletcher and Harvey
1981), or fescue toxicosis (Bacon 1977) which may cause severe health problems for the
livestock.

Since infection by Neotyphodium endophytes is asymptomatic, their presence in plants
has primarily been determined by microscopic examination of host leaf sheaths. Many methods
have been developed to assess infection frequency and infection intensity. These methods

include histochemical (Bacon and White 1994), immunological (Hiatt et al. 1999, Hahn et al.
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2003), PCR-based (Doss 1998, Groppe & Boller 1996) and grass tissue culture techniques.
Although useful, some of these methods are expensive, time consuming, and do not give an
indication of viable endophyte.

In this study, we used a fluorescent based technique that allowed us to study the
relationship and distribution of Neotyphodium lolii within the vasculature of its host plant Lolium
perenne. Fungal cell walls containing chitin were fluorescently labeled with Wheat germ
agglutinin (WGA), while the vascular bundle was stained with Propidium iodide (PI). The
infected (E+) and non-infected (E-) grasses were viewed using confocal microscopy. Our results
imply a breakdown of the mesophyll cell membranes, which allowed PI to cross into the
mesophyll and subsequently breakdown the membranes of the chloroplasts. As we describe this
phenomenon in infected plants only, the data provides evidence of a compromised membrane,

suggesting a mechanism by which fungal endophytes may extract nutrients from their hosts.

Materials and Methods

Grass Sources. Seeds representing distinct genotypes of L. perenne were obtained from the
Western Regional Plant Introduction Station, United States Department of Agriculture, Pullman,
WA, USA (National Plant Germplasm System;(http://www.ars-grin.gov/npgs). Some leaf sheaths
were imaged for propidium iodide staining alone while others were imaged for dual localization
of the plant and fungus. Both (E+) and (E-) genotypes from each population were used.
Endophyte status was already determined using the analine blue method described in (Bacon and

White 1994) and then viewed under 400X with a light microscope.

Pre-treatment of the plant. Lolium perenne genotypes were grown to maturity in pots containing

vermiculite. Propidium iodide (PI) was diluted 1:1000 in water and added to the soil. Propidium
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iodide is an intercalating agent and fluorescent molecule that can be used to stain cells. It is
often used as a counterstain in multicolor fluorescent techniques. The vital dye is impermeable
to live cells as it cannot breach the plasma membrane. The original rationale for this approach
was that the propidium iodide could be taken up by the plant through its root system and then
transported and visualized within the vascular bundle.

Post-treatment of the plant. Following a 16 hour uptake of the propidium iodide, a leaf sheath
was excised from each plant and then the samples were rinsed three times in water. To label the
fungal wall, we used 10 pg/ml wheat germ agglutinin (WGA) conjugated with Alexa Fluor 488
(Invitrogen/Molecular Probes, Eugene OR). To prepare a stock solution, we dissolved 5.0 mg of
lyophilized WGA conjugate in 5.0 ml of phosphate buffer solution (PBS). We stored the stock
solution in the freezer at -20°C. Wheat germ agglutinin is a lectin or a sugar binding protein as it
binds to N-acetyl-D-glucosamines which are naturally found in the chitin of fungi. The excised
leaf sheath was allowed to incubate in the WGA overnight and after the leaf sheaths were rinsed
twice in buffer. The sheath was mounted on a slide and covered by #1.5 cover glass. The cover
glass was raised by forming a well around the sheath with parafilm. The cover glass was sealed
to the slide with nail polish and the samples imaged with confocal laser scanning microscope

(Leica SP2 AOBS) using a 488 nm laser for the WGA and 594 nm for the PI.

Results

By allowing the plants to uptake the PI, it is possible for the PI to be transported
throughout the grasses vascular bundle. If the membrane of the mesophyll surrounding the
chloroplasts were to remain intact, the PI would not be found to be associated with any double

stranded DNA (nuclear, mitochondrial or chloroplast). Only when there is disruption of the
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mesophyll plasma membrane, does the PI cross into the cell and enter the chloroplasts (fig 3.,4).
We demonstrated the uptake of PI into the cells of the leaf sheath, but only in those cells infected
with the endophyte. Using the PI-specific spectrum for data collection, we were able to
demonstrate the presence of PI in the chloroplasts. Our images provide the evidence that the PI
was found incorporated in the vascular tissue suggesting it was taken up by the root system. This
strongly suggests that the plasma membrane of the plant had been compromised, allowing
staining of the chloroplasts. When we examined non-infected plants, we were unable to
demonstrate the incorporation of PI into chloroplasts (Figure 1). When staining with fluorescent
WGA, we can detect N. lolii in arrays perpendicular to the vascular bundle (Figure 2,4)

undulating around (Figure 3) or though (Figure 4) a vascular bundle.
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Discussion

Currently, our knowledge regarding the ways in which endophytes obtain nutrients from
plant cells is limited. Fungi in the family Clavicipitaceae have never been observed to produce
haustoria or haustoria- like feeding structures that penetrate plant cells and because of this it was
generally believed that endophytes live intercellularly within plant tissues and passively absorb
nutrients that leak from plant cells to the apoplast. The current hypothesis regarding nutrient
extraction from host cells involves secretion of reactive oxygen species and auxins by
endophytes onto host cell walls and membranes inducing nutrient leakage from cells.

ROS production and secretion by endophytes was demonstrated by Tanaka et al. 2006, as
part of a mechanism by which clavicipitalean endophytes alter cell membranes to facilitate
leakage of nutrients into the apoplastic spaces where they may be absorbed by fungal hyphae.
ROS secreted onto the plasma membrane of host cells oxidize and denature the membranes,
causing leakage of nutrients from plant cells to hyphae located outside of the cells (White and
Torres 2010). In support of this, Torres and White (unpublished) demonstrated greater
membrane lipid peroxidation in E+ clones of fine fescue. Also consistent with this hypothesis,
Richardson et al. 1992, reported a greater accumulation of glucose and fructose plant sugars in
the apoplastic spaces of tall fescue plants infected with the endophyte Neotyphodium
coenophialum compared to that of non-infected plants.

In nature, fungal secreted hydrolytic enzymes are known to degrade large molecules to
smaller molecules that can be used for nutrition (Wessels 1993). There is reported evidence that
hydrolytic enzymes possessed by fungal endophytes can be used in nutrient acquisition from the
plant apoplast (Lam et al. 1995, Li et al. 2004, Moy et al. 2002, Lindstrom and Belanger, 1994).

Li et al., 2004 reported a novel fungal produced endochitinase which was the major secreted
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protein in culture and also in the apoplastic fluid in the infected host grass, Poa ampla. This
secreted chitinase may have roles in the nutrition, growth or defense of the endophyte.

We used confocal microscopy as a technique to understand how endophytic hyphae
interact with host plant cells. We used N. lolii and L. perenne as the model for examining this
interaction. In this experiment we provide further evidence for the hypothesis that endophytes
enhance nutrient leakage by showing plant membrane disruption by fungal endophytes. We
show that the intercalating agent and fluorescent molecule propidium iodide crossed the cells
plasma membrane only when the plants were endophyte-infected. This provides evidence that
the endophyte enhances nutrient leakage possible through the production of ROS.

More studies should be conducted to explore the effects of endophyte produced
secondary metabolites to test the hypothesis that they may have a role in nutrient acquisition
from host cells. Secondary metabolites such as alkaloids may alter host cell physiology and
permit acquisition of nutrients by endophytes from the closely associated host cells through a

membrane depolarization mechanism resulting in increased leakage of nutrients from plant cells.
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