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GENERAL INTRODUCTION

1. PERENNIAL RYEGRASS

Lolium perenne, commonly known as perennial ryegrass, is a C; plant, belonging to the
subfamily Pooideae, that does not produce stolons or rhizomes, its shoot buds arise at or near
the soil level in young plants, but may develop from higher nodes in adult plants. Beddows
(1967) described this grass as a hemicryptophyte with a semi-rosette form before head

emergence (Figure 1).

Figure 1 Perennial ryegrass (Lolium perenne L.) vegetative plant

Perennial ryegrass could have evolved from a small bottleneck of a L. rigidum
population in the Middle East, and its distribution area in Europe could be explained either by
the extension of primitive agriculture from the fertile crescent (Balfourier et al. (1998), or as
consequence of post-glacial recolonization from southern refugia (Catalan et al. 2004).
Presumably, L. perenne was introduced as a fodder crop for English pastoralists to many
corners of their former empire, including North America, Australasia, South Africa and
elsewhere, where it was, and frequently still is, referred to as English ryegrass (Beddows 1967).

Lolium perenne is an agricultural species which has been intensively bred and selected
for many years in different countries (Humphreys et al. 2010; Lee et al. 2012), as a result of
these programs, there are many cultivars of both diploid and tetraploid forms (Sampoux et al.
2011). Perennial ryegrass freely crosses with other Lolium species (e.g. L. multiflorum, L.



rigidum, L. remotum, and L. temulentum) producing fertile hybrids (L. x hybridum) with
intermediate characteristics (Jenkin 1954). It also forms hybrids with species of Schedonorus
(formerly Festuca) such as S. arundinaceus, S. giganteus and S. pratensis (Humphreys et al.
2010); hence as an outcrossing species considerable genetic variability can be observed within
and between its cultivars (Beddows 1967; Hahn et al. 2008).

At the present time, perennial ryegrass has become extensively widespread; in part
because it can tolerate a range of environmental conditions and withstands repeated
defoliation, can produce good yields, and has high digestibility (Sampoux et al. 2011; Sampoux
et al. 2012). Therefore, it is arguably the most important forage and turf grass in the world; for
example, in New Zealand forms the basis of arable pastures (80%) (Fletcher et al. 1990), and in
Europe In western Europe 17% of the total land area consists of permanent grassland (Wilkins
and Humphreys 2003), with the greatest proportion being contributed by perennial ryegrass
and ltalian ryegrass (Pearson 2010). Furthermore, from sown pastures, it has spread to

colonize footpaths, roadsides, tracks, waste places, sand dunes and riverbeds.

2. Epichloé FUNGAL ENDOPHYTES

Most plants have evolved the ability to form below and aboveground associations or
symbioses with microorganisms such as viruses, bacteria, and fungi that can alter the host
phenotype to enhance their fitness, competitiveness, expand their niche and enabling them to
persist in otherwise marginal or inhospitable habitats (Funk and White 1997; Eaton et al.
2015). For example, the establishment of mycorrhizal partnerships with aquatic plants, around
460-480 million year ago, facilitated their transition to terrestrial habitats (Pirozynski and
Malloch 1975). More recently in plant history (50-80 million year ago), fungi from the
Clavicipitaceae family, derived from a parasitic fungus of arthropods, moved into grasses
(Schardl et al. 2008; Gibert et al. 2012) and this interaction is mainly based on protection
against biotic and abiotic stressors (Bush et al. 1997; Schardl 2001; Hahn et al. 2008).
Epichloé/grass symbiosis exists in at least 80 grass genera and about 300 of grass species (Clay
1989; Leuchtmann 1992), which represent less than 4% of the 8000 known grass species.
Detailed surveys in restricted areas can show greater percentages of infected grasses. For
instance, Epichloé endophytes were isolated from 11 of 49 grass species in a survey made in

permanent semiarid grasslands of western Spain (Zabalgogeazcoa et al. 2003).

Microorganisms growing (entirely) within the substrate of a plant, whether parasitic or
not are generically known as endophytes (Greek: endo= within + phyte= plant) (Walker 1950;
Snell et al. 1971; Clay 1990; Fletcher et al. 1990; Wennstrom 1994; Wilson 1995), they
comprise several microorganisms associated to all major lineages of plants in natural and
anthropogenic communities ranging from the arctic to the tropics (Arnold 2007). However,
there is a general agreement over usage of the term endophyte, with the suggestion that the
word implies a mutualistic relationship (Wennstrom 1994). In this thesis, the term endophyte
is particularly used to refer to fungi of the genus Epichloé (Clavicipitaceae family) hosted by

temperate grasses (Pooideae subfamily).



Epichloé endophytes had been recognized for centuries, the first known accounts of
Epichloé endophytes were published in 1898 when Vogel recorded mycelium in the seed of
darnel (Lolium temulentum) (Schardl et al. 2004b). According to do Valle Ribeiro (1993), this
was confirmed in the same year by other researchers, and in 1902 Neubauer and Remer added
L. remotum (=L. perenne subsp. remotum) to the list of infected species. Sampson (1935)
indicated that McLennan in 1920 reported that all L. perenne plants carry the endophytic
fungus. The observation of infection in tall fescue (Schedonorus arundinaceus= Festuca
arundinacea= Lolium arundinaceum), red fescue (Festuca rubra) and perennial ryegrass (L.
perenne) by those fungi were published by (Sampson (1933); 1935; 1937; 1939). Sampson's
findings were confirmed by (Neill (1940); 1941) and reported the existence in New Zealand of
an endophytic fungus, similar in appearance to the perennial ryegrass endophyte in tall fescue

and meadow fescue (Festuca pratensis).

Similarly, to other cool-season grasses, the symbiotic association between Epichloé
endophytes and perennial ryegrass appears to be widespread. Field surveys have revealed that
infected grasses have a broad distribution and infection included both sexual and asexual fungi
(Kaur et al. 2015). The endophyte E. festucae var. lolii is the most common species in pastures
of perennial ryegrass, but this grass also is a host of E. typhina, an interspecific hybrid (E.
fetucae var. lolii x E. typhina) designated as LpTG-2, and an E. festucae-like endophyte (Latch et
al. 1984; Clay 1987; Schardl et al. 1991; Christensen et al. 1993; Moon 1999).

Despite the abundance of Epichloé in heavily grazed permanent grass communities,
their artificial selection for culture apparently has eliminated much genetic variation of
Epichloé endophytes and cultivated grasses seems infected by a small number of endophyte
genotypes (Clay 1993; Schardl et al. 1994). And currently most of the researches about the
effect of Epichloé endophytes have been conducted on commercials cultivars with scares
diversity of grasses and endophytes. In this regard, Saikkonen et al. (2006) indicated that these
type of assays fail to capture the breadth of variability inherent in wild grass/endophyte
populations and communities. In contrast with cultured pastures, Jensen and Roulund (2004)
found abundant genetic variation among endophyte from wild grasses, therefore these
habitats may be excellent sources of endophytes useful for grass improvement and plant
breeding. Additionally, according to Clay (1993) wild grasses should play a greater role in
endophyte research, not only as repositories of genetic variability, but also as comparative
systems for understanding the physiological, ecological and evolutionary interactions between
plant and fungus.

Natural wild population of L. perenne still widespread in most of Europa, part of the
Mediterranean and Middle East area, where is its genetic center of origin (Balfourier et al.
1998). In these areas, high genetic variability among Epichloé endophytes is expected because
diversity and species composition of endophytes in natural habits are influenced by
microhabitat and microclimatic conditions (Arnold 2007). Adaptation of endophytes to
particular ecological conditions provides ecological data and desirable agronomic traits that

would be applied to improvement of grasses (Oliveira and Charmet 1989).



2.1 Characteristics of Epichloé endophytes

Upon germination of the grass seed, Epichloé hyphae within the embryo, extend into
leaf primordia and axillary buds, the meristematic cells from which new shoots develop,
invading all the above ground tissues. Hyphae are characteristically distributed parallel to the
longitudinal leaf axis and remain confined to the intercellular spaces where they subsist on
plant sugars, amino acids and other nutrients. The growth of the endophyte is synchronized
with all stages of the plant growth, when the leaf matures and ceases to expand, no further
fungal colonization takes place. In spring, mycelium grows into the leaf sheaths, leaves and
inflorescences, reaching a maximum density in late summer and then declining. In the winter,
it is confined to the plant crown where it is most concentrated in the meristematic tissues (di
Menna and Waller 1986; Phillipson and Christey 1986; Tan et al. 2001; Clay and Schardl 2002;
Christensen et al. 2008).

Taxonomic classification of Epichloé endophytes has suffered several modifications
since its discovery. Previously, Epichloé species were classified under two different genera
depending on differences in their mode of reproduction. The asexual (anamorphic) taxa were
assigned to a separate genus (Neotyphodium), but in accord with general recommendations
for fungal taxonomy, it has been combined with the sexual (teleomorphic) taxa within a single
genus, as part of a monophyletic group designated Epichloé, accepting 10 teleomorph-typified
species and 24 anamorph-typified species (including three subspecies and six varieties)
(Leuchtmann et al. 2014; Hettiarachchige et al. 2015). Despite differences in reproductive
characteristics observed in some Epichloé endophytes from perennial ryegrass (e. g. Epichloé
typhina and E. festucae ), the sexual forms are ancestral to the seed-borne types and both
endophytes are close similar in morphology and secondary product biochemistry (Clay 1988;
Schardl et al. 1991; Clay 1993).

2.2 Reproduction, dispersion and diversification

The Epichloé endophytes can be disseminated through vegetative structures of host
plants or in one of two general ways related with their mechanism of reproduction: sexual
species fruit on their hosts and can infect new plants; the asexual dispersion is through the
seeds (Figure 2); but some Epichloé have both sexual and asexual cycles (Clay 1990; White et
al. 1993; Chung and Schardl 1997b; Tadych et al. 2014).

The life cycle of the sexual Epichloé endophytes causes no disease symptoms until the
initial stages of flower development. Profuse epiphytic fungal growth occurs surrounding the
incipient inflorescences with a fungal stroma that halts further panicle development and
prevents seed production (‘choke disease’). On the surface of the fruiting structures or
stromata perithecia containing ascospores develop (White and Bultman 1987). The fungi are
heterothallic and for fertilization require the mediation of flies of the genus Botanophilia that
deposit eggs in stromata and transfer conidia (spermatia) of compatible mating types for
successful reproduction. Sexual species of Epichloé can be distinguished by mating
compatibility, each mating population tends to have restricted host ranges (Chung and Schardl

1997b; Bultman et al. 2011). The sexual stage is completed by ejection of haploid filamentous



ascospores derived from the meiotic products, which then undergo iterative germination and
conidiation (Figure 2). In this type of interaction the transmission of the endophyte is
horizontal and generally the seeds of the host plant, if produced, are fungus-free and give rise
to uninfected plants (Schardl 1996).
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Figure 2 The asexual and sexual life cycles of Epichloé endophytes.

Asexual reproduction of Epichloé endophytes, is fully asymptomatic, this type of fungi
are confined to a single host species because they have lost the ability to produce ascospores
on their hosts (Christensen et al. 1993). As the plant starts the reproductive phase, the
endophyte in the vegetative apex enters the developing inflorescence primordium and floral
apices from where it penetrates the tissues of ovary and ovule, soon after fertilization, the
hyphae penetrates the embryo (Phillipson and Christey 1986) (Figure 2). The endophyte
hyphae are present in the embryo of the mature seed, and particularly between the cells of
the aleurone layer. Lineages of a single fungal genotype are vertically transmitted this way, this
mode of dissemination is highly efficient, nearly 100% of seed from infected mother plants
transmit the endophyte (Siegel et al. 1984; Clay 1990).

Some Epichloé species are able to use the two mechanisms of reproduction, and can
manifest its sexual and asexual cycles on different tillers of the same plant; individual plants
may produce simultaneously fungal fruiting bodies (stromata) and healthy inflorescences,
allowing the fungi to be transmitted vertically through seeds and horizontally by spores
(Christensen et al. 2002). This type of Epichloé fungi are known as “pleitropic symbionts”
because they possibly reflect a mixed evolutionary strategy and a pathway that connected the
asexual endophytes with their sexual relatives (Schardl et al. 2004b). Interactions like these
have been occasionally observed in some podid grasses, like Festuca rubra infected with E.

festucae (Zabalgogeazcoa et al. 1999).



In addition to the above mentioned dissemination mechanisms, certain Epichloé
endophytes can produce epiphyllous mycelial networks with conidiogenous cells and conidia
on leaf blades of host plants. The epiphytic conidia are water dispersed and will not release
from the conidiophores unless water is present. The conidia may flow off leaves to tillers or
seedlings that grow in the vicinity of grass plants and infect them (Christensen et al. 1997,
Tadych et al. 2007; lannone et al. 2009; Tadych et al. 2012; Tadych et al. 2014; White et al.
2015; Wiewiora et al. 2015a)

One particular way of genetic diversification of Epichloé endophytes has been through
spontaneous events of interspecific hybridization (Schardl| et al. 1994; Tsai et al. 1994; Craven
et al. 2001a). The formation of interspecific hybrid endophytes is assumed to be relatively rare,
and has not been observed under experimental conditions, though the processes implicated in
hybrid formation have been demonstrated. Infection of single host plants by multiple
endophytes can occur occasionally (Meijer and Leuchtmann 1999; Moon 1999). Anastomosis
of pairs of Epichloé strains has also been successfully demonstrated (Chung and Schardl 19973;
Shoji et al. 2015). The large number of hybrid Epichloé species identified in surveys suggests
that, at least in some circumstances, hybrids are positively selected (Moon et al. 2004).
According to Clay and Schardl (2002) two likely bases for selection include the pyramiding of
favorable genes and the counteracting of Muller’s ratchet, because acquiring several favorable
characteristics from multiple endophyte ancestors, a hybrid endophyte has higher fitness than
its nonhybrid ancestors do.

2.3 Effect of Epichloé endophytes on grasses

The interactions between Epichloé fungi and host grasses appear to be conditional and
vary greatly as part of a continuum from mutualism to parasitism/pathogenicity (Saikkonen et
al. 1998; Schulz and Boyle 2005; Eaton et al. 2015), under continual control of two general
classes of mechanisms. Clay (1993) explained that intrinsic mechanisms include changes in
host biochemistry, physiology, and/or morphology. Extrinsic mechanisms depend on the
interaction of host plants with other organisms in their environment, such as herbivores,
pathogens, and competitors. The two classes of mechanisms are not necessarily independent

and may interact in a complex fashion.

2.3.1 Alkaloid production

Epichloé fungi have passed through several phases of importance since its discovery,
for many years were considered inconsequential, until they were linked with production of
alkaloids which are beneficial to the endophyte-grass symbiosis because protect them against
herbivores, but may be detrimental to livestock (Bacon et al. 1977; Rowan et al. 1986; Ravel et
al. 1997a; Reed and Mace 2013).

The effects of Epichloé endophytes on insects were first reported by Prestidge et al.
(1982), observing a negative correlation between damage by Argentine stem weevils and the
frequency of endophyte-infected perennial ryegrass in New Zealand pastures. In the United

States Funk (1983) found that perennial ryegrass plots with high levels of endophyte infection



suffered less damage from sod webworms (Crambus spp.) and had fewer adults and eggs
present than plots with lower levels of infection. Cheplick and Clay (1988) concluded that
survival and population growth rates of flour beetles (Tribolium castaneum) on ground seeds
of infected perennial ryegrass were significantly lower than on uninfected seed. The
insecticidal effects of alkaloids, contribute to the increased persistence of endophyte infected-
grasses by enhancing its competitiveness compared to non-infected grasses (Clay 1988; Siegel
et al. 1990).

Negative effects of Epichloé endophytes over mammals extend from poor feeding to
severe intoxication. It has been speculated that livestock may be selective in their grazing and
discriminate between infected and non-infected plants due to the bitter taste of many
alkaloids (Clay 1990; Bazely et al. 1997; Jensen and Roulund 2004). In the extreme side,
Fletcher and Harvey (1981) found a direct association between Epichloé endophytes and
ryegrass staggers, a neurological disorder that occurs in sheep, cattle, horses, and deer grazing
infected ryegrass pastures; named because of the staggering gait of the affected animals,
together with the observation of the outbreaks occurring in ryegrass-dominated pastures
(Byford 1978). Another important syndrome that can suffer mammals grazing Epichloé
infected pasture is fescue toxicosis, a malady whose symptoms could be fatal, including fever,
abortions, convulsions and gangrene of the extremities (Bacon et al. 1977).

The anti-insect and/or anti-mammalian activities of Epichloé-infected grasses, is
caused by the production of four classes of fungal alkaloids, lolines, peramine, lolitrems, and
ergopeptides (Schardl et al. 1991; Young et al. 2012) (Figure 3).
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Figure 3 Chemical structures of the most common compounds for each chemical group of alkaloid produced in
grasses infected with Epichloé endophytes.



Lolines are found almost exclusively in grasses infected by hybrid Epichloé endophytes,
and they exhibit broad-spectrum insecticidal activity. Concentrations of loline alkaloids found
in planta are generally not toxic to mammalian herbivores (Siegel et al. 1990; Wilkinson et al.
2000; Schardl et al. 2004a) (Bush et al. 1997; Easton et al. 2009).

Peramine is the most widely distributed alkaloid in Epichloé-infected grasses; this
alkaloid has a relatively even distribution in the plant and over the growing season, and there
is evidence of host genotype control of peramine concentrations (Siegel and Bush 1996; Ball et
al. 1997a; Siegel and Bush 1997; Clay and Schardl 2002). Peramine acts as a feeding deterrent
to the Argentine stem weevil, but most other insects seem to be insensitive to this alkaloid and
has low toxicity to mammals (Rowan and Gaynor 1986; Rowan et al. 1986; Cheeke 1995;
Leuchtmann et al. 2000)

Lolitrems are alkaloids with the indole-diterpenes group, known for being tremorgenic
compounds, important neurotoxins causative agents of the ryegrass stagger. Lolitrem B is the
major tremorgenic compound associated with Epichloé-infected Lolium species. Lolitrem B
concentration increases progressively with increase of the plants leaf age (Gallagher et al.
1982; di Menna et al. 1992; Keogh et al. 1996; Repussard et al. 2014b).

Ergovaline is one of the most toxic of the ergopeptine alkaloids produced in grasses
harboring Epichloé endophytes and occurs in the greatest concentration. Ergovaline
concentrations are highest in the tissues most important for the survival and dissemination of
the endophyte, namely the crown, the source of new emerging tiller, and the developing
reproductive organs. In perennial ryegrass, the ergovaline levels can be high enough to cause
fescue toxicosis symptoms if ambient weather conditions are suitable (Bacon et al. 1977;
Siegel et al. 1990; Repussard et al. 2014a; Guerre 2015; Philippe 2016).

The synthesis and concentration of each alkaloid produced in Epichloé-infected grasses
is driven in a distinct pattern firstly controlled by the endophyte, but also influenced by the

host and environmental factors (Repussard et al. 2014b).

Laboratory studies with pure cultures of Epichloé fungi and metabolomic analyses in
plants, suggest that the taxonomic identity of the endophyte appears to be the most
important factor determining alkaloid production in infected grasses, product of genetic
differences among strains within a species and among species (Rasmussen et al. 2009; Schardl|
et al. 2013; Takach and Young 2014; Young et al. 2015). In this regard, Vazquez de Aldana et al.
(2010) indicated that in Festuca rubra the peramine contents tend to be similar in plats
infected with genetically close isolates of Epichloé festucae. Leuchtmann et al. (2000) observed
a tendency for stroma-forming plants to be free of alkaloids; in contrast, in asexual Epichloé
expression of two or three different alkaloid classes is more frequent. In perennial ryegrass
infected with the asymptomatic common endophyte, E. festucae var. lolii, three of the four
classes of fungal alkaloids have been detected (Leuchtmann et al. 2000; Clay and Schardl
2002).



The role of the host plant on concentration and production of alkaloids is particularly
important. For example, F. gigantea and F. rubra, both naturally infected with E. festucae, had
different combinations of alkaloids, which confirms that the spectrum of alkaloids expression is
also dependent on the genotype of the host (Christensen et al. 1993; Leuchtmann et al. 2000;
Vazquez de Aldana et al. 2010).

In Epichloé-host associations, environmental conditions are widely recognized to affect
the levels of alkaloids expressed in the grass, and under same conditions their concentration
have a seasonal fluctuation (Reed et al. 2001; Young et al. 2012). Leuchtmann et al. (2000)
reported that in an infected plant of Bromus benekenii peramine was not detectable in May,
the highest concentration was found in August; whereas, in plants of Festuca rubra, peramine
was higher in August and was more than five times higher in October of the previous year

compared to that in May.

2.3.2 Tolerance to biotic and abiotic factors

Because the host plant provides shelter, nutrients (including precursors in the
synthesis of secondary metabolites) and dissemination via its seeds to the fungus, the
metabolic costs of sustaining the endophyte, may be outweighed by the benefits (Marks et al.
1991; Clay and Schardl 2002; Faeth and Sulivan 2003; Schardl et al. 2004b; Rasmussen et al.
2007). There are many benefits related to field persistence and stress tolerance of grass
species in agricultural and natural ecosystems that have been attributed to the presence of
Epichloé endophytes; since in some conditions plants not in association with these symbiotic
fungi fail to persist. In New Zealand attempts to replant endophyte-infected with endophyte-
free seed have been made in perennial ryegrass pastures; however, eliminating the endophyte
reduces the vigor of the plants and their resistance (Clay 1990; Fletcher et al. 1990; Easton et
al. 2001). Fletcher et al. (1990) found that in dryer regions non-infected ryegrass pastures may
not survive in the face of Argentine stem weevil attack (Listronotus bonariensis), one of the

major pasture pests in New Zealand.

Besides herbivore resistance, other positive effects of Epichloé that have been
observed in infected grasses are related to tolerance to water deficit (Bacon 1993; Kane 2011),
low soil nutrients (Malinowski and Belesky 1999b; 2000; Zabalgogeazcoa et al. 2006), grazing
pressure (Bao et al. 2015; Wiewiora et al. 2015b), heavy metals (Malinowski and Belesky
1999b), and better performance in competition with other plant species (Vazquez de Aldana et
al. 2013b).

The Epichloé effect on the drought-stress tolerance of perennial ryegrass has given
inconsistent results (Hesse et al. 2003). However in particular circumstances implying hydric
stress, a selection pressure in favor of infection has been observed (Lewis et al. 1997), in such
conditions infected plants tended to maintain a more positive water potential (Clay 1993;
Hahn et al. 2008). Siegel and Bush (1997) suggested that in endophyte infected tall fescue, the
accumulation of secondary metabolites produced by the endophyte could affect osmotic

potential and, therefore, improve resistance to drought stress. The occurrence of these



adaptive mechanisms to drought tolerance in other Epichloé-infected grasses, such as

perennial ryegrass, might also exist.

Under certain controlled environmental conditions, perennial ryegrass associated with
Epichloé endophytes, has showed significantly greater growth and producing more biomass
than non-infected plants (Clay 1988; 1989; Oliveira et al. 2004). Latch et al. (1985) observed
that ryegrass containing E. festucae var. lolii have grown up to 38% more herbage than those
without the endophyte. The physiological basis for the increased growth of endophyte-
infected plants is not clear, but hormonal and physiological alterations and changes in source-
sink relationships within the host may allow improvements in the mechanisms involved in
mineral acquisition. The response is conditional to soil nutrient status, with better
performance of the infected grasses when the level of nutrients is higher than at lower levels
(Cheplick et al. 1989; Malinowski and Belesky 2000; Reed et al. 2004; Rahman and Saiga 2005;

Rasmussen et al. 2007).

According to Jensen and Roulund (2004), endophyte-infected plants tolerate a higher
grazing pressure than endophyte-free plants. In this way, infected hosts have greater
competitive ability, indicating that infection contributes significantly to the species spread
(Clay 1989; Marks et al. 1991).
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OBJECTIVES

The purpose of this thesis was to evaluate the effect of Epichloé fungal endophytes on

their natural Lolium perenne host plants. With this broad aim, the specific objectives were:

1. Detection and classification of Epichloé endophytes in plants of Lolium perenne from wild

populations (Chapter I).

2. Study of the concentration and production patterns of fungal alkaloids in wild plants of
Lolium perenne as effect of the Epichloé morphotype of the endophyte hosted (Chapter II).

3. Analysis of the effect of Epichloé endophytes on the content of minerals and fibers in
Lolium perenne from wild populations (Chapter ).

4. Evaluation of two techniques for inoculation of Epichloé endophytes into commercial

cultivars of Lolium perenne (Chapter IV).

5. Suitability of near-infrared reflectance spectroscopy (NIRS) for direct identification of
Epichloé endophytes, and detection and quantification of their associated alkaloids in a

heterogeneous set of Lolium perenne plants (Chapter V).

For this purpose, a total of 358 Lolium perenne plants were collected at eight natural
populations in western Spain. After analyzing all plants to detect their associated Epichloé
endophytes and to characterize them morphologically and genetically (Chapter 1), a set of
ryegrass plants naturally infected with Epichloé (E+) and non-infected plants (E-) from six
populations were transplanted in an experimental filed plot. These plants growing in the field
plot were used to study the alkaloid profiles produced by the Epichloé endophytes (Chapter Il)
and to analyze the effect of Epichloé on nutrient and fiber contents (Chapter lll). A selection of
Epichloé strains (obtained in Chapter I) were used to inoculate commercial cultivars of Lolium
perenne (Chapter 1IV), and this inoculated plants were analyzed for alkaloid profiles (Chapter II).
All Lolium perenne plants (from wild origin and inoculated cultivars) were used to determine
the suitability of NIRS technology for identification of Epichloé endophytes and detection of
alkaloids (Chapter V).
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DIVERSITY OF Epichloé ENDOPHYTES FROM WILD
POPULATIONS OF LOLIUM PERENNE

1.1 ABSTRACT

A total of 358 plants were collected from eight natural communities of Lolium perenne
in western Spain with the aim of identifying the taxonomic diversity of their associated
Epichloé endophytes. Epichloé endophytes were detected in 154 plants (E+), which represent
an average incidence of 43.0%, ranging from 32.0% to 60.0% between communities. From the
E+ ryegrass plants, 169 endophytes were isolated because 15 plants were infected with two
different Epichloé endophytes. The Epichloé cultures obtained were divided into four
morphotypes based on their morphological characteristics: M1, slow growth rate and
brain-shaped cultures; M2, faster growth rate with white cottony aerial mycelium;
M2S, resembling M2 but isolated from host plants bearing stromata; M3,
intermediate growth rate with tan, smooth and flat mycelium. According to a genotypic
characterization based on partial nucleotide sequences of the ITS region and the B-tubulin
(tub2) gene, there were four major groups that clustered into two clades. The first clade was
closer to E. festucae var. lolii and was integrated by two genotypic groups: G1a; including most
of the M1 morphotypes and all M3 morphotypes; and G1b, comprising only M1 morphotype
endophytes isolated from two communities. The second clade grouped endophytes related to
E. typhina, and was composed by two subclades: G2a, endophytes with M2 morphotype and
some with M2S morphotype (stomata producer); G2b, was formed exclusively for the M2S
morphotype. According to the phenotypic and genotypic arrangement, the Epichloé
endophytes isolated from L. perenne could be grouped into six taxonomic groups: M1(G1a),
M1(G1b), M2(G2a), M2S(G2a), M2S(G2b) and M3(G1a).

1.2 INTRODUCTION

As many cool season grasses (subfamily Podideae), Lolium perenne establishes
symbiotic relationships with endophytic fungi of the genus Epichloé, these symbioses are
frequent in nature, and regardless of the host plant or fungal species they share close
similarities. Epichloé infections are chronic; plants will remain infected throughout their life
span. The fungi grow systemically inside the host aboveground tissues with sparsely branched
intercellular hyphae. All Epichloé species have common features in morphology, serology,
secondary product biochemistry, isozyme profiles and life cycles (Schardl et al. 1991).
However, during the host flowering stage, the behavior of these fungi can be differentiated
depending on whether they have a sexual or an asexual reproductive cycle (Figure 2). Asexual
Epichloé endophytes were previously classified in the genus Neotyphodium (Leuchtmann et al.
2014).

12



Sexual Epichloé endophytes may form an external reproductive structure known as
stroma (Figure 7), causing total or partial sterility of the host plant by constriction of the
affected inflorescence, this condition is called choke disease (Clay and Schardl 2002). Sexual
Epichloé species are heterothallic with a bipolar mating system, and receptive hyphae and
spermatia are formed in the same stroma. After successful mating, asci develop within
perithecia and the sexual state culminates with the production and ejection of ascospores able
to infect other grasses via floret infection (Craven et al. 2001b; Schirrmann and Leuchtmann
2015).

In asexual Epichloé species, endophytic mycelium from maternal plants colonize
developing ovaries and then embryos in seeds, being this type of transmission vertical and
clonal, because the same fungal strain that infects a host plant will be transmitted to its seeds.
Asexual Epichloé fungi are proposed to have evolved either directly from a single teleomorph,
due to loss of the sexual state, or as a result of interspecific hybridization events between
species of distinct sexual and asexual lineages (Tsai et al. 1994; Moon et al. 2002; Moon et al.
2004; Gentile et al. 2005; lannone et al. 2009; Hettiarachchige et al. 2015). Some seed-borne
endophytes were considered to be reproductively confined to a single host species by virtue of
the missing sporulation; nevertheless, associations between Epichloé endophytes and closely
related grasses have been created artificially (Christensen et al. 1993). In natural conditions,
cross-species infections would be a mechanism whereby grasses might enhance their effective
biological diversity; for example, it has been hypothesized that when pooid grasses are
occasionally infected by E. typhina from other grass species, the new hosts could suppress the
choke stage and co-opt these fungi as nonpathogenic protective endophytes (Schardl et al.
1991). Thus, it is also conceivable that E. typhina occasionally infects individual plants that
already contain asexual endophytes, resulting in a diversity of endophytes which might allow
the opportunity for hybridization of fungal strains cross by means of either sexual or
parasexual means (Schardl et al. 1991; An et al. 1992; Christensen et al. 1993).

Some reports suggest that much of the success in adaptability of cool season grasses
could be attributed to their evolutionary history with Epichloé endophytes (Shukla et al. 2015),
and that Epichloé-grass interactions play an important role in the ability of plants to survive in
changing environmental conditions (Eaton et al. 2015). However, a positive effect of the grass-
Epichloé symbiosis cannot be generalized, because it depends on plant and fungal genotypes,
as well as on the environmental conditions (Shukla et al. 2015). Although in agricultural
ecosystems it seems to be mutualistic (Saikkonen et al. 2006; Zhang et al. 2011) because the
host supplies the fungus with shelter, nutrients, and a means for dispersion though seeds; and
in turn, the grass receives protection against abiotic stress, pathogens, and herbivores through
the production of alkaloids and other means by the endophyte (Schardl et al. 2004b). The
metabolites produced in Epichloé infected grasses such as ergovaline and lolitrems can cause
significant economic problems for the beef and dairy industries because they are toxic for
mammals, causing fescue toxicosis and ryegrass staggers. Other compounds like peramine and
the lolines are known to have anti-insect activity and might function as potential biocontrol

agents for reducing pest damage in grassland communities (Bacon et al. 1977; Fletcher and
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Harvey 1981; Clay 1987; 1989; 1990; Young et al. 2009). Consequently, it is essential to have
knowledge about the interaction between Epichloé endophytes and grasses in natural systems,
including the number and kind of fungi involved, their effects on the host, and the genetic and
environmental bases of the interaction (Clay 1989). Most studies on Lolium perenne
endophytes have been done with cultivated plants but information about diversity of Epichloé
in wild ryegrass populations is limited.

In countries with intensive livestock production, perennial ryegrass is a key forage
species and many researches have had the goal of improving its production. These research
programs have included surveys for the characterization of their endophytes. Criteria used for
taxonomic identification of Epichloé endophytes have been based on morphological
characteristics, host species preference, alkaloid biosynthesis and their genetic relationships
through the analysis of multiple gene sequences (Jensen and Roulund 2004; Leuchtmann et al.
2014; Hettiarachchige et al. 2015). As result of these surveys, it is known the existence of
considerable variation in cultural characteristics, conidial morphology, ability to produce
stromata, host specificity, genetic variation and alkaloid production among Epichloé
endophytes isolated from wild grasses. In addition, genetic evidence has confirmed that
several Epichloé species can infect the same plant species (Jensen and Roulund 2004; Schardl
et al. 2012; Jia et al. 2015). For example, L. perenne is a host of at least four taxonomic groups
of endophytes that include Epichloé festucae var. lolii (=Neotyphodium lolii); the choke
pathogen E. typhina, an asexual hybrid designated as LpTG-2, and an E. festucae-like
endophyte (Schardl et al. 1994; Moon 1999).

Variability in all of the aforementioned characteristics provides raw material for
biotechnological manipulation, being natural pastures excellent sources of endophytes useful
for grass improvement and plant breeding (Clay 1989) Arroyo et al. 2002). Using such
knowledge, commercially available cultivars of perennial ryegrass have been inoculated with
selected Epichloé endophytes safe for livestock but that confer resistance to abiotic stress and
give protection against insects (Easton et al. 2001; Bluett 2003; Rasmussen et al. 2007; Zhou et

al. 2014) and there is an increasing interest in new strains useful for grass improvement.

With the aim of analyzing the taxonomic diversity of Epichloé endophytes from natural
populations of Lolium perenne, the results of a survey of eight wild populations from different
habitats in western Spain are presented in this study. Plants were analyzed to detect their

associated Epichloé endophytes, and to characterize them morphologically and genetically.
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1.3 MATERIALS AND METHODS

1.3.1 Plant material

The plant sampling was conducted in the spring of 2012. For this work, 358 plants of L.
perenne were collected at eight populations with different ecological characteristics in western
Spain (Table 1). These locations were not cultivated areas, and clumps or individual plants of
perennial ryegrass occurred interspersed with other plant species. At each location,
approximately 50 plants were dug out. Between each pair of sampled plants, a distance of at
least 10 m was left. At some locations, plants with choke disease symptoms were found and
collected (Figure 7).

Table 1 Characteristics of the locations were the Lolium perenne plants were collected.

Location Habitat Altitude : Coordinates : Precipitation Average annual  Number of plants
(masl) Latitude Longitude (mm/year) temperature (°C) collected
Ciudad Rodrigo (CR) Riverbank 625 40°34'48"N  6°30'58"W 531 13.3 25
Divar (DIV)  Grassland 817 40°43’'59”N 5°45’44” 521 12.2 32
Los Valles (LVA) Dehesa grassland 813 40°56'20”" N 6°7'36"W 531 121 49
La Vecilla (LVE) Agricultural land 879 42°42’20"N 5°23'2"W 556 11.2 50
Porqueriza (POR) Dehesa grassland 807 40°58’18”"N  5°57'24"W 531 13.3 50
Potes (P1) Pasture mountain 1355 43°08'48"N  4°28'24"W 780 13.1 48
Tabara (TAB) Oak forest 766 41°50’15”"N  5°58’40"W 379 12.3 51
Valle Fuentes (VAF) Low woodland 1133 42°56’33”"N  5°14’18"W 556 13.3 53

The plants of perennial ryegrass were transported to the Institute of Natural Resources
and Agrobiology of Salamanca, Spain (IRNASA-CSIC) and then transplanted to 2 | pots
containing a mixture of perlite and peat moss (1:1, v/v). The pots were kept outdoors in a

wirehouse, watered regularly.

1.3.2 Incidence and Identification of Epichloé

1.3.2.1 Isolation of Epichloé from ryegrass plants

The procedure to detect the presence of Epichloé endophytes in L. perenne was
conducted immediately after sampling in the field. All collected plants were diagnosed through
fungal isolation. From each ryegrass plant, a sample of leaf sheaths was obtained and cut into
pieces approximately 5 mm long. These pieces were surface sterilized for 10 minutes in a 20%
commercial bleach solution (1% active chlorine), rinsed with sterile water, and placed into
Petri plates (9 cm) containing potato dextrose agar (PDA) (Bacon and White 1994) with 200 mg
I'* of chloramphenicol. The plates were incubated in the dark at room temperature (~22 °C)

and examined daily until the emergence of endophytic mycelium, and then a small amount of
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this mycelium was picked out and transferred to a new PDA plate to obtain a culture. The
presence of Epichloé fungi was also confirmed microscopically by staining stem pith, leaf
sheaths, and seeds of perennial ryegrass with aniline blue (Latch and Christensen 1985; Welty
1986).

1.3.2.2 Morphological Classification

A first approximation to the classification of the Epichloé cultures was based on macro-
and micromorphological characteristics. The morphological characters of all the fungal cultures
were observed on 9 cm Petri plates of three different culture media: potato dextrose agar
(PDA), rose Bengal chloramphenicol agar (RBA), and malt extract agar (MEA). The morphology
of cultures was compared with descriptions from the literature (Christensen et al. 1991; Bony
et al. 2001; Christensen et al. 2002). Radial growth was measured for four weeks in 20
individual Epichloé cultures growing in PDA plates, and the average daily growth rate was
calculated. Microscopic features of the isolates like the presence of conidiophores and conidia
were analyzed in cultures of PDA and water agar maintained at room temperature and at 10
°C. A temperature of 10 °C is reported as a requirement to make cultures of E. festucae var.
lolii sporulate (Christensen et al. 1991). When conidia were produced, small blocks (0.5 x 0.5
cm) of the respective culture medium were removed from the margins of colonies, and
observed at the microscope with a cover slip placed on top of the block (Christensen et al.
1993), and photographed to analyze the shape and to measure the size of conidia (n= 20) from

each culture.

1.3.2.3 Genotypic Classification

A molecular classification of the endophytes isolated was based on the nucleotide
sequence of the ITS1-5.8SrDNA-ITS2 region, and a 5’region of the B-tubulin (tub2) gene. The
oligonucleotide primers: ITS4 (5’- TCC TCC GCT TAT TGA TAT GC -3’), ITS5 (5'- GGA AGT AAA
AGT CGT AAC AAG G -3’) (White et al. 1990), and tub2-exonld-1 (5'- GAG AAA ATG CGT GAG
ATT GT -3'), tub2-exon4u-2 (5’- GTT TCG TCC GAG TTC TCG AC -3’) (Moon et al. 2002) were
used to amplify each one of these regions.

The Epichloé DNA was extracted from approximately 100 pg of mycelium scraped from
PDA cultures using a commercial kit for plant DNA extraction (RedExtract-n-Amp, Sigma-
Aldrich). For both genes, the PCR assay had the same conditions: 2 minutes at 95 °C, 35 cycles
of 1 minute at 94 °C, 1 minute a 54 °C and 1 minute at 72 °C; and a final extension of 10
minutes at 72 °C. Approximately 2.0 ul of fungal extract were used for the polymerase chain
reactions (PCR) performed separately for each gene segment (ITS or B-tubulin) in a
thermocycler (GeneAmp PCR System 9700) The success of the PCR amplification was
corroborated by electrophoresis in 1% agarose gels run in 1X TAE buffer solution (Tris-HCI 2.0
M, acetic acid 5.71% and EDTA 0.006M, pH 8.0) using 2.0 ul of the PCR reaction, stained with
Midori Green (Nippon Genetics) and visualized under UV light.
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For sequencing reactions, amplicons were purified using the MSB spin PCRapace kit
(Stratec Molecular). Both strands of each replicon were sequenced in a 3100 Genetic Analyzer
(Applied Biosciences). Sequence chromatograms were analyzed with Chromas LITE 2.1.1
software (Technelysium Pty Ltd). Nucleotide sequences were aligned with Clustal X version 2.0
software (Larkin et al. 2007). In order to detect distinct genotypes, dendrograms were
constructed with the UPGMA method using MEGA version 6 software (Tamura et al. 2013).
Alignment gaps were treated as partial missing information. Robustness of the genotypic
classifications was estimated by one thousand bootstrap replications. In the phylogenetic
trees, reference sequences of known Epichloé endophytes were included. Phylogenetic
analysis was also performed with the concatenated sequences ordered as ITS-B-tubulin and a

phylogenetic tree was constructed using the same methods described above.

Another criterion for identification among Epichloé endophytes is their capability to
synthesize specific alkaloids. For this purpose, it was examined the nucleotide sequence of the
ItmQ gene, required for hydroxylation of paspaline, a chemical compound essential for the
production of lolitrem B, a indole-diterpene alkaloid, produced in perennial ryegrass infected
by some Epichloé species, which is the major toxin responsible for the ryegrass staggers
syndrome in mammals (Young et al. 2009; Schardl et al. 2013). A set of PCR primers were
designed to amplify a fragment of the gene and to detect its presence or absence, the latter
would indicate the incapability of a given fungal strain to produce lolitrem B. These primers
were the following: tmQF 5-GTA ATT TCA GGC GCC ACC ATT-3’ and ItmQR 5’-TCG AAG AAT
GGA TCG CTG GG-3'. Conditions for PCR were the same as described above with an annealing
temperature of 67.0 °C.

With the aim of detecting the presence of Epichloé hybrids among the endophytes
isolated, all the sequences were checked for presence of ambiguities, consisting in overlapping

of the chromagrams picks when these isolates had two genesof B-tubulin (Figure 4).
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Figure 4 Overlapping of the peacks in the chromatogram indicates presence of two genes of B-tubulin in PCR
products from the AR6 Epichloé hybrid of reference.
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Furthermore, Southern blots were performed using Epichloé DNA extracted as
indicated by Moon (1999) and digested with Pstl and BamHI restriction endonucleases. As a
probe, a PCR-amplified fragment of the tub2 gene labeled with the DIG High Prime DNA
Labeling and Detection Starter Kit Il (Roche) was used. The hybrid of reference was a culture of
LpTG-2 named ARG, donated by Dr. Linda Johnson (AgResearch, Grasslands Research Centre,
New Zealand). Additionally, hybrid condition was evaluated by a PCR amplicon cloning
procedure. Amplicons of the tub2 gene of several Epichloé strains representative of each
morphotype (including the hybrid of reference AR6), were inserted in pJET1.2/blunt plasmids.
The ligation mixture was prepared following the instructions of the CloneJET PCR Cloning Kit
(Thermo Scientific) and used to transform competent Escherichia coli DH5a cells. Six colonies
of the transformed E. coli, containing the Epichloé tub2 inserts of each morphological group,
were screened by PCR and sequencing to compare the homogeneity of such genetic
fragments. Considering that, the hybrid LpTG-2 has two copies of the tub2 gene, each of them
characteristic of its progenitors (E. typhina x E. festucae var. lolii), it was expected to found
differences in the tub2 sequences contained by transformed E. coli. On the contrary, all
transformed colonies with amplicons from non-hybrid Epichloé, must have exactly the same
tub2 sequences.

1.4 RESULTS

1.4.1 Epichloé Incidence

Ryegrass plants were diagnosed as Epichloé infected (E+) when mycelia similar to
morphological descriptions of Epichloé were found in at least one of the following
circumstances: (i) growing out of tissues placed on PDA plates, and being subsequently
isolated, (ii) observed by microscopy in the intercellular space of stem pith and leaf sheath
tissues, or (iii) observed in the aleurone layer of seeds. Taking in consideration these diagnostic
conditions, the presence of Epichloé endophytes was detected in ryegrass plants from all
locations. The average incidence was of 43.0%, ranging from 32.0% in POR to 60.0% in the CR
location (Figure 5).
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Figure 5 Prevalence of Epichloé endophytes in plants of Lolium perenne among the eight locations where the Lolium
perenne plants were collected.

1.4.2 Morphological Classification

The first factors used for differentiation of the Epichloé endophytes isolated from
ryegrass were macromorphological features like the time of emergence from grass tissues,
culture color and shape, and the growth rate observed in three culture media (PDA, RBA and
MEA). Most cultures of Epichloé endophytes were obtained from asymptomatic ryegrass
plants, and could be classified into three distinct morphotypes (Figure 6): (i) M1 morphotype,
hyphae of this group of fungi emerged from plant tissue about one month after placing
ryegrass samples on PDA. Cultures had strongly aggregated 'brain-like' mycelium and the
lowest growth rate (X= 0.19+0.02 mm day™) of all morphotypes (Figure 6a-c). (ii) M2, hyphae
of this morphotype emerged from plant parts about five days after the pieces of ryegrass were
placed in PDA Petri plates. Cultures had white color with abundant cottony aerial mycelium
and the fastest growth rate (= 1.54+0.16 mm day™) (Figure 6e-g). (iii) M3 morphotype, whose
hyphae emerged from plant fragments after about two weeks. In PDA these colonies had flat
and smooth mycelium of light tan color and a growth rate of 0.47+0.06 mm day™ (Figure 6i-k).
A fourth group was referred as M2S, with morphological characteristics similar to the M2
endophytes (Figure 6e-g), but isolated from plants that bore stromata on stems (‘choke

disease’).
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Figure 6 Culture morphology of Epichloé endophytes isolated from Lolium perenne plants in three growth media:
potato dextrose agar (PDA), rose Bengal chloramphenicol agar (RBA), and malt extract agar (MEA). M1
morphotype, slower growth mycelium with convoluted surface (a, b, c); M2 morphotype, faster growth
rate with white cottony aerial mycelium (d, e, f); M3 morphotype, intermediate growth rate with tan,
smooth and flat mycelium (1, j, k). Conidia and conidiophores of M1 morphotype cultures grown in water
agar at 10 °C (d) and of M2 morphotype in PDA at room temperature (~22 °C) (h). M3 morphotype
cultures did not sporulate in the above or other growth media tested.

The growth pattern of the Epichloé colonies with the M1 morphotype was observed to
be very stable, with no changes in form but in size in the different growing media (PDA, RBA
and MEA). Much greater variation was found in colony shape among the M2 and M3
morphotypes, changing their forms and size according to the growth medium (RBA and MEA).
However, after some weeks they developed their distinctive characteristics observed in PDA:
the cottony aerial mycelium for M2 and the tan color for M3. It was noticed that all Epichloé
cultures made in RBA had a slight delay to start growing, and their radial growth was smaller
than in the other media (Figure 6).

Conidia were observed in Epichloé endophytes with M1 and M2 morphotypes and also
in the hybrid (AR6), although different conditions were required for conidia production. The
M1 morphotype cultures produced conidia after three weeks at 10 °C in water agar (Figure
6d), and the M2 morphotype produced conidia at room temperature in PDA (Figure 6h); in
these last conditions, the hybrid also produced conidia. Epichloé endophytes belonging to the
M3 morphotype were sterile in all media and temperatures evaluated (PDA or water agar at
room temperature or 10 °C). The conidia of the three types of endophyte (M1, M2 and hybrid)
had the same reniform shape characteristic of the genus Epichloé but with statistical
differences in size (P<0.001): conidia of M1 and M2 morphotypes had similar length, 4.96+0.18
pm and 5.07+0.09 um respectively; whereas, the hybrid produced larger conidia: 7.80+0.44
pum.
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The number of plants infected by each morphotype of Epichloé, and their distribution
per location are shown in Table 2.

Table 2 Morphotypes of Epichloé endophytes isolated from Lolium perenne and their distribution by plant origin.

Morphotype of the Epichloé endophyte hosted"

Plant origin n' M1 M2 M3 M2S
Percentage of plants (%)

CR 16 18.8 18.8 18.8 43.8
DIV 11 27.3 18.2 0.0 54.5
LVA 38 36.8 23.7 23.7 15.8
LVE 22 95.5 45 0.0 0.0
POR 18 222 11.1 111 55.6

PI 21 33.3 0.0 0.0 66.7
TAB 26 423 7.7 0.0 50.0
VAF 17 76.5 5.9 0.0 17.6
n:z;i'((% 169 48.2 13.1 10.2 285

The morphotypes were: M1= slow growth rate with ‘brain-like form’; M2= faster growing rate with cottony aerial
mycelium; M3= intermediate growth rate with tan, smooth aerial mycelium; and with the choke disease M2S = M2
from plants with stromata (see Figure 6).

The most common endophyte hosted by ryegrass plants was the M1 morphotype,
present in 48.2% of the infected plants, plants with the M3 morphotype composed 28.5% of
the samples. There were 18 plants associated with the M2 morphotype (13.1%), and 14
ryegrass plants (10.2%) had stromata producing endophytes (M2S). In three locations (CR, LVA
and POR) the four Epichloé morphotypes (M1, M2, M2S and M3) were detected. No stromata
characteristics of choke disease were observed in plants from DIV, Pl, TAB or VAF locations.
Plants from LVE, the only sampling site adjacent to agricultural lands, had the most
homogeneous endophyte population with 95.5% belonging to M1 morphotype and one plant
harboring an M2 endophyte. The only location where no M2 morphotypes were isolated was
Pl, Epichloé isolated from plants of that location belonged to M1 (33.3%) and M3 morphotypes
(66.7%).

From 154 E+ plants, 169 Epichloé isolates were obtained. This happened because from
15 individual ryegrass plants two Epichloé endophytes with different morphotype were
isolated. These double infections were observed in two circumstances: (i) healthy plants with
normal growth; (ii) when the same plant produced both healthy reproductive stems with seed

heads and stems with stromata (Figure 7).
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Figure 7 Healthy seed head and stroma of a single Lolium perenne plant infected with two morphologically different
Epichloé endophytes.

In doubly infected asymptomatic ryegrass, the double infection status was
corroborated through subsequent fungal isolations until two fungal phenotypes were obtained
from single plants. In choked plants in which healthy seed heads were also produced (Figure
7), double infection was verified by germinating the seeds in water agar and transplanting the
seedlings to pots with sterile substrate (perlite:peat moss, 1:1, v/v). After three months these
new plants were diagnosed and endophytes were classified as belonging to M1 or M3
morphotypes. Double infected plants (DI) had always M2 endophytes, able or not to produce
stromata (M2S), and one of the asymptomatic Epichloé (M1 or M3), in four combinations
designed according to their endophytes hosted as: DI(M2/M1) and DI(M2/M3), for
asymptomatic grasses; and DI(M2S/M1) and DI(M2S/M3) for plants that developed choke
disease (Figure 7). There were no cases in which the M1 and M3 morphotypes were isolated
from the same plant. Double infections were not detected in plants from DIV, Pl and VAF; on
the other hand, seven plants, 14% of the samples from LVA, were double infected (Figure 8).
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Figure 8 Lolium perenne plants per location detected as infected by two morphologically different Epichloé
endophytes, namely double infection (DI).

1.4.3 Genotypic classification

Phylogenetic analyses were performed using partial sequences of the internal
transcribed spacers 1 and 2 (ITS1-5.8SrDNA-ITS2) and the B-tubulin gene (tub2), with
representative sequences of characterized Epichloé endophytes obtained from the GenBank
database. The genotypic classification was based on an ITS sequence of approximately 480
base pairs (bp) containing 18 variant sites (excluding deletions), 16 of which were informative.
The alighment analysis revealed two major clades, one enclosing M1 and M3 sequences into
the same clade as the reference sequences of E. festucae var. lolii; and the second clade was
comprised by M2 and M2S morphotypes which sequences were similar to those of E. typhina,

the causal agent of choke disease (Figure 9).
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Figure 9 Phylogenetic analysis based on the nucleotide sequence of ITS1-5.8SrDNA-ITS2 region of Epichloé
endophytes isolated from Lolium perenne. The tree was made using the UPMGA method and the
bootstrap test is based on 1000 replicates. Letters “a” and “b” indicate endophytes isolated from double
infected ryegrass plants. Morphology of endophytes is indicated next to the sample name and with
different symbols.
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The first clade was composed by four subclades, which differentiated among them in
substitution of only one nucleotide; this difference was corroborated by resequencing some
samples of each subclade at least two times. The major subclade contained sequences from
M1 and M3 morphotypes. There was a subclade with 20 sequences of M1 morphotypes
isolated exclusively at LVE and VAF locations, these fungi differed from other M1 endophytes
by a single substitution (G=>A) around nucleotide 325. A third subclade contained four
sequences all them belonging to M1 endophytes isolated from DIV and POR, differentiated
from sequences of the first clade by the substitution C=>G in nucleotide 32. The sequence of
the LVA27 isolate with M3 morphotype was different to other endophytes because of a
substitution in nucleotide 227 (G—>A). The second clade contained indistinguishable sequences
of the M2 and M2S morphotypes, only the sequence of the CR16 isolate was different, it had a
substitution (A->G) in the nucleotide 82.

The phylogenetic analysis performed with the partial sequences of the B-tubulin gene
(tub2) produced an 836 nucleotide long sequence alignment, with 53 variant sites (excluding
deletions), 37 of which were informative. The dendrogram grouped the Epichloé endophytes
into two main clades. Similarly to the ITS dendrogram, there were no specific sequence
differences among the M1 and M3 morphotypes; in contrast, there was a split into two
subclades of the M2 morphotypes as a consequence of one variant site (bp 155, T->G). One of
the subclades consisted of four samples of stromata-forming endophytes. The two sequences
of the hybrid LpTG-2 (E. festucae var. lolii x E. typhina) were allocated in different clades
identified respectively as AR6-1 and AR6-Il (Figure 10). The sequence AR6-I had one
substitution (bp 116, G>T) with respect to the major subclade closer to the reference
sequence of E. typhina, and the AR6-ll sequences differs in nucleotide 734 (T->C) when

compared to other sequences of E. festucae var. lolii.
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Figure 10 Phylogenetic analysis based on the 5’ region of the B-tubulin (tub2) gene of Epichloé endophytes isolated
from Lolium perenne. The tree was made using the UPMGA method and the bootstrap tree is based on
1000 replicates.. Letters “a” and “b” indicate endophytes isolated from double infected ryegrass plants:
Morphology of endophytes is indicated next to the sample name.
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With the concatenated phylogenetic analysis using the ITS and B-tubulin (tub2) gene,

there was a division of the Epichloé sequences into four genotypic groups as shown in Figure

11.
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Figure 11 Phylogenetic analysis based on the nucleotide sequence of ITS1-5.8SrDNA-ITS2 region and the B-tubulin
(tub2) gene of Epichloé endophytes isolated from Lolium perenne. The tree was made using the UPMGA
method and bootstrap test is based on 1000 replicates. Letters “a” and “b” indicate endophytes isolated
from double infected ryegrass plants. Morphology of endophytes is indicated next to the sample name.
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Each subclade in the concatenated dendrogram was designated as belonging to a
different genotypic group. The M1 and M3 morphotypes were mixed in the first subclade
(genotype G1a). The second subclade (genotype G1b) was comprised exclusively of sequences
of the M1 morphotype infecting plants from LVE and VAF, the sequence of these M1
morphotypes differed from those of genotype G1la in the ITS region. The second clade grouped
M2 and M2S endophytes, closely related to E. typhina, and was integrated by genotypic groups
G2a in the third subclade with M2 and M2S morphotypes, and the fourth subclade (genotype
G2b) was composed solely by M2S endophytes (stromata producers) and identified with the
tub2 gene. Sequences of endophytes isolated from double infected plants (signaled with
letters “a” and “b” in Figure 9, Figure 10 and Figure 11) were distributed along the three first

genotypic groups.

The presence of the gene /tmQ, related to the production of lolitrem precursors, was
detected in Epichloé endophytes belonging to M1 and M3 morphotypes, with no detection of
this gene neither in M2 and M2S morphotypes or in the hybrid LpTG-2 (Figure 13).

Figure 12 Electrophoresis gel for PCR screening of the /tm gene in different morphotypes of Epichloé endophytes:
hybrid LpTG-2 (AR6) (lane 1), M1 (lanes 4, 7, 11), M2 (lane 5), M2S (lane 3), M3 (lanes 6, 9, 10) and blank
(lane 12).

To check the possible existence of hybrids among the Epichloé isolates, all sequences
were carefully studied for ambiguities, all the B-tubulin sequences of the isolated Epichloé,
indicating only a single form of the gene (Schardl et al. 1994). All the endophytes selected to
evaluate their hybrid condition through the Southern Blot showed a single copy of the B-
tubulin (tub2) gene, only the control (LpTG-2) showed two distinct bands indicative of the

existence of two copies of the tub2 gene (Figure 13, lane 3).
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Figure 13 Southern blot analysis of B-tubulin (tub2) genes for determination of Epichloé hybrids isolated of Lolium
perenne. Total DNA preparations were from morphotypes: M1 (lanes 1, 2 and 5), M2 (lane 7), M2S (lane 4)
M3 (lane 6) and hybrid LpTG-2 (AR6)(lane 3).

Hybrids of Epichloé were not detected neither by Southern blot or through cloning.
The cloning test, showed that the six sequences of the E. coli DH5a cells transformed with the
tub2 amplicons from the M1, M2, M2S and M3 Epichloé morphotypes were 100% identical. On
the other hand, two of the six sequences of the E. coli DH5a cell transformed with tub2
amplicons from the AR6 hybrid, were identical to a reference sequence of E. festucae var. lolii
and close to endophytes of the M1 and M3 morphotypes; one sequence was closer to E.
typhina and M2 and M2S morphotypes; and three sequences, were chimeras, different
between themselves, having fragments of the tub2 gene of both E. festucae var. lolii and E.
typhina randomly ordered.

1.5 DISCUSSION

Epichloé endophytes were present at all the locations surveyed, and their incidence
was relatively high (X =43.0%) in comparison to those observed in other surveys of wild
populations of Lolium perenne in Europe. Lewis et al. (1997), analyzed 523 perennial ryegrass
populations from 20 different European countries and found Epichloé endophytes in 62% of
the accessions, 48% of them had incidences ranging between 1% and 50%, and only 14%
between 50% and 100%. In a survey of 262 wild populations of ryegrass in France, Ravel et al.
(1997b), found Epichloé endophytes in 47% of the locations and the average infection rate was
of 25%. In Germany, Oldenburg (1997) reported incidences below 30% on most locations
analyzed, and Hesse (2002), found endophytes in 74% of the tested sites, with incidences
lower than 50%. Other studies have reported between 64% - 72% of locations infected by
Epichloé endophytes, with infection rates of 33% in Northern Spain, 18% in Denmark and 6% in
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Germany ,(Oliveira and Castro 1998; Jensen and Roulund 2004; Dobrindt et al. 2013), but no
survey has reported the presence of Epichloé in 100% of the examined locations, as in this

work.

The higher frequency of Epichloé in L. perenne observed in this survey could be related
to the dry climatic conditions of western Spain, where plants were collected. Greater infection
levels have been reported for warm and dry areas, suggesting that such conditions may impart
a selection pressure that favors Epichloé infection (Lewis et al. 1997; Oliveira and Castro 1998;
Hesse et al. 2003). For example, Lewis et al. (1997) found that infection frequency was
significantly related to water-supply deficit, an indicator of drought stress, exerting a selection
pressure in favor of endophyte infection. In France, Leyronas and Raynal (2001) observed that
endophytes most often were present where the grass may suffer from summer drought, and
Gibert et al. (2012) also found that Epichloé symbiosis was negatively correlated to water
availability analyzing 22 perennial ryegrass populations from the French Pyrenees, and
reported that Epichloé infection increased plant survival in xeric populations, and reinforced
competitiveness in mesic populations. In this same regard, Hesse (2002), found an endophyte-
inducted increase in root dry weight and root/shoot ratio that could be beneficial for plant
persistence, especially on sites where water is a growth-limiting factor. This may be of vital
importance for plant survival, especially in locations where water is the limiting factor, and
could help explain the greater number of infected plants found on dry sites and in regions with
a Mediterranean climate (Hesse et al. 2003). Thereby water availability appears to be an
important environmental factor in endophytic symbioses functioning in the natural
environment, but such effect under water-limited conditions is still a subject of debate (Gibert
et al. 2012). According to the results of this chapter, it was found a high incidence of Epichloé
in the locations with lower precipitation (LVA 56% and TAB 49%), following the reported trend,
but the location with the highest precipitation (PI) was not the one with the lowest endophyte
incidence. Therefore, even when environmental conditions may highly influence the incidence
of Epichloé, there are other factors which are known to also impact negative or positively on
the endophyte infection rates, such as the endophyte and the plant genotypes, pest and

grazing pressure, or soil nutritional condition.

Epichloé endophytes were isolated from 154 plants representing a wide range of
perennial ryegrass wild ecotypes. Each Epichloé isolate was kept under the same conditions
and culture media. Two of the criteria for differentiation among the Epichloé endophytes were
the delay in emergence from grass tissues, and the radial growth rates of colonies. The lapses
of time that took to the Epichloé hyphae to be visible in PDA were similar to those reported by
Christensen et al. (1991), that described some Epichloé isolates from L. perenne visible within
three to seven days. Although most Epichloé described herein required at least ten incubation

days for mycelium to emerge, with some isolates taking over 30 days.

Endophytes from asymptomatic plants were classified according to their macroscopic
features into three groups (M1, M2, M3) and it was decided to group stromata-producing
endophytes in a fourth group (M2S) due to the important physiological alterations in their host
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grass. Since the way of reproduction and dissemination of the Epichloé endophytes is an
important factor for their taxonomic classification, it was found that 89.8% of Epichloé-
infected plants were asymptomatic, harboring M1, M2 and M3 morphotypes, and 10.2% of
ryegrass plants were infected with stromata-producing endophytes (M2S morphotype).
Epichloé endophytes belonging to M2 morphotype (13.2% of isolates), produced stromata in
some plants when they were transplanted at a field-plot but not when they were growing in
pots. Zabalgogeazcoa et al. (1999), observed that in Festuca rubra infected by E. festucae,
stromata may be formed occasionally and only a small number of reproductive tillers or any
plant may be affected. Thus, it has been speculated that when pooid grasses are occasionally
infected by E. typhina from other grass species, the new hosts could suppress the choke stage
and that certain environmental conditions (e. g. low nitrogen fertility) can cause moderate to
high levels of choke disease (Schardl et al. 1991). Around the sample sites where L. perenne
was collected, other grass species such as Brachypodium phoenicoides, Holcus lanatus and,
Dactylis glomerata have been detected as infected with E. typhina (Zabalgogeazcoa et al. 2003;
Zabalgogeazcoa et al. 2008), therefore the possibility of Epichloé typhina from other hosts

infecting ryegrass samples is highly probable.

Considering the microscopic observation in all cases (asymptomatic: M1, M3, M2; and
stroma-producer endophytes: M2S) it was observed the same hyphal pattern in planta that fit
with the descriptions reported by Christensen et al. (2002) of Epichloé endophytes in the
tissues of ryegrass. However, there were differences in their ability to produce conidia: the M3
endophytes were sterile, with no production of conidia; and even though the M1 and M2
morphotypes produced conidia with similar shape and sizes, the conditions needed for their
production were distinct. Clay (1990), indicated that sexual and asexual Epichloé endophytes
have similar conidial morphology in culture and Christensen et al. (1993), reported that conidia
of slow growing Epichloé fungi were not observed when grown at 20 °C but some produced
conidia when grown on PDA or cornmeal dextrose agar at 10 °C. Differences in conidia length
produced by M1 and M2 morphotypes with respect to the hybrid AR6, according to Kuldau et
al. (1999), are due to genome size, in this case the larger conidia are indicator of heteroploidy;
whereas shorter conidia size produced by M1 and M2 morphotypes could reflect their haploid

condition with apparent no hybrid nature.

Combining macro- and microscopic morphological characteristics, the M1
morphotypes fit with descriptions of E. festucae var. lolii, and M2S are phenotypically similar
to E. typhina (Christensen et al. 1991; Bony et al. 2001). However, although it is known that
exist high morphological variability in ecotypes of the Epichloé fungi and particularly among E.
festucae var. lolii strains (Bony et al. 2001) there are no reports of morphological descriptions

similar to isolates designated as M3.

Besides morphological, physiological and biochemical characteristics considered in
taxonomy of the grass mycosymbionts, DNA sequence comparisons provide direct indications
of relative diversity and genetic interrelationships (Schardl et al. 1991). The sequence-based

phylogram with two molecular markers widely used in fungi classification (ITS and tub2),
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contritubes to have a taxonomical approximation of groups of Epichloé endophytes isolated.
The concatenated dendrogram displayed strong bootstrap support for the presence of two
main clades conformed by four major genotypes, which coincided with the morphological
division of the endophytes. In the first clade the sequences of asexual endophytes M1 and M3
were allocated, together with E. festucae var. lolii reference sequences. Some M1 isolates
were genetically indistinguishable of morphotype M3, although other differences were
discernible, not only morphologically, but also in their ability to sporulate and in their alkaloid
profiles (Chapter IV); therefore, undoubtedly they represent different biotypes of Epichloé
endophytes. The second clade grouped sequences genetically similar to E. typhina (M2 and
M2S morphotypes). The subclade or genotype designated G2b was composed uniquely for
four sequences of M2S endophytes; whereas, the genotype G2a was most common and was
composed by producers, non-producers and facultative stomata producer fungi. In this regard,
there are reports which propose that sexual endophytes such as E. typhina are comprised by a
group of cryptic species representing different taxa, including subspecies (Clay and Schardl
2002; Zabalgogeazcoa et al. 2008; Leuchtmann et al. 2014; Schirrmann and Leuchtmann 2015).

Respect to the difficulties found to separate genetically the M1 and M3 morphotypes
and to divide the genetic group G2a between fungi with the ability to produce or not stromata,
Craven et al. (2001b) pointed up that there are potential limitations if sequence analyses do
not adequately fit with biological speciation, and it may be difficult to identify species on a
strictly phylogenetic basis.

In this survey, the asexual endophytes with morphological and genetic similarity to E.
festucae var. lolii were predominant (M1= 48.2% of isolates). In other surveys, it has been
reported that this endophyte is predominant in wild and cultivated accessions in France,
Denmark, New Zealand, Australia and other countries (Bony et al. 2001; van Zijll de Jong et al.
2008). Endophytes of one genetic group (G1b) were isolated exclusively from plants of two
communities (LVE and VAF). van Zijll de Jong et al. (2008), reported that most endophytes in
their survey clustered into three groups that corresponded to major geographical regions,
probably due that natural habitats have different types of selection pressure over the plants
and these endophytes, as obligate symbionts, co-evolve with their host (Craven et al. 2001b;
Clay and Schardl 2002; Hesse et al. 2003).

The Epichloé endophytes isolated in this survey; were classified into four major
taxonomic groups, similar to those described by Moon (1999), but without the detection of
Epichloé hybrids as indicated by sequence chromatograms, the Southern blot and cloning
assays as well the conidia size of the M1 and M2 morphotypes. In some of the ryegrass
communities conditions that afford the opportunity for fungal hybridization were observed;
for example, several Epichloé morphotypes in the same grass community occurred in
sympatry, and the presence of doubly infected plants may result in hyphal fusion, and
parasexual recombination might occur (Clay and Schardl 2002). Schirrmann and Leuchtmann
(2015) explained that formation of interspecific Epichloé hybrids can be limited by differences
in the host phenological stage, habitat or abiotic factors. Thus, Clay and Schardl (2002)
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observed that in plants containing two endophytes most tillers were infected with just a single
endophyte and Wille et al. (1999) reported that in Bromus erectus artificially inoculated with
two different strains of E. bromicola only one of 139 analyzed tillers was colonized by two
endophyte genotypes, they explained that since this tiller was young at the time of harvest, it
is conceivable that this co-existence would have disappeared with increasing tiller age.

Despite the absence of hybrids in the Epichloé endophytes studied, a wide range of
possible endophyte combinations was found in the set of analyzed plants, resulting in at least
six perennial ryegrass ecotypes in agreement with the morphological and genetic features:
M1(G1a), M1(G1b), M2(G2a), M2S5(G2a), M2S5(G2b), M3(G1a); plus the occurrence of plants
with double infections: DI(M1/M2), DI(M2/M3), DI(M2S/M1) or DI(M2S/M3). This wide variety
of Epichloé/ryegrass associations may include some ecotypes with useful alkaloid profiles
(Chapter Il) or improved forage quality (chapter IV) which represent an important source of

biological material for improving forage grasses.

1.6 CONCLUSIONS
Results of this chapter have indicated that there was high diversity of fungal Epichloé

endophytes between and within the eight wild locations of Lolium perenne studied. Among
asymptomatic ryegrass plants three culturable morphotypes of Epichloé (M1, M2 and M3)
were characterized, plus another morphotype obtained from stroma producing plants (M2S).
These endophlytic fungi characterized into four morphotype were classified into two species
according to the genotypic analysis: M1 and M3 morphotypes belonged to Epichloé festuae
var. lolii, and M2 and M2S morphotypes were E. typhina and several several genotypic groups
were detected among them. There were two main genotypes of E. festucae var. lolii, the major
of them (G1a) included part of colonies with the M1 morphotype and all the colonies with the
M3 morphotype, the other genotypic group (G1b) were composed by endophytes with the M1
morphotype isolated uniquely from plants of two locations; the endophyte classified as E.
festucae were also composed by two distinctive genotypes, the most numerous (G2a)
encompass strains with variable ability to produce stromata in their host grass, the second

genotype (G2b) consisted in fungi that always produced stromata in their host.

It was observed that in wild population of L. penne a wide range of possible endophyte
combinations was found, resulting in at least six perennial ryegrass ecotypes in agreement
with the morphological and genetic features: M1(Gla), M1(G1lb), M2(G2a), M2S(G2a),
M2S(G2b), M3(G1la); plus the occurrence of plants with double infections: DI(M1/M2),
DI(M2/M3), DI(M2S/M1) or DI(M2S/M3). This wide variety of Epichloé/ryegrass associations
may include some ecotypes that could withstand better to particular stressful conditions,

which represent an important source of biological material for improving forage grasses.
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ALKALOID PRODUCTION IN LOLIUM PERENNE IN
RELATION TO THE EPICHLOE MORPHOTYPE HOSTED

11.1 ABSTRACT

Alkaloids production in Lolium perenne plants is firstly controlled by Epichloé
endophytes, although there are other factors that can influence their synthesis and
concentration. There have been lot of researches on symbiotic relationship of commercial
cultivars of ryegrass with Epichloé endophytes; however, studies about the influence of
Epichloé on alkaloid production in non-cultivated perennial ryegrass are scarce. In this chapter,
the concentration of peramine, lolitrem B and ergovaline alkaloids in a heterogeneous set of
perennial ryegrass from wild origin was analyzed. These plants were naturally infected with
one of the asymptomatic (EO, M1, M2, and M3) or stromata producer (M2S) Epichloé
endophytes. In addition, these analyses were also done for plants doubly infected with two
different Epichloé endophytes (DI). The concentrations of alkaloids were studied at three
harvests: October 2013 in wirehouse, and May and November 2014 in a field-plot.
Additionally, alkaloid production was evaluated into two commercial cultivars of ryegrass
artificially inoculated with selected Epichloé strains.

The taxonomic group of the Epichloé endophyte had the strongest influence on
synthesis and proportion of plants in which each alkaloid was produced. Plants harboring M2S
Epichloé endophytes had the highest concentration of peramine; plants infected with M3
endophytes produced more lolitrem B, and the highest concentration of ergovaline was found
in ryegrass with endophytes M1. In Dl-plants, it was observed the same patterns of alkaloid
production but with higher concentration than in the single infected ones, possibly as result of
a synergistic effect. The harvest time also had influence on proportion of plants and
concentration on which each alkaloid was detected. The proportion of plants that produced
peramine and their concentrations were higher in ryegrass from wirehouse. Lolitrem B was
produced in a lower percentage in plants from the wirehouse but in higher concentration than
in plants from the field-plot. Ergovaline was found more frequently in ryegrass plants from
wirehouse, but did not varied among harvests. In inoculated plants, the type of alkaloid
produced and its concentration was dependent on the morphotype of the Epichloé endophyte
hosted. Although, the presence of alkaloids was detected only in half of the successfully
inoculated plants; thus, peramine was detected in higher concentration and lolitrem B in lesser
quantity than in naturally infected ryegrasses; whereas, in any plant presence of ergovaline
was detected; which indicates that the host grass also exerted influence on alkaloid

production.
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11.2 INTRODUCTION

One of the most studied and an important characteristic on symbiotic interactions of
grasses with Epichloé endophytes is related to the production of secondary metabolites.
Epichloé endophytes produce in planta a range of alkaloids and the best-known can been
grouped into four classes including, pyrrolopyrazine (peramine), indole-diterpenes (lolitrem B),
the ergot alkaloids (ergovaline) and aminopyrrolizidines (lolines) (Figure 14). These alkaloids
enhance the competitive ability of endophyte-infected grasses by protecting them from
herbivory; and the affected organisms depend upon the type of alkaloids produced that, in
general, may be involved in anti-insect (peramine and lolines) and/or anti-mammalian
activities (lolitrems and ergot) (Schardl et al. 1991; Siegel and Bush 1996; Bush et al. 1997,
Young et al. 2009).
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Figure 14 Chemical structures of the most common compounds for each chemical group of alkaloid produced in
grasses infected with Epichloé endophytes.

Peramine is the only known pyrrolopyrazine alkaloid produced and it is also the most
widely distributed alkaloid in Epichloé-grass associations (Lane et al. 2000; Clay and Schardl
2002). Peramine consists of a lipophilic pyrrolopyrazine ring and a hydrophilic guanidinyl side
chain, and it is less lipophilic than the other alkaloids (Siegel and Bush 1996). Peramine was
first identified in extracts of perennial ryegrass infected with Epichloé festucae var. lolii (Rowan
et al. 1986), and it has been shown to be a potent feeding deterrent of adult Argentine stem
weevil (Listronotus bonariensis), an economically important pest in New Zealand, and also of

other insect herbivores (Rowan et al. 1990; Rowan 1993).

35



Indole-diterpene alkaloids in Epichloé-grass associations are known commonly as
lolitrems, these compounds have a core structure comprising a cyclic diterpene skeleton.
Lolitrem B, is the predominant compound from this group and is responsible for ryegrass
staggers, a neuromuscular disorder in which affected mammals develop ataxia and tremors.
Sheep experienced short prancing steps usually resulting in arched back and rigid extended
limbs held in a tetanic spasm of several minutes duration and cattle usually collapse onto the
brisket with legs splayed (Mortimer 1983; MclLeay et al. 1999). This syndrome has been
commonly identified in livestock grazing ryegrass pastures infected with E. festucae var. lolii,
after long periods of water stress (Fletcher and Harvey 1981; Gallagher et al. 1984; Gallagher
et al. 1985). Lolitrem B also has biological activity against Argentine stem weevil larvae and
other insects (Prestidge and Gallagher 1988). Other classes of indole-diterpenes, the epoxy-
janthitrems and the terpendoles that also have been isolated from perennial ryegrass infected
with E. festucae var. lolii, have similar antiherbivore activity than lolitrem B (Gatenby et al.
1999; Parker and Scott 2004; Tapper and Lane 2004).

The ergot alkaloids are represented by several compounds with an ergolene ring
system, and ergovaline is the predominant Epichloé-derived ergot alkaloid in grasses (Garner
et al. 1993; Guerre 2015). This alkaloid is the cause of fescue toxicosis, that occurs in cattle
grazing tall fescue pastures infected with E. coenophiala, effects of which may include poor
weight gain, hyperthermia, convulsions, reduced fertility, gangrene of the extremities and
death (Bacon 1995). In perennial ryegrass, ergovaline has been associated to vasoconstriction
(Dyer 1993), which reduces peripheral blood flow (Rhodes et al. 1991; Schmidt and Osborn
1993) and the ability to dissipate heat and therefore can exacerbate ryegrass staggers in sheep
(Bluett et al. 2005). Ergovaline also enhance the persistence and productivity of ryegrass
pastures by protecting them against attacks of black beetle (Heteronychus arator) (Ball et al.
1997b).

The alkaloids commonly referred to as lolines are saturated pyrrolizidines that have a
strained ether bridge between aliphatic carbon atoms and they occur almost exclusively in
grasses associated with Epichloé. The major loline alkaloids are N-formylloline, N-acetylloline
and N-acetylnorloline and all of them exhibit broad spectrum deterrence and insecticidal
activity (Siegel et al. 1990; Bush et al. 1997; Wilkinson et al. 2000; Schardl et al. 2007). N-
acetylnorloline, has been reported as the causative agent of fescue eodema, a toxic syndrome
whose clinical signs include inappetence, depression, and subcutaneous oedema of the head,
neck, chest and abdomen of horses grazing pastures of tall fescue (Schedonorus arundinaceus
= Festuca arundinacea = Lolium arundinaceum) infected with some specific strains of E.
coenophiala (Bourke et al. 2009). Wounding of plants induces high levels of lolines, that can
accumulate up to 2% of the dry weight of the infected plant’s dry mass, exceeding in quantity
other alkaloids (Spiering et al. 2002).
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The presence of Epichloé in pastures has caused important economic losses due to the
toxic effects of the alkaloids, in countries like US, New Zealand or Australia where
monocultures of endophyte-infected tall fescue and perennial ryegrass occupy large areas. In
US, Allen and Segarra (2001) estimated losses of about 2000 million USD in beef industry, as
impact in loss of weight in cattle; and losses of 340 million USD in reproductive and death of
livestock. In addition, Reed et al. (2004) highlighted that losses caused by subclinical
concentration of endophyte toxins may greatly outweigh the economic losses associated with
staggers, heat stress and deaths associated with clinical symptoms. On the other hand,
Argentine stem weeuvil is ranked as the most important pasture insect pest in New Zealand, the
total cost to the country being estimated at 78 to 251 million AUD per year. Several
observations have shown that the presence of peramine alkaloid is crucial to ryegrass pastures
for protection against this pest. As a consequence, in pasture grazing systems, current
strategies for forage grass improvement focus on the utilization of selected endophytes which
maintain insect deterrent properties (peramine and lolines) while minimizing negative
detrimental impact of alkaloids toxic to livestock (lolitrem B and ergovaline) (Repussard et al.
2014b).

Depending on their genetic background, Epichloé endophytes are responsible for the
synthesis of the four main classes of alkaloids. Particular gene clusters are involved in the
biosynthesis of each alkaloid including ergot alkaloids, indole-diterpenes, and lolines
(Panaccione et al. 2001; Spiering et al. 2002; Wang et al. 2004, Spiering et al. 2005b; Young et
al. 2005; Schardl et al. 2007) ; whereas, a single gene is required for peramine production
(Tanaka et al. 2005). Nevertheless, a grass naturally infected with Epichloé endophyte that
possesses all four alkaloid classes has not been identified yet. Three types of alkaloids have
been detected in perennial ryegrass infected with its most common endophyte, E. festucae
var. lolii, those include peramine, lolitrem B and ergovaline (Siegel and Bush 1996; Bush et al.
1997). No loline alkaloids have been detected in perennial ryegrass infected with E. typhina, E.
festucae var. lolii or the hybrid LpTG-2 (E. typhina x E. festucae var. lolii ) (Siegel et al. 1990;
Schardl et al. 2004a), because they lack the complete gene cluster essential for loline synthesis
(Spiering et al. 2005b; Young et al. 2013); whereas E. festucae, in Festuca rubra had heritable
variation for loline expression (Wilkinson et al. 2000). In inoculation tests of perennial ryegrass
with E. coenophiala isolated from F. arundinacea production of lolines has been detected,
although with lesser concentration than in the original host (Siegel et al. 1990; Bush et al.
1993).

Besides the endophyte genetic background, alkaloid production and concentration in
plants are affected by factors, like host plant genotype, plant tissue and phenological stage and
environment. Expression studies have shown that the genes controlling alkaloid biosynthesis
are up regulated in planta, which suggest that host-specific signaling influences the pathways
on alkaloid production (Spiering et al. 2002; Young et al. 2005; Tanaka et al. 2006; Hahn et al.
2008; Zhang 2008). Thus different alkaloid profiles can be expected in the same grass-

endophytes species combination.
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Each epichloid-alkaloid has a particular pattern of accumulation in the host grass
according to the phenological stage of the plant and the hyphal growth of the endophyte.
Peramine, as a water-soluble compound, is almost evenly distributed in the plant and does not
accumulate in older tissues; its concentration decreases as leaf age increases, and it is higher in
the regrowth component than in the basal parts of the plant (Keogh et al. 1996; Ball et al.
1997a). The lolitrem B and ergovaline alkaloids, which are lipophilic, and consequently less
readily mobile, are more closely linked to endophyte mycelium (Ball et al. 1995; Keogh et al.
1996; Ball et al. 1997a). Lolitrem B accumulates over time, showing a negative basal-apical
gradient, its concentration is high in the older tissues in the sheath of outer leaves or dead leaf
material, where the fungal mycelium is declining (di Menna et al. 1992; Keogh et al. 1996; Ball
et al. 1997a). The concentration of ergovaline follows a basal-apical increase up the sheath and
the leaf blade above the ligular zone, paralleling the concentration of mycelium, with the
highest concentrations in the crown and inflorescence (Lane et al. 1997; Lane et al. 2000; Reed
et al. 2004). Lolines accumulate during the vegetative stage, mostly in the pseudostem with

the lesser concentration in the leaf blade and senescent tissues (Siegel and Bush 1996).

Alkaloid levels in plants have strong seasonal variations, as a consequence of the plant
development and endophyte life cycle (Lane et al. 2000). Concentrations tend to be lower in
winter and early spring, rising with inflorescence development in late spring, and peaking again
in late summer with seed production which is the transmission way of the endophyte
(protection) (Ball et al. 1997a; Repussard et al. 2014b). Several environmental factors can
affect alkaloid concentrations. It has been reported that alkaloid production increased when
water availability decreases (Belesky et al. 1989; Eerens et al. 1998; Hahn et al. 2008). Fertilizer
supply can also alter alkaloid concentrations; for example, high levels of soil nitrogen and
phosphorus can increase the production of ergopeptide alkaloids (Arechavaleta et al. 1992;
Malinowski et al. 1998; Richardson et al. 1999). Some studies revealed an increase in
ergovaline concentrations with nitrogen fertilization, but this effect varied with the dose, the
kind of fertilizer, and the year of the assay (Lyons et al. 1986; Belesky et al. 1988; Rottinghaus
et al. 1991). The effects of nitrogen fertilization also seem to vary with the part of the plant
analyzed, an increase of ergovaline level was observed in the leaves but not in the

inflorescence (Repussard et al. 2014a; Guerre 2015).

The ability of some Epichloé endophytes to form artificial symbioses with different
species, genera or tribes of plants, offers a powerful tool for the development of new
beneficial grass-endophyte associations (Simpson and Mace 2012; Young et al. 2013). Taking
advantage of this feature, characterization of naturally occurring Epichloé endophytes, and
their subsequent artificial inoculation on endophyte-free grass cultivars (Siegel et al. 1990;
Gillanders 2007), have made possible that currently, several commercial grasses contain
endophytes that do not lead to the accumulation of toxic alkaloids for livestock in the host
plant. Moreover, turfgrass infected with non-pathogenic fungal endophytes may help meet
demands for reduced pesticide use and for lower inputs in maintenance of turf and sod
production. For instance, in perennial ryegrass cultivars, the endophyte AR1 does not produce

lolitrem B or ergovaline, but produces peramine (insecticide). Endophytes NEA2, NEA3 and
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NEAG6 produce both ergovaline and peramine but no lolitrem B (Rasmussen et al. 2007; van Zijll
de Jong et al. 2008; Schardl et al. 2012; Young et al. 2013; Zhou et al. 2014; Kaur et al. 2015).

Several studies on alkaloid production in perennial ryegrass have been performed in
cultivated pastures infected with the asymptomatic endophyte E. festucae var.lolii because it is
the most common Epichloé species in such systems. However, in wild populations of perennial
ryegrass, it has been detected a wide variability among the Epichloé endophytes hosted, as
reported in Chapter |. Because the effects of a grass-endophyte association depends on its
particular reaction to all the surrounding factors, endophyte-infected grasses from different
environmental conditions could have different alkaloid profiles and some of them could be
useful for improving the performance of commercial cultivars of grasses. The aim of this
Chapter was to screen the diversity on alkaloid profiles of Epichloé endophytes from six
different natural populations of perennial ryegrass located in western Spain, and the behavior
of selected endophytes when inoculated in commercial varieties of ryegrass. Specific
objectives were: (i) to analyze the concentration of the alkaloids peramine, lolitrem B and
ergovaline in a heterogeneous set of L. perenne plants naturally infected with Epichloé
endophytes having different morphotypes: is there any relationship between alkaloid profile
and Epichloé-morphotype?; and, (ii) to evaluate the alkaloid production of two commercial
varieties of perennial ryegrass inoculated with 10 selected Epichloé endophytes.

11.3 MATERIALS AND METHODS

11.3.1 Plant material

The plants of Lolium perenne used in this Chapter were selected from those described
in Chapter | (Table 1), which were collected at six locations corresponding to different
ecosystems. For each plant, endophyte status (E-= non-infected, E+= Epichloé-infected) and
morphotype (M1, M2, M2S, M3) was known as indicated in Chapter | (Table 2, Figure 6). As the
number of plants infected with a specific morphotype of Epichloé endophyte was different
among locations, plants samples were selected trying to cover the widest taxonomic
endophytic variability over the plant origin. Thus, a total of 148 ryegrass plants grown in two
different conditions were screened for alkaloid production: (i) in pots in a wirehouse and (ii) in
a field-plot.

The set of samples from the wirehouse consisted of 80 plants of L. perenne (65 E+ and
15 E-), transplanted in March 2013 to individual pots with a potting mix of perlite:peat moss
(1:1, v/v). Clones of 48 of these E+ plants were also grown in the filed plot. Pots were
maintained outdoors in a randomized arrangement, rotating their position frequently,
watering regularly and fertilizing them once a year with a liquid commercial fertilizer. Ryegrass
plants were harvested in vegetative stage in October 8, 2013, and all samples were composed
of leaves and pseudostems. At this harvest, plants bearing M2S endophytes had not developed

‘choke’ disease symptoms (stromata Figure 7).
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For the field plot, E+ and E- plants, were transplanted on October 2013, to a clay eutric
chromic cambisol (FAO/UNESCO 1998), in the experimental farm Mufiovela (Salamanca, Spain;
40°54'19" N, 5°46'28" W; 780 masl; annual precipitation 372 mm, and mean annual
temperature 12.7 °C). A distance of 50 cm was left between neighboring plants, they were
watered during their establishment but not thereafter, were not fertilized and the plot was
manually maintained free of weeds (without herbicides). On May 2014, all E+ plants (107) and
9 E- plants randomly selected were harvested at the flowering stage, asymptomatic plants had
developed panicles and plants infected with M2S endophytes had stromata in developing
reproductive stems. On November 2014, a subset of 30 plants was harvested at vegetative
stage (regrowth) when M2S-ryegrass had no longer stromata. Double infected plant samples
(harboring two different Epichloé-morphotypes) from the field-plot, harvested on May 2014,
consisted mainly of tillers with stromata because flowering healthy tillers were preserved to

obtain seeds (to germinate and follow plant growth).

In all cases, ryegrass plants were harvested by cutting all aboveground biomass at
approximately 5 cm from the soil surface. Plant samples were stored at -80.0 °C, freeze dried

and ground to 0.5 mm using a hammer mill (Fritsch 15303).

11.3.2 Inoculation of ryegrass with Epichloé endophytes

For the evaluation of alkaloid concentration in commercial cultivar of ryegrass as effect
of the Epichloé endophyte hosted, a set of sample plants from the inoculation assay (Chapter
Ill) was selected. Ryegrass plants were infected with 10 different inocula of Epichloé
endophytes, these fungi had been morphologically and genetically characterized, and the
alkaloid profile produced on their natural perennial ryegrass host was known. Endophytes had
been inoculated into two commercial cultivars of ryegrass: ‘Barplus’, a turfgrass cultivar, and
‘Romance’ a forage cultivar (Barengbrug, NL). After inoculation, ryegrass seedlings were placed
in water agar (1%) plates, incubated in a growth chamber (25 °C, 12h of light, 60% relative
humidity) (Sanyo MLR-351H) for 15 days, transplanted to plastic seedbeds (5x5x10 cm)
containing a sterile potting mix and then maintained in a glasshouse. Three months later,
Epichloé infection was corroborated by direct fungal isolation in potato dextrose agar. Infected
ryegrass plants (E+) and the same amount of non Epichloé-infected plants (E-) were
transplanted to individual 2 | pots with the usual potting mix, maintained outdoor in a
wirehouse, watering regularly and fertilizing them once a year. Inoculated ryegrass plants were

harvested for alkaloid analyses at different vegetative stages on April, June and August 2014.

11.3.3 Alkaloid analysis

Chemical analyses of the alkaloids peramine, lolitrem B and ergovaline were
performed in a total of 195 ryegrass wild plants: 149 Epichloé-infected and 24 E-; and in 46
inoculated plants. Each alkaloid was analyzed separately, using some modifications of

published high-performance liquid chromatography (HPLC) methods.

Peramine was extracted following the technique described by Barker et al. (1993),

adding 3.0 ml of a 30% propan-2-ol solution to 100 mg of ground ryegrass and kept 30 min at
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90 °C. After centrifugation (12 000 rpm, 5 min), the extract was passed through a CBA cartridge
(Carboxylic acid 100 mg, Agilent Bond Elut) preconditioned with a mix of 80% aqueous
methanol and 2.0% ammonium hydroxide, then cleaned up with 1.0 ml of methanol. The
sample was eluted with 1.0 ml of 5% formic acid (v/v) in 80% aqueous methanol (v/v).
Quantification was done by comparing the peaks of samples and a stock solution prepared
with a standard of peramine, donated by G. Lane (AgResearch, New Zealand). The analysis was
performed by HPLC (Waters module 2695) with a C18 column 3.9 x 150 mm; 4.0 um (Waters
Nova Pak 036975) using a Photodiode Array detector (Waters 996) set at 230 nm. Mobile
phase was isocratic composed by 15% acetonitrile and 85% of buffer 10 mM guanidine

carbonate and 0.16% formic acid, with a flow rate of 0.7 ml min™.

Quantification of lolitrem B was based on the method indicated by Gallagher et al.
(1985). For the extraction, 1.5 ml of a chloroform:methanol (2:1, v/v) solution was added to a
100 mg of ground sample and the mixture was kept for 60 min in an orbital shaker at 150 rpm,
and then centrifuged (12 000 rpm, 5 min). The supernatant was cleaned up with 0.5 ml of
dichloromethane, filtered through a 0.45 um nylon disk and then evaporated to dryness with a
nitrogen stream. The residue was dissolved in 1.5 ml of dichloromethane and was passed
through a silica cartridge (100 mg, Waters Sep-Pak) previously conditioned with 2.0 ml of
dichloromethane. For quantification, it was used a standard of lolitrem B provided by C. Miller
(AgResearch, New Zealand). The samples peaks were compared with those of a lolitrem B from
standard solution, using a HPLC with a module Waters 2695, a silica column 250 x 4.6 mm, 5.0
um (Waters Spherisorb) and a fluorescence detector (Waters 2475) A= 268 nm; Ae= 440 nm.
The mobile phase was composed of 80% dichloromethane and 20% acetonitrile, with flow rate

of 1.0 ml min™.

The procedure descripted by Yue et al. (2000) was performed to determine the
concentration of ergovaline. Extraction was conducted with 0.5 g of ground ryegrass, adding
10 ml of chloroform, 0.5 ml of 5 mM sodium hydroxide in methanol, and an internal standard
of ergotamine (Sigma-Aldrich). The mixture was placed on an orbital shaker at 150 rpm for 120
min, paper-filtered (Filter Lab 1240) and washed with 3.0 ml of chloroform and then passed
through ergosil — HL silica gel (500 mg, Analtech) columns preconditioned with 5.0 ml of
chloroform. For elimination of pigments, a solution of 5.0 ml chloroform:acetone (75:25 v/v)
was added to the filtered solution, elution was with 3.0 ml of methanol taken to dryness with
nitrogen stream, ergovaline was dissolved in 1.0 ml of methanol and filtered with a nylon disk
(0.45 um). Ergovaline quantification was performed by reverse phase HPLC in a module Waters
2695, a C18 column 150 x 4.6 mm; 2.7 um (Agilent Poroshell) and a fluorescence detector
(Waters 2475) A= 250 nm; Aen= 420 nm. The mobile phase was acetonitrile: 0.01M
ammonium acetate with gradient flow to 0.8 ml min-'. Ergovaline standard was provided by F.
Smith (Auburn University, AL, US).

11.3.4 Statistical analyses

The percentage of plants that produced peramine, lolitrem B and ergovaline was

calculated separately for the different growing conditions (wirehouse or field-plot).
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Additionally the percentage of plants that produced only one or a specific combination of
alkaloids was calculated for the whole set of plants. Those plants infected with two different
Epichloé endophytes (double infections, DI) were considered separately.

The concentrations of peramine, lolitrem B and ergovaline were compared across the
morphotypes (EO, M1, M2, M2S, M3), for each harvest separately, by means of a one-way
ANOVA followed by a post-hoc Bonferroni’s test. Differences among harvests (Wirehouse-Oct,
Fieldplot-May, Fieldplot-Nov) were assessed considering the Epichloé morphotypes, by means
of a one-way ANOVA followed by a post-hoc Bonferroni’s test. These statistical analyses
included only ryegrass plants producing detectable amounts of the alkaloid (zeros were not

included).

Alkaloid concentration data were standardized to build a ternary plot with an axe for
each alkaloid. For standardization of data, the relative concentration was calculated based on
the maximum concentration for each alkaloid. The relative alkaloid concentration was
normalized with a corresponding value being the sum of the three transformed data 100% and
the values were introduced in the appropriate axis of the plot. The relationship between
alkaloid concentrations across the whole set of plants was assessed by Pearson's correlation

coefficient.

All statistical analyses were performed with SigmaPlot software version 13.0 (Systat
Software, San Jose, CA, USA).

11.4 RESULTS

In fourteen Lolium perenne plants (nine from wirehouse and five from the field-plot),
originally classified as E-, the presence of at least one of the alkaloids analyzed was detected:
two produced only lolitrem B, six only ergovaline, two peramine and ergovaline, one lolitrem B
and ergovaline and three the three alkaloids. Plants in this condition were diagnosed again
through microscopic observation of seeds and stem pith preparations, and mycelium typical of
Epichloé endophytes was observed in culm tissues and in the aleureone layer of the seeds.
None of these endophytes could be isolated in potato dextrose agar; therefore, plants
harboring these type of Epichloé endophytes were relocated as E+ and such fungi were

designed as EO, because probably could be Epichloé occultans.

Epichloé occultans is frequently found in association with annual Lolium species (Moon
et al. 2000) and some Lolium hybridium (L. perenne x L. multiflorum). Unlike other
Epichloé/grass symbioses which colonize the intercellular space of all above ground tissue, E.
occultans is typically localized in the meristematic region of the plant) (Moore et al. 2015), and
this endophyte is known to be virtually unculturable in artificial growth media. (Moon et al.
2000; Sugawara et al. 2006).

Most of the Epichloé infected plants (E+) produced at least one of the three alkaloids
analyzed (peramine, lolitrem B or ergovaline). In the wirehouse, alkaloids were detected in
100% (65/65) of the E+ plants and in the field-plot 96.2% of the E+ plants (103/107) produced
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alkaloids. In two of the E+ samples from the field-plot in which no alkaloids were detected, the
alkaloid lolitrem B was present in their respective clones from the wirehouse, and the other
two E+ plants without alkaloids in the field-plot were not analyzed in the wirehouse.

A preliminary statistical analysis of data showed that variation in alkaloid
concentration across plant locations was mainly due to the morphology of the fungus
(percentage of plants with each morphotype). Thus, we focused on alkaloids production and
concentration of peramine, lolitrem B and ergovaline, in perennial ryegrass, affected according
to the morphology of the Epichloé endophyte(s) hosted (EO, M1, M2, M2S or M3) and the
harvest (Wirehouse-Sep, Fieldplot-May and Fieldplot-Nov).

11.4.1 Peramine

Peramine was produced in 77.2% of the ryegrass plants growing in the wirehouse and
in 76.5% of the plants from the field-plot. Plants infected with any morphotype of Epichloé
produced peramine in both growing conditions (Table 3). In the wirehouse, the proportion of
plants with peramine ranged from 22.2% in EO- to 100% of M2- and M2S-infected plants, and
in the field-plot, ranged from 42.8% in M2-infected to 92.0% in M3-ryegrass.

Table 3 Peramine alkaloid in Lolium perenne plants: percentage of plants producing the alkaloid and
concentration as affected by harvest and morphology of their Epichloé endophyte hosted.

Wirehouse-Oct Fieldplot- May Fieldplot-Nov
Morphotype . Producer Co(r;:zr:(tgri}i"on n  Producer Co(r;::nktgrﬁ;i"on
(%) MeanzSE (%) MeanzSE MeanzSE
EO 9 2(22.2) 14.18+2.99 ab 5 3 (60.0) NA 9.45+3.23
M1 22 18(81.8) 5.54+1.00 a 52 38(73.1) 3.73+0.23 a 5.87+1.43
M2 5 5(100) 19.38+1.89 b 7 3(42.8) 10.11#5.22 b 14.28+0.00
M2S 4 4 (100) 27.64+2.11 c 9 8(88.8) 17.52+1.52 ¢ 13.35+5.05
M3 17 15(88.0) 10.29+£1.09 ab 25 23(92.0) 6.2620.57 b 7.46x0.99
Mean 57 44(77.2) 15.4+0.88 B 98 75(76.5) 6.25+0.6 A 8.1+1.01 AB

EO: Epichloé uncultivable endophytic fungus, M1 morphotype, slow growth rate with “brain-like” mycelium; M2
morphotype, faster growth rate with white cottony aerial mycelium; M2S morphotype: similar to M2 but stroma-
producing ; M3 morphotype: intermediate growth rate with tan, smooth and flat mycelium (Figure 6) Sn= Number
of plants analyzed, NA= No analysed, SE= Standard error. a, b, ¢ for each column, mean concentration with different
letters are statistically different P<0.05. A,B,C, mean concentration in a row with different letters are statistically
different P<0.05.

The ANOVA showed significant differences (P< 0.001) in concentration of peramine
among ryegrass plants infected with different morphotypes of Epichloé in Wirehouse-Oct and
Fieldplot-May; with no statistical differences in the Fieldplot-Nov. At all harvests, peramine

followed the same pattern of concentration according to the morphology of the endophyte
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hosted: the lowest concentration was detected in plants infected with the M1 morphotype;
ryegrass with EO or M3 endophytes had intermediate concentrations; and L. perenne with M2
and M2S had the highest peramine concentrations (Table 3). Regarding the harvest factor,
there was a significant effect (P< 0.001) on peramine. Plants from the Wirehouse-Oct had the
greatest peramine concentration (X= 15.40+0.88 mg kg™), followed by Fieldplot-Nov (x=
8.10+1.01 mg kg™), and lowest concentration was recorded in Fieldplot-May (X= 6.25+0.60 mg
kg™) (Table 3).

Considering all plant samples together, it was observed that peramine concentrations
were variable but within specific ranges, depending on the morphotype of Epichloé hosted
(Figure 15). A large number of plants with M1-morphotype (n= 65) produced peramine within
in a narrow range of concentration (0.60-15.0 mg kg™). By contrast, a lower number of M2- (n=

14) and M2S-plants (n= 16) had peramine within a widest concentration range (3.5 — 33.0 mg
kg).
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Figure 15 Concentration of peramine in Lolium perenne plants according to the morphotype of Epichloé hosted.
(Including plants growing in the wirehouse and in the field-plot)

11.4.2 Lolitrem B

Lolitrem B was detected in 61.5% of the plants from the wirehouse and in 68.3% of
ryegrass from field-plot. Plants infected with M2S endophytes did not produce lolitrem B in the
wirehouse but plants from the field-plot at both harvests did produce it (Table 4). The
percentage of plants producing lolitrem B was smaller in the wirehouse than in the field-plot

when the hosted endophytes were EO or M2, and there was a similar proportion of plants with
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lolitrem B in the wirehouse and Field-plot for plants infected with the morphotypes M1, M2 or
M3.

Table 4 Lolitrem B alkaloid in Lolium perenne plants: percentage of plants producing the alkaloid and
concentration as affected by harvest and morphology of their Epichloé endophyte hosted.

Wirehouse-Oct Fieldplot- May Fieldplot-Nov
Morphotype N Producer Co(r;:zr;(tgr_z:;%on n  Producer Co(r:‘:znktgri;li"on
(%) Mean+SE (%) Mean+SE Mean+SE
EO 9 2(22.2) 1.99+0.79 b 5 4 (80.0) NA 0.71+0.10
M1 22 13 (59.1) 1.48+0.31 b 52 35(67.3) 1.12+0.08 ab 0.69+0.05
M2 5 2 (40.0) 1.01+0.79 b 7  4(57.1) 0.89+0.21 ab NA
M2S 4 0(0.0) 0.00+0.00 a 9 4(44.4) 0.48+0.03 a 0.61+0.05
M3 17 15 (88.2) 2.44+0.29 b 25 20(80.0) 1.38+0.11 b 0.77+0.06
Mean 57 32(61.5) 1.7+0.16 C 98 67(68.3) 1.17+0.06 B 0.7140.03 A

Eo: Epichloé uncultivable endophytic fungus, M1 morphotype, slow growth rate with ”brain-like” mycelium; M2
morphotype, faster growth rate with white cottony aerial mycelium; M2S morphotype: similar to M2 but stroma-
producing ; M3 morphotype: intermediate growth rate with tan, smooth and flat mycelium (Figure 6) Sn= Number
of plants analyzed, NA= No analysed, SE= Standard error. a, b, ¢ for each column, mean concentration with different
letters are statistically different P<0.05. A,B,C, mean concentration in a row with different letters are statistically
different P<0.05.

The Epichloé morphotype had a significant effect on lolitrem B concentrations in plants
from the Wirehouse-Oct (P= 0.011) and in ryegrass from Fieldplot-May (P= 0.024), but not in
plants from Fieldplot-Nov (P= 0.562). Perennial ryegrass with M2S endophytes did not produce
lolitrem B in the Wirehouse-Oct, and in Fieldplot-May presented the lowest lolitrem B
concentrations (X= 0.48+0.03 mg kg"). On the other hand, plants infected with the M3
morphotype had the highest lolitrem B concentration, with X= 1.38+0.11 mg kg™ in the
Fieldplot-May (Table 4). No significant differences in lolitrem B concentration were found
among ryegrass infected with EO, M1 or M2 endophytes in any harvest. Lolitrem B was also
affected by harvest (P< 0.001) with a greater concentration in plants grown in Wirehouse-Oct
(x= 1.70+0.16 mg kg™) than in the Fieldplot-May (x= 1.17+0.06 mg kg™) and in Fieldplot-Nov
(x=0.71 mg kg™ (Table 4).

The greatest contrast on lolitrem B content was found between M2S- and M3-infected
plants (Figure 16). Ryegrass with M3 endophytes, produced lolitrem B within a wide range of
concentration (0.50-5.60 mg kg), and M2- and M2S-plants had values within a narrow range
(M2= 0.65-1.50 mg kg™*; M2S= 0.46-0.68 mg kg*). Concentration of lolitrem B in infected plants
with EO and M1 was in the same scope. Most of the plants (79/99) had lolitrem B below 1.8
mg kg”, the threshold concentration for causing ryegrass staggers in cattle and sheep (di
Menna et al. 1992). Lolitrem B at toxic concentration was detected in 12 plants infected with

M3, in seven with M1 and in one with EO morphotype (Figure 16).
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Figure 16 Concentration of olitrem B in Lolium perenne plants according to the morphotype of Epichloé
hosted, including plants growing in the wirehouse and in the field-plot. The toxic level for
livestock is indicated with the horizontal red line.

11.4.3 Ergovaline

The alkaloid ergovaline was more common among plants from the wirehouse (90.2%)
than in plants from field-plot (62.6%) (Table 5). The type of the endophyte hosted affected the
concentration of ergovaline in the Wirehouse-Oct (P= 0.014) and the Fieldplot-Nov (P= 0.006),
but not in Fieldplot-May (P= 0.184).

Table 5 Ergovaline alkaloid in Lolium perenne plants: percentage of plants producing the alkaloid and

concentration as affected by harverst and morphology of their Epichloé endophyte hosted.
Wirehouse-Oct Fieldplot- May Fieldplot-Nov

Concentration (mg kg’

Morphotype | Producer 1 n  Producer Concentration (mg kg'l)'ﬂ
(%) Mean+SE (%) Mean+SE Mean+SE
EO 9 9 (100) 0.95+0.42 ab 5 3(60.0) NA 1.37+0.37 b
M1 16 14 (87.5) 2.2910.34 b 52 31(59.6) 1.41+0.21 0.35+0.10 a
M2 3 2 (66.7) 0.29+0.89 ab 7 4(57.1) 1.08+0.6 NA
M2S 1 1(100) 0.08+1.26 a 9 2(22.2) 0.10+0.00 0.33+0.14 a
M3 12 11 (91.7) 0.68+0.38 ab 26 22(84.6) 1.01+0.16 0.58+0.13 a
Mean 41 37(90.2) 0.86+0.34 99 62(62.6) 1.19%0.13 0.59+0.11

Eo: Epichloé uncultivable endophytic fungus, M1 morphotype, slow growth rate with “brain-like” mycelium; M2
morphotype, faster growth rate with white cottony aerial mycelium; M2S morphotype: similar to M2 but stroma-
producing ; M3 morphotype: intermediate growth rate with tan, smooth and flat mycelium (Figure 6) Sn= Number
of plants analyzed, NA= No analysed, SE= Standard error. a, b, ¢ for each column, mean concentration with different
letters are statistically different P<0.05. A,B,C, mean concentration in a row with different letters are statistically
different P<0.05
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Moreover, the harvest did not have a significant effect on ergovaline concentration (P=
0.113). At all harvests, plants infected with M2S had the lowest mean ergovaline
concentration; by contrast, M1-infected had in average the highest ergovaline concentration.
No significant differences were found in ergovaline concentration among plants infected with
morphotypes EOQ, M2, or M3 (Table 5).

Ergovaline in M1-infected plants spanned from 0.03 up to 10.10 mg kg™’; although,
49.2% of plants with M1 endophyte had ergovaline concentrations below 2.0 mg kg™ (Figure
17). Ergovaline levels in ryegrass with morphotypes EO, M2S and M3 had a similar distribution
range. Most plants in which ergovaline was detected, 87.7% (57/65), had a concentration

above 0.4 mg kg!, which is associated with heat stress in cattle (Hovermale and Craig 2001).
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Figure 17 Concentration of ergovaline found in Lolium perenne plants according to the morphotype of
Epichloé hosted, including plants growing in the wirehouse and in the field-plot. The toxic
level for livestock is indicated with the horizontal red line.

11.4.4 Alkaloid combinations

Considering the whole set of infected ryegrass samples, in several plants only one
alkaloid was detected. Peramine alone were detected in 41.7% of M2S- and in 2.2% of M3-
infected; whereas, none of the EO-, M1- or M2- infected plants produced peramine alone
(Figure 18a). Lolitrem B alone was detected in infected plants with all the Epichloé
morphotypes, from 4.8% of M3- up to 14.3% for M1-ryegrass (Figure 18a). Ergovaline alone
was frequently found in L. perenne infected with EO endophytes (42.9%); less common in M1-
and M2- plants (8.7% and 10.0% respectively); whereas, in none plants infected with the M2S

or M3 morphotypes the alkaloid ergovaline was detected alone (Figure 18a).
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Figure 18 Alkaloids detection in Lolium perenne plants according to the morphotype of the Epichloé endophyte
hosted: (a) only the indicated alkaloid, (b-d) different combinations of the specified two alkaloids (e)
detection the three alkaloids and (f) no detected the indicated alkaloid.

Production of two alkaloids in the same plant was common in the sample set analyzed.
Peramine and lolitrem B were detected in 16.2% of the M1-, 16.7% of M2- and 7.0% of M2S-
infected ryegrasses but this alkaloid combination was not found when the hosted endophytes
were EO or M3 (Figure 18b). Peramine and ergovaline was the most frequent combination of
two alkaloids, and it was produced by all the Epichloé endophytes, ranging from 5.4% of the
M3-infected ryegrass to 40.0% of plants with M2 endophytes (Figure 18c). Lolitrem B and
ergovaline was the least common combination of two alkaloids; these alkaloids were detected
in 7.1% of ryegrass with EO endophytes and in 10.0% of M2-plants, but not in ryegrass infected
with the M1, M2S or M3 morphotypes (Figure 18d).
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Production of the three alkaloids peramine, lolitrem B and ergovaline together were
detected in plants infected by all morphotypes of Epichloé, with a particularly high percentage
in ryegrass infected with the M3 morphotype (>75%), and with less frequency among plants
infected with other endophytes in a range from 9.1% in M2-infected plants to 27.6% in M1-
ryegrasses (Figure 18e).

Depending on the purpose in which is intended the grass, it is important to know the
absence of only a particular alkaloid. In this regard, the absence the neurotoxic alkaloid of
lolitrem B, was observed in plants infected with any of the Epichloé morphotypes ranging from
7.7% among M2S plants up to 25.0% in M2 ryegrass. No ergovaline, another toxic alkaloid,
production was observed in 7.1% of EO- and 8.3% of M2-infected of plants (Figure 18f). It was
observed that 7.1% of EO- and 8.3% of M2-infected did not have peramine and in ryegrass
with other Epichloé morphotypes it did was produced).

The Figure 19 represents a three axis plot built using the normalized data of alkaloid
concentrations in perennial ryegrass according to the Epichloé endophyte hosted. It can be
observed that most of the endophytes belonging to a specific morphotype are allocated in the
same cluster. Plants with EO endophytes are located down in the right side, since they produce
lower concentration of lolitrem B and ergovaline than that of peramine. Most of plants with
the M2 morphotype, independently if they were or not stomata producers are situated at the
extreme right side at the bottom of the plot, because in these samples peramine
concentrations were higher and the levels of lolitrem B lower. Plants infected with M3
endophytes, which produced the three alkaloids are grouped in the center of the plot.
However, endophytes with the M1 morphotype were separated into two different clusters.

The clear segregation into two groups of the plants infected with the M1 morphotype
is coincident with their genotypic profile (see Chapter I). Plants from the genotypic group G1b
lay along the lolitrem B axis, they produced higher levels of lolitrem B and peramine, but very
low concentration of ergovaline or did not produce this alkaloid (Figure 19). Plants infected
with the M1 morphotype and genotypic profile Gla were congregated along the peramine
axis, because they produced ergovaline and peramine in a wide range of concentrations but

most of them did not produced lolitrem B.
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Figure 19 Normalized data of the relative concentration of alkaloids peramine, lolitrem B and ergovaline in Lolium
perenne plants according to the taxonomic group of their Epichloé endophyte hosted.
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There were significant correlations among concentrations of alkaloids, but these
correlations were not comprehensive, as they were found in plants infected with specific
Epichloé morphotypes (Table 6).

Table 6 Pearson’s correlation coefficient (r) and signification level (P) between alkaloids produced in
Lolium perenne plants, for each morphological group of Epichloé endophyte hosted.

ALKALOID MORPHOTYPE'
COMBINATION EO M1 M2 M2S M3
Peramine and 0.665 0.209 0.028 -0.503 0.716
Lolitrem B P 0.009 0.050 0.924 0.047 <0.001
n 14 74 12 13 42
Peramine and 0.383 0.325 -0.200 0.102 0.070
Ergovaline P 0.176 0.003 0.533 0.740 0.639
n 14 69 10 10 37
Lolitrem B and r -0.029 -0.492 0.733 0.392 -0.094
Ergovaline P 0.918 <0.001 0.007 0.185 0.529
n 14 69 10 10 37

Eo: Epichloé uncultivable endophytic fungus, M1 morphotype, slow growth rate with ”brain-like” mycelium; M2
morphotype, faster growth rate with white cottony aerial mycelium; M2S morphotype: similar to M2 but stroma-
producing ; M3 morphotype: intermediate growth rate with tan, smooth and flat mycelium (Figure 6).Numbers in
bold indicates significant correlation coefficients P < 0.05.

Concentration of the alkaloids peramine and lolitrem B were positively correlated in
plants with morphotypes EO, M1 and M3, and negatively with M2S. The content of the
alkaloids peramine and ergovaline were correlated only in M1-infected ryegrass (positively).
Lolitrem B and ergovaline concentrations were inversely significantly correlated in M1-ryegrass

and positively in M2-plants (positive).

11.4.5 Alkaloids in double infected plants

In perennial ryegrass infected with two different Epichloé endophytes (double
infections, DI), peramine was usually detected in similar concentrations to those of single
infected plants with M2 and M2S morphotypes; but contrary to the general trend, DI(M2/M1)-

produced as low peramine as the single infected M1-plants (Figure 20a, Table 3).

In double infected perennial ryegrass the concentration of lolitrem B was similar than
in single infected plants (Figure 20, Table 4). However, when the endophytes hosted were a
stromata producer (M2S) and M3, the mean concentration of lolitrem B was higher than in
single infected plants (¥ = 1.70£0.16 mg kg-' in Wirehouse-Oct; = 1.17+0.06 mg kg-' in
Fieldplot-May; and ¥ = 0.70+0.03 mg kg-' in Fieldplot-Nov ).
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Figure 20 Average concentration of alkaloids in Lolium perenne plants infected by two Epichloé endophytes (double
infections, DI): (a) peramine, (b) lolitrem B and (c) ergovaline.
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From all DI-plants, in those classified as DI(M2/M1) the highest concentration of
ergovaline (¥ = 3.45+1.17 mg kg-') was detected, and it was higher that single infected plants
(Figure 20b, Table 5). On the other hand, DI-plants with stromata had the lowest mean

ergovaline concentration.

The separate analyses of stromata and healthy seed heads from one DI-plant with M2S
and M1 endophytes, indicated presence of peramine in high concentration (18.06 mg kg™) in
stromata but it was not detected in seed heads. Lolitrem B was not produced, and ergovaline
had similar concentrations in the two analyzed samples (0.10 mg kg™, in stromata; 0.13 mg kg’

! in seed heads).

11.4.6 Production of alkaloids in inoculated plants

Comparison of the alkaloids concentration among ryegrass plants of the two cultivars
evaluated was only possible in a limited number of plants, because not all the inocula infected
successfully the two cultivars. The statistical analyses to compare the alkaloid concentrations
in such plants did not show significant differences (P< 0.05) between the two ryegrass cultivars

evaluated.

Differences in alkaloid concentrations between naturally infected- and inoculated-
plants were observed (Table 7). Peramine was found to be produced by almost all inoculated
plants with endophytes belonging to the M2 morphotype; with the exception of isolate LVAO4,
even when in its natural host peramine was produced in high concentrations (17.35-32.59 mg
kg). Plants inoculated with Epichloé endophytes of the M1 or M3 morphotype that produced
peramine in their natural host did not produce this alkaloid in the inoculated ryegrasses (Table
7).

Table 7 Production of alkaloids in ryegrass plants inoculated with Epichloé endophytes of different
morphology and in naturally infected plants.

Peramine Lolitrem B Ergovaline
Morphotype" Inoculum n Inoculated plants Natural Inoculated plants Natural Inoculated plants Natural
Producer (%) Co?r;egnltrg:fllt)ion Producer (%) Co?:qegnltrg:fult)ion Producer (%) Co?;tegnlzzlt)ion

M1 LVE1l 4 0.0 0.00 0.66-11.02 0.0 0.00 0.66-1.59 0.0 0.00 0.03
LVE29 6 0.0 0.00 3.13-6.03 0.0 0.00 1.22-1.25 0.0 0.00 0.07

M2 LVAO8 8 100 13.13-25.62 10.9 25 0.01-0.53 0.00 0.0 0.00 NAT
LVA32 12 100 8.26-31.16 15.8-11.95 8.3 0.85 0.51-1.37 0.0 0.00 0.24

MS2 LVAO4 6 0.0 0.00 17.35-32.59 0.0 0.00 0.00 0.0 0.00 0.00
LVA17 4 100 21.31-26.15 20.29-32.14 0.0 0.00 0.46 0.0 0.00 0.00

MONO6 4 100 15.49-26.76 4.96 0.0 0.00 0.67-0.87 0.0 0.00 0.00

MONO7 8 100 13.93-29.04 6.22 12.5 0.46 0.00 0.0 0.00 0.41

M3 CR14 4 0.0 0.00 6.91-14.92 0.0 0.00 0.89-1.47 0.0 0.00 0.64
TAB42 4 0.0 0.00 12.07-23.06 0.0 0.00 1.62-5.68 0.0 0.00 0.25

M1 morphotype, slow growth rate with ”brain-like” mycelium; M2 morphotype, faster growth rate with white
cottony aerial mycelium; M2S morphotype: similar to M2 but stroma-producing ; M3 morphotype: intermediate
growth rate with tan, smooth and flat mycelium (Figure 6)n= Number of plants analyzed, NA= No analysed,
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The alkaloid lolitrem B was detected only in plants inoculated with M2 isolates LVAQS,
LVA32 and MONO7 (Table 7). The endophyte MONO7 and LVAOS8 produced lolitrem B uniquely
in the inoculation trial but not in their natural host grown in wirehouse or field. In no plants
inoculated with M1 or M3 endophytes was detected lolitrem B; although this alkaloid was
detected in the original host plants.

Ergovaline was not detected in any of the three harvests (in April, June and August
2014) in ryegrass inoculated with Epichloé endophytes, independently whether in the natural
hosts this alkaloid was produced.

11.5 DISCUSSION

The alkaloids peramine, lolitrem B and ergovaline are produced exclusively in grasses
infected with Epichloé endophytes; hence, non-infected plants should not produce these
alkaloids. In our study, plants originally classified as E- using a fungal isolation diagnostic
method produced alkaloids, and presumably could be infected with Epichloé occultans,
because an unculturable endophyte was observed by microscopy in stems and seeds. van Zijll
de Jong et al. (2008) reported the detection, through SSR markers, of a scarce presence of
Epichloé endophytes with genetic similarity to E. occultans in L. perenne pastures. It has been
reported that E. occultans could be in symbiosis with hybrid ryegrasses that coexist within
natural population of perennial ryegrass (Hume et al. 2001)(Bluett et al. 2004), and Sugawara
et al. (2009) reported successful artificial inoculation of E. occultans into L. perenne plants.
Although high production of lolines and low concentrations of peramine have been reported in
L. rigidum and other annuals grasses infected with E. occultans, the alkaloids lolitrem B and
ergovaline have not been detected (Sugawara et al. 2006).However, Moore et al. (2015)
reported that annual ryegrass infected with E. occultans produced several precursor
compounds of indole-diterpenes (lolitrems) and Kuldau and Bacon (2008) associated the
presence of lolitrem B and ergovaline in Epichloé-infected grasses to pressure for predation of

small vertebrates.

Most of the L. perenne plants (>95%) infected with Epichloé endophytes had at least
one of the three alkaloids analyzed (peramine, lolitrem B or ergovaline). The proportions of
plants that produced peramine, lolitrem B or ergovaline were 70.9%, 64.8% and 60.9%,
respectively. These percentages were similar to those reported by Bony et al. (2001) in
ryegrass plants from natural populations infected with Epichloé endophytes. Differences on
the percentage of plants that produced each alkaloid may be due to genetic background of the
plant and the fungi. The concentration of alkaloids in Epichloé infected ryegrass were in the
same range found by other researchers: peramine 2.0 - 52.8 g kg™* (Rowan et al. 1990; Bony et
al. 2001); lolitrem B 0.3 to 11.5 mg kg'1 (Christensen et al. 1991; Bony et al. 2001; Reed et al.
2004); and ergovaline 0.24-3.46 g kg™* (Easton et al. 1993) (Lane et al. 1997; Bony et al. 2001).
Toxic levels of lolitrem B for livestock (>1.80 g kg™) were detected in a low number of the
analyzed plants and most of them were infected with M3-endophytes; whereas a very

important proportion of the samples (ca. 90%) have a concentration of ergovaline above the
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reported safe limit for livestock consumption (0.40 g kg™). However, toxicosis cases in Europe
are scarce mainly because the floristic diversity of grasslands and the use of endophyte-free
ryegrass cultivars (Zabalgogeazcoa and Bony 2008).

It is known that production and concentration of alkaloids in grasses are affected by
factors such as the endophyte and host genotypes, plant tissue, environmental conditions
(water and nutrients availability) and management (Ball et al. 1995; Easton et al. 2002;
Spiering et al. 2005a; Rasmussen et al. 2007; Hahn et al. 2008; Zhou et al. 2014). In this
Chapter, the main objective was to evaluate the influence of the Epichloé morphotype on
alkaloid production (peramine, lolitrem B, ergovaline) in a heterogeneous set of perennial
ryegrass plants growing in two different conditions (wirehouse or field-plot) and sampled at
different phenological stages. The results showed a stronger influence of the Epichloé
morphotype over other possible sources of variation on the profile of alkaloids produced in
perennial ryegrass plants, because the same particular characteristic pattern of production
was observed for each of the three alkaloids in both growth conditions and in the three
harvests. This is in agreement with the results of Easton et al. (2002), who explained that
variation in herbage concentration of endophyte-derived alkaloids may be mainly due to the
difference in the Epichloé strains.

A higher concentration of peramine in plants infected with M2- and M2S- endophytes
could be related in some extent to a higher abundance of fungal mycelia. Rasmussen et al.
(2007), reported a direct relationship between the abundance of fungal endophyte on
peramine concentration. In Chapter | (Fig. I. 3e), it was observed that in PDA, Epichloé
endophytes from morphological group M2 (stromata forming included) had the highest growth
rate; M3 morphotype had intermediate rates and M1 morphotype the lowest. Therefore,
although growth rate in PDA could not be reflected in planta, it seems that patterns of
peramine concentration coincided with growth rate of the fungi in the culture medium, being
the M2 and M2S morphotypes the highest producer of peramine; whereas, the lowest
peramine concentrations were recorded in M1-plants, and when M3-endophytes were hosted,

ryegrass had intermediate peramine levels.

In the case of lolitrem B, M3-infected plants had the highest mean concentration and
plants with sexual endophytes (M2S) had the lowest content. This is in agreement with
Leuchtmann et al. (2000) who reported that Epichloé strains that thoroughly choke all host
tillers tend either not to produce lolitrem B or to produce it at low levels. According to Young
et al. (2009) many sexual isolates are unable to produce lolitrem B due to absence of the
complete LTM locus or, in some cases, just the genes encoding the first committed steps in the
pathway. In contrast, gene profiling of asexual species with an E. festucae progenitor (e. g. E.
festucae var. lolii) are likely to be capable of producing lolitrem B (Young et al. 2009; Schardl et
al. 2012). In Chapter |, it was reported that many of the endophytes with M2 and M2S
morphotype did not have the /tmQ gene (part of the LTM locus), required in the pathway for
paspaline hydroxylation, essential for lolitrem B production. This may explain both the

infrequent and the lower concentration of lolitrem B in plants infected with the M2 or M2S
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morphotypes. On the contrary, [tmQ gene was detected in endophytes with other

morphotypes, and more than 60% of M1- and 80% of M3-infected plants produced lolitrem B.

Unlike the clear relationship among distinctive morphotypes of Epichloé and the
production of peramine and lolitrem B, for ergovaline it was found that the highest
concentrations were detected in plants infected with a specific group of endophytes belonging
to M1 morphotype. Epichloé endophytes with M1 morphotype split into two genotypic groups
(Gl1a and G1b), according to a genotypic analysis using the ITS1-5.8SrDNA-ITS2 region and
reported in Chapter |, and interestingly such groups coincided with their ability to produce
ergovaline. The highest ergovaline concentrations was detected in ryegrass plants infected
with M1-endophytes of Gla genotype; but when the endophyte hosted was from the M1-
morphotype belonging to the genetic group G1b, the production of ergovaline in the ryegrass
plants was very low or null. Therefore, our results show that the genetic segregation of both

groups can be explained on the basis of their alkaloid contents.

According to the relationship between the alkaloid production and the morphotype of
the Epichloé endophyte hosted by in the ryegrass plants observed in this chapter, some M2
and M1(G1b) strains can be used for improvements of forage ryegrass, because these Epichloé
morphotypes do not produce toxic alkaloids for livestock (lolitrem B and ergovaline), but they
do produce the insect-deterred alkaloid peramine. On the other hand, as the M3 morphotype
produce high level of lolitrem B but also of peramine, this type of endophyte can be a good

option for improvement programs in turf grasses.

Relationships between the different alkaloids produced suggest modes of regulation
induced by the endophyte. Some relationships between concentration of alkaloids have
elucidated that mevalonic acid and tryptophan are precursors of both lolitrem B and
ergovaline and that lolitrem B- and ergovaline-ratios could thus be influenced by pathway
competition for these two compounds (Baxter et al. 1962; Spiering et al. 2005a). This could
explain the negative relationship between both alkaloids found in M1-infected plants and the
low frequency of plants in which this alkaloid combination was found; however, in M2-
ryegrass, production of lolitrem B and ergovaline were positively correlated. On the other
hand, the correlation between peramine and lolitrem B was significant in four of the five
Epichloé morphotypes. This relationship was positive in the asymptomatic ryegrass-Epichloé
associations, which is in accordance with other reports (Ball et al. 1995; Siegel and Bush 1996;
Reed et al. 2004), but negative for the M2S (the stroma-producing). These results indicate that
besides the competition for mevalonic acid and tryptophan other processes could be involved
in the pathway for synthesis of alkaloids, which may be genetically controlled in a distinctive
way by each Epichloé morphotype.

Production of alkaloids in double infected ryegrass also followed the pattern of
concentration according to the morphology of their Epichloé endophytes hosted, although in
some DI plants a synergistic effect was observed. For peramine, DI plants had similar
concentration than the single infected ryegrass with M2 or M2S endophytes, the highest

producers of peramine. In the same way a synergistic effect was observed for lolitrem B in DI
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infected plants with the M3 morphotype and for ergovaline in three of the four ecotypes of DI
plants with endophytes of the M1 morphotype, with higher concentration than in single
infected ryegrass, which may have negative consequences for livestock because the safe
concentration limits were exceeded. Bony et al. (2001) also quantified alkaloids in ryegrass
plants harboring two Epichloé endophytes; however, they reported values only for lolitrem B
which were in same range of production (0.80-4.30 g kg™) than in the single infected plants
that they analyzed (0.80-5.75 g kg™).

Regardless of the ryegrass samples had miscellaneous environmental backgrounds, the
strong effect of Epichloé morphotype on alkaloids synthesis, and possible interactions
host/endophyte reported (Easton et al. 2002; Cheplick and Cho 2003; Rasmussen et al. 2007),
the results described herein allowed to identify an effect of the harvest on alkaloid production.
The three harvests encompassed different plant phenological stages (vegetative, flowering and
autumn regrowth) in two growing conditions (wirehouse and field-plot). Significant differences
were observed in concentrations of peramine and lolitrem B between ryegrass plants from the
wirehouse and the field-plot, but not for the ergovaline alkaloid. Conditions on wirehouse or
field-plot had particular nutritional and climatic circumstances; therefore, differences on
alkaloid concentrations may reflect in part the effects of such aspects. However, one of the
most important differences was due to the plant growth stage, an important factor
determining the accumulation of alkaloids which is also related to differences in concentration
in plant tissues. Wirehouse-Oct plants were harvested at vegetative stage and samples
consisted mainly of leaves; whereas Fieldplot-May plants were harvested at flowering stage,
and samples were composed of leaves, stems and inflorescences. Furthermore, M2S-infected
ryegrass from the Fieldplot-May had stromata, and these structures were not present in plants
from Wirehouse-Oct. Plants of ryegrass from Fieldplot-Nov also were in a vegetative stage of

regrowth but with older tissues at the crown than samples taken from Wirehouse-Oct.

Concentration of peramine was higher in plants collected at vegetative state
(Wirehouse-Oct, Fieldplot-Nov) than in plants analyzed at flowering (Fieldplot-May). This is
explained because peramine is most abundant in younger tissues and particularly in leaves,
which were the largest proportion of the samples collected at the vegetative state (Keogh et
al. 1996). Other environmental factors do not seem to have strong effect on the production of
peramine, which is not affected by N (Lane et al. 1997; Rasmussen et al. 2008), neither by
water availability (Hahn et al. 2008).

Plants from the wirehouse in vegetative stage had higher concentration of lolitrem B
than plants from the field-plot at any harvest. These results are contrary to several reports
indicating that concentration of lolitrem B in perennial ryegrass has a pronounced seasonal
variation related to maturity of the plant, from lower amount in leaves and rising with
inflorescence development, with higher concentration in older leaf sheaths and seeds
(Prestidge and Gallagher 1988; di Menna et al. 1992; Ball et al. 1995; Lane et al. 2000;
Repussard et al. 2014b). On the other hand, information about the influence of abiotic factors

on the levels of lolitrem B in field conditions is scarce and sometimes contradictory (Lane et al.
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1997), making not possible attribute to one specific factor the higher concentration of this
alkaloid in wirehouse that in the field plot. According to Hahn et al. (2008) for lolitrem B in
perennial ryegrass there is not a clear model and it concentration is highly dependent of each
individual Epichloé/grass association. In the present study, due to the large heterogeneity of
Epichloé/grass associations used, factors affecting alkaloid content are not depending on
individual features of the cultivars; instead our results reflected a strong effect caused by the
nature of the endophytes hosted. Besides the morphotye of the endophyte, other factors may
have influenced the alkaloid production; for instance, it has been observed that under specific
conditions of higher moisture accompanied by dry, warm conditions in spring-summer, a rising
of perennial ryegrass toxicosis was observed in Australia, as consequence of the lolitrem B
level accumulation (Reed et al. 2011). Thus a possible dilution effect of the samples might
occurs, accumulation of lolitrem B is very high toward the base of the plant (di Menna et al.
1992; Keogh et al. 1996) and biomass production and principally the proportion crown:stem
were lesser in plants form wirehouse than in ryegrass grown in the field; therefore, crown
tissues were proportionally more abundant in wirehouse samples and higher lolitrem B were
recorded. Additionally, others combinations of not examined abiotic factors may also affect
the lolitrem B production, because in the analyzed plants from wirehouse, which were,
watered, fertilized and were confined to plot, the highest lolitrem B concentration was
detected.

The ergovaline concentration was not significantly affected by harvest or growth
conditions. Repussard et al. (2014b) reported that ergovaline concentration in perennial
ryegrass has a peak in spring during flowering and in field-growth E. festucae var. lolii-infected
perennial ryegrass, and the ergovaline content increased under conditions of water and
temperature stresses or in response to addition of N fertilizer (Barker et al. 1993; Hahn et al.
2008; McCulley et al. 2015; Ryan et al. 2015). Although, Rasmussen et al. (2007) showed that
the effect of external factors such N addition could not be significant on the ergovaline content
in certain cultivars of ryegrass, but in this work such kind of influence is override due to the
heterogeneity of the plats evaluated. It may be possible that differences in concentration of
ergovaline were not detected, because when the ryegrass was sampled in Fieldplot-May plants
were flowering having the pick concentration of ergovaline, and in the wirehouse, the plants

were fertilized also promoting the content of this alkaloid.

Alkaloid production is highly driven by external environmental factors related with
defensive and ecological functions; herbivore attack may trigger signals for synthesis of
alkaloid or concentration in specific tissues that need protection. In lolines this effect have
been extensively studied; for example, Patchett et al. (2008) found that in Epichloé infected
medow fescue (Festuca pratensis= Bromus pratensis= Lolium pratense) exposed to grass grub
(Costelytra zealandica) (a subterranean pest common in New Zealand Pastures), loline
concentration in root was significantly higher than in the crown of the grass and aboveground
concentrations was lower when compared with no-infected grasses. Similarly, alkaloid
production inducted by plant clipping was demonstrated by (Bultman and Ganey 1995) in

endophyte infected perennial ryegrass. In this regard, it can be speculated, that the higher
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concentration of alkaloids, particularly lolitrem B, in plants from the wirehouse, might be an
active reaction of the Epichloé infected ryegrass to the aphid attacks observed with frequency
in those plants in contrast with plants from the field-plot in which these insects were not
observed.

Interestingly, production of alkaloids in perennial ryegrass inoculated with Epichloé
endophytes was sparse: in no association was detected the toxic alkaloid ergovaline, lolitrem B
was found in 30% of inoculated plants, whereas peramine (insecticide) was detected in 50% of
plants. Inoculated grasses contained more peramine and less lolitrem B compared with
naturally infected ones, which is a suitable and very interesting result intended for livestock
feed. Alkaloids were produced only in plants infected with endophytes of the M2 and M2S
morphotypes, but with no others. Probably, adaptation of the inoculum to the traits of the
new host (as nutrient availability, sugar content, host metabolism, etc.) may have affected the
fungal development inside the plants particularly of the M1(G1a) endophytes able to produce
the highest ergovaline concentration in their natural grass hosts. Easton et al. (2002), reported
that variation in peramine and ergovaline concentration are genetically controlled as a
function of mycelial mass; furthermore, the level of adaptability reflected in compatibility
grass/endophyte have been developed through cycles of adaptation not founding the degree
of adaptation in the first reproductive cycles. Inoculated plants were harvested three times to
follow alkaloid concentration; more analysis on time should be done to guarantee the safeness
of these endophytes-infected ryegrasses. The goal should be that peramine could be

maintained in time but not lolitrem B and ergovaline.

1.6 CONCLUSIONS

Our results showed a widespread concentration range of endophyte-alkaloids in a
diverse set of ryegrass plants naturally infected with Epichloé endophytes. Distinctive patterns
on alkaloids production were observed according to the Epichloé morphotype hosted by the
perennial ryegrass plants. There was a stronger effect of endophyte morphotypes, over other

evaluated factors, on their ability to produce alkaloids in frequency and concentration.

In single infected ryegrass, independently of the harvest, the highest concentration of
peramine was produced in plants infected with sexual endophytes (M2S); the content of
lolitrem B was the highest in ryegrass infected with the M3 morphotype; and, M1(G1a)-
infected ryegrasses produced the highest concentration of ergovaline. Considering such
results, the morphotype of the Epichloé endophyte may be used as criterion of major
importance in the selection of fungi with a particular ability for alkaloid production. For forage
improvement the researches should be focused in the M1 morphotype, because they produce
lower concentration of lolitrem B and among them, there was a genotypic group in which the

production of ergovaline was also lower or was not produced (M1G1b).

A synergistic effect on the alkaloid concentration was observed in some double

infected plants, being within these plant ecotypes where the highest concentrations of the
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three alkaloids were quantified, especially in those in which one of the endophyte hoste

belonged to the M2S morphotype.

Additionally, there were differences in production and concentration of alkaloids by
effect of harvest time, which is related to the phenological stage; ryegrass from wirehouse had
higher peramine and lolitrem B concentration; whereas the ergovaline concentration was

constant in the three harvests.

Inoculated plant produced higher concentration of the insecticidal alkaloid peramine
that in the natural associations; on the contrary, alkaloid toxic for livestock lolitrem B and
ergovaline were found in lesser concentration or were not detected, which would be a suitable

characteristic for the use of these plants as forage.
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Epichloé ENDOPHYTES AFFECT THE NUTRIENT AND
FIBER CONTENT OF Lolium perenne REGARDLESS OF
PLANT GENOTYPE

Cite this section as: Soto-Barajas MC, Zabalgogeazcoa |, Gdmez-Fuertes J, Gonzalez-Blanco V, Vazquez de Aldana,
BR. (2015). Epichloé endophytes affect the nutrient and fiber content of Lolium perenne
regardless of plant genotype. Plants and Soils. doi:10.1007/s11104-015-2617-z|

111.1 ABSTRACT

Epichloé endophytes inhabit aerial grass tissues but they can modify belowground
processes that might affect host nutrient balance. The aim of this chapter was to determine
the effects of Epichloé infection (E-=non-infected; E+=Epichloé-infected) and three Epichloé
morphotypes (M1, M2, M3) on growth and nutrient content of a heterogeneous set of
naturally Epichloé-infected asymptomatic plants of Lolium perenne. In addition, plant
parameters were compared between asymptomatic E+ and plants with choke disease. A field
experiment was conducted with 194 plants obtained from six natural populations (97E+, 97E-).

For each E+ plant, the morphotype of the Epichloé endophyte hosted was known.

Epichloé-infected plants had significantly lower P, Ca, S, B, neutral detergent fiber and
lignin contents, and higher Mn and digestibility than E-, independently of plant origin. Biomass
production was affected by plant origin but not by the infection with Epichloé endophytes. No
effect of Epichloé morphotypes in any parameter was found. However, asymptomatic E+ and
choke diseased plants differed in nutrients, fibers, and digestibility. An Epichloé effect was
detected in nutrient and fiber content, in spite of the heterogeneous constitution of the plant
and fungal material used. The results obtained indicate that Epichloé may affect above and
possibly underground processes involved in nutrients absorption, as well as plant quality, what
may potentially affect litter decomposition processes and consequently the nutrients cycling.

111.2 INTRODUCTION

The nutrient content of grasses can be affected by soil properties, climate, plant
factors (species, genotype, phenological stage), and also by symbiotic relationships (Jones and
Thomas 1987; Nelson and Moser 1994). Symbiotic associations of plants with fungi are
ubiquitous in nature. For instance, those occurring with arbuscular mycorrhizae have been
known for long, and positively affect nutrient acquisition in plant hosts (Jeffries et al. 2003).
More recent studies indicate that most plant species harbor a rich and diverse mycobiota
composed of endophytes, fungi that infect plant tissues without causing disease symptoms. An
increasing number of examples is showing that some symbioses of plants with endophytes are

beneficial, providing increased plant growth and stress tolerance (Rodriguez et al. 2009).
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Today Epichloé is probably the most studied genus of fungal endophytes (Saikkonen et
al. 2006; Leuchtmann et al. 2014; Tadych et al. 2014). Hyphae of Epichloé endophytes colonize
systemically the intercellular space of aerial organs like leaves and stems of the host plant, but
there are differences among species of this genus in their life cycles. Some species (e.g.
Epichloé festucae var. lolii = Neothyphodium lolii) are transmitted vertically to the seeds, this
type of spread is asexual and clonal, and the same fungal genotype that infects a host plant
will be transmitted to its seeds. Other Epichloé species are exclusively sexual (e. g. Epichloé
typhina), they are not vertically transmitted to seeds and develop a tubular stroma that wraps
the inflorescence primordium in host plant reproductive stems, inhibiting panicle
development, a disorder known as ‘choke disease’ of grasses. Ascospores released from
fertilized stromata of E. typhina can infect florets of other healthy plants, giving rise to infected
seeds (Clay and Schardl 2002) (Figure 2).

Although Epichloé endophytes are only present in aerial parts, they can alter
belowground components and processes. Changes in root biomass and morphology, root
exudates and mycorrhizal colonization have been observed in Epichloé infected plants
(reviewed by Omacini et al. (2004)). Thus, endophyte-mediated alterations of roots can affect
host plant nutrition. For instance, roots of infected tall fescue plants release phenolic
compounds with Fe** reducing and P solubilizing activity (Malinowski et al. 1998; Malinowski
and Belesky 1999a), and endophyte-infected plants showed an increased capability to bind
copper in the rhizosphere (Malinowski et al. 2004). An increase of phenolic compounds in
roots of endophyte-infected plants have been reported in several other grass species (Ponce et
al. 2009; Vazquez de Aldana et al. 2011), increasing the competitive ability of infected versus
non-infected plants due to root-mediated allelopathic interactions (Sutherland et al. 1999;
Vazquez de Aldana et al. 2013b). Changes in plant nutrient content might alter the quality of
litter produced by senescent grass shoots, which is one of the main factors that control
decomposition rates (Meier and Bowman 2008). Therefore, Epichloé endophytes might modify
litter decomposition rates, and consequently nutrient cycling, by altering the quality of the
litter produced by infected plants, and/or by changing the composition of invertebrate
detritivores and microbial decomposers (Omacini et al. 2004; Franzluebbers and Stuedemann
2005; Lemons et al. 2005).

While research on the alkaloid-mediated antiherbivore resistance or drought
performance of endophyte infected plants is abundant (Bush et al. 1997; Malinowski and
Belesky 2000; Clay and Schardl 2002; Kuldau and Bacon 2008; Saikkonen et al. 2013), the
effects of endophytes on plant nutrient content have been much less explored. Several studies
have shown that endophytes modify the nutrient status of host plants like tall fescue (Festuca
arundinacea = Schedonorus arundinaceus) (Lyons et al. 1990; Malinowski et al. 1998;
Malinowski and Belesky 1999a; Rahman and Saiga 2005), Festuca rubra (Zabalgogeazcoa et al.
2006; Vazquez de Aldana et al. 2013a), or Achnatherum sibiricum (Li et al. 2012). However, in
spite of the economic importance of perennial ryegrass (Lolium perenne) as a forage crop, little
is known about the effect of Epichloé endophytes on its nutrient content. To our knowledge,

there is only one report about the effect of Epichloé infection on the content of several
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nutrients in ryegrass (Ren et al. 2009). Other reports focus on single elements like nitrogen
(Lewis et al. 1996), phosphorus (Ren et al. 2007), or heavy metals (Malinowski et al. 2004;
Monnet et al. 2005; Ren et al. 2006). The effect of Epichloé endophytes on fiber content and
digestibility of L. perenne has also received scarce attention (Oliveira et al. 2004). Furthermore,
all of these studies were carried out with one or two cultivars of L. perenne and their
corresponding Epichloé genotypes; therefore, very limited variability among plants and
endophytes was included.

Lolium perenne is one of the most important forage and turf grasses in the world. As a
forage grass, it can produce good vyields, has high digestibility, and withstands repeated
defoliation. In addition, L. perenne can tolerate a broad range of environmental conditions,
including widely fluctuating temperatures and soil moisture deficits. Its wide adaptability and
good agronomic performance have contributed to its ecological success and worldwide spread
(Peeters 2004). Perennial ryegrass is often infected by Epichloé endophytes (Hume and Sewell
2014), and in natural populations phenotypic diversity is found among fungal isolates (Bony et
al. 2001; Soto-Barajas et al. 2013). Some of these distinct Epichloé phenotypes correspond to
particular rDNA nucleotide sequences, and might belong to distinct taxa (Soto-Barajas et al.
2013). In this regard, it has been reported that L. perenne is a host of at least four taxonomic
groups of endophytes that include Epichloé festucae var. lolii (=Neotyphodium lolii); the choke
pathogen E. typhina, an asexual hybrid designated as LpTG-2, and an E. festucae-like
endophyte (Schardl et al. 1994; Moon 1999). Given the phenotypic and possible species
diversity of Epichloé endophytes found in wild populations of L. perenne (Moon 1999; Bony et
al. 2001; Soto Barajas et al. 2013, Chapter 1), our hypothesis was that the morphotype of
Epichloé endophyte hosted might influence the nutrient acquisition from soil, and this could
alter the nutrient content of ryegrass plants. The experimental methods used to detect the
effects of Epichloé endophytes in plants are in most cases based in the use of one or a few
plant cultivars or lines, each one having E+ and a corresponding set of E- plants. Fungicides or
other techniques such as heat can be used to eliminate the endophyte from some infected
seeds (Zabalgogeazcoa et al. 2006; Cheplick et al. 2014) in order to obtain near isogenic E-
material, or an E- plant can be artificially inoculated in order to use it as a source of E+ seed
(Ravel et al. 1997a; Hahn et al. 2008). These approaches allow to detect effects of specific
endophyte genotypes in particular plant backgrounds (i.e. cultivars), but might not be the best
setting to detect strong endophyte effects that could be occurring over a wide set of plant and
fungal genotypes.

A field experiment was conducted with a set of perennial ryegrass plants naturally
infected with different Epichloé endophytes and non-infected plants. These plants had been
collected at six natural populations in different habitats. The aim of this chapter was to identify
endophyte effects on growth, mineral and fiber contents in a genetically heterogeneous set of
L. perenne plants and Epichloé endophytes. Specific questions were to determine whether
Epichloé endophytes affect plant tissue chemistry independently of plant origin, and to
determine whether diverse Epichloé endophytes have different effects on the tissue chemistry

of their plant hosts.
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111.3 MATERIALS AND METHODS

111.3.1Plant material

In the spring of 2012, plants of L. perenne were collected at six locations in different

habitats in western Spain (Table 8).

Table 8 Characteristics of the locations where Lolium perenne plants were collected

Altitude Coordinates Precipitation Mean annual
Location Habitat (masl) Latitude Longitude (mm/year) temperature (°C)
Ciudad Rodrigo (CR) Riverbank 625 40°34'48”"N  6°30'58"W 531 13.3
La Vecilla (LVE) Rural path 879 42°42'20"N 5°23'2"W 556 11.2
Los Valles (LVA) Dehesa grassland 813 40°56’20" N 6°7'36”"W 531 12.1
Porqueriza (POR) Dehesa grassland 807 40°58'18"N  5°5724"W 531 13.3
Tabara (TAB) Oak forest 766 41°50’15”"N  5°58’40"W 379 12.3
Valle Fuentes  (VAF) Low woodland 1133 42°56'33”"N  5°14'18"W 556 13.3

These habitats were not agricultural, and clumps or individual plants of perennial
ryegrass occurred interspersed with other plant species. At each location, about 50 plants
were collected leaving a distance of at least 10 m between each pair of samples. In some

locations, plants with symptoms of choke disease were sampled (Figure 21d).

The plants were transported to the Institute of Natural Resources and Agrobiology in
Salamanca (IRNASA-CSIC) and transplanted to 2 L pots containing a mixture of perlite and peat
moss (1:1, v/v). The pots were kept outdoors in a wirehouse, watered regularly, and fertilized

once a year with a liquid commercial fertilizer.

In a previous work we reported that on average, 44% of the plants of Lolium perenne
were infected by Epichloé endophytes in several Spanish natural populations, including some
whose plants were used for this study (Chapter I, Table 2) (Soto-Barajas et al. 2013). The
endophytes isolated from asymptomatic plants in that study were classified into three
morphotypes based in morphological characters observed in potato dextrose agar cultures.
The most common morphotype was M1, characterized by white cultures with strongly
aggregated 'brain-like' mycelium, and the slowest growth rate of the three morphotypes
(Figure 21a). Isolates of the M2 morphotype were the least abundant, having white, cottony
aerial mycelium, and the fastest growth rate (Figure 21b). The M3 morphotype had tan, flat
and smooth mycelium, and an intermediate growth rate (Figure 21c). Endophytes isolated
from symptomatic plants with choke disease, caused by Epichloé typhina (Figure 21d) had M2
morphology, and were designated as M2S. Furthermore, rDNA nucleotide sequences of M2
and M2S morphotypes were identical to those of Epichloé typhina, while sequences of M1 and

M3 morphotypes were identical to E. festucae sequences (Figure 11, (Soto-Barajas et al. 2013).
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Figure 21 Cultures of the three morphotypes of Epichloé endophyte isolated from plants of Lolium perenne (a) M1
morphotype, slow growth rate with ‘brain-like’ mycelium; (b) M2morphotype, faster growth rate with
white cottony aerial mycelium; (c) M3 morphotype intermediate growth rate with tan, smooth and flat
mycelium; (d) A stroma of Epichloé typhina in ryegrass, a typical symptom of choke disease

I11.3.2Field experiment design

A field experiment was carried out with a total of 194 plants of L. perenne obtained
from the six locations described in Table 8; 97 plants were naturally infected with Epichloé
(E+), and 97 were not (E-). For each E+ plant, the morphotype it hosted (M1, M2, M3 and M2S)
was known, and both asymptomatic plants bearing M1, M2 and M3 Epichloé morphotypes,
and symptomatic plants with choke disease (M2S) were considered together as ‘morphotype’
factor. Lolium perenne is a cross-pollinated species in which genetic diversity occurs even
within commercial cultivars (Peeters 2004). For instance, McNeilly and Roose (1984) reported
that 10-year-old pastures originally sown with two cultivars of L. perenne could contain 40 to
50 different genotypes per 0.25 m”. Therefore, in this field experiment we could expect to
have a very heterogeneous set of plant genotypes because the plants were collected from
different locations and habitats in natural populations, where they occurred in sympatry with
other plant species, and sampled individuals were spatially distanced.

The experimental design was based on having the same number of E+ and E- plants
from each location; however, the number of plants differed among locations because we used
all E+ plants obtained at each location in order to include all the morphotype variability
available in the experiment (Table 9).
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Table 9 Number of Lolium perenne plants used in the experimental trial, and percentage distribution of infected
plants according to the morphotype of the Epichloé endophyte at each sampling location.

Epichloé morphotype§

Plant origin n' M1 M2 M3 M2S
Percentage of plant (%)

CR 26 15.3 7.6 46.1 30.7

LVE 28 100 0.0 0.0 0.0

LVA 40 45.0 15.0 5.0 35.0

POR 24 41.6 16.6 25.0 16.6

TAB 44 50.0 0.0 50.0 0.0

VAF 32 68.7 6.2 25.0 0.0
Total/mean= 194 53.6 7.2 25.7 13.4

" h= number of plants per location. One half of the plants from each location were E+ and the other half were E-.

The morphotypes were: M1= slow growth rate with ‘brain-like form’; M2= faster growing rate with cottony aerial
mycelium; M3= intermediate growth rate with tan, smooth aerial mycelium; and with the choke disease M2S = M2
from plants with stromata (see Figure 21).

On October 2013, the ryegrass plants were transplanted in a randomized design, at the
experimental farm Mufovela (Salamanca, Spain; 40°54'19" N, 5°46'28" W; 780 masl; annual
precipitation 372 mm, and mean annual temperature 12.7 °C) in a clay eutric chromic cambisol
(FAO/UNESCO 1998) with neutral pH on the surface, decreasing slightly with depth. This soil
contains low concentrations of organic matter (1.26 %), total nitrogen (0.08 %), available
phosphorus (16.6 mg kg™), potassium (107 mg kg™), and calcium (984 mg kg™). Each plant was
set at a distance of 50 cm from its neighbors. Plants were watered during their establishment
in October but not thereafter. During the experiment, the plants were not fertilized and the

plot was maintained free of weeds.

On May 19 2014, the plants were harvested at the flowering stage, cutting them 5.0
cm above the soil surface. Before harvesting, the number of tillers was counted in all plants,
including those whose reproductive stems bore E. typhina stromata. All samples were dried at
60 °Cin a forced air oven during 48 hours and the dry matter yield was determined.

I11.3.3Chemical analysis

All ryegrass samples were ground using a hammer mill (Fritsch 15303) fitted with a 0.5
mm screen. Each sample was analyzed for total N by digital colorimetry with a segmented flow
system (AutoAnalyzer AA3, Bran Luebbe). For mineral content, plant samples were calcined
(450 °C), for 8 hours, and ashes were dissolved in HCI:HNO3:H,0 (1:1:8). The concentrations of
P, K, Ca, Mg, S, Na, Mn, Zn, Cu, B, Mo and Co were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-OES, Varian 720-ES).
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Neutral detergent fiber (NDF), acid detergent fiber (ADF), lignin and dry matter
digestibility (DMD) were evaluated using the filter bag technique, with an automated fiber
analyzer Ankom A2000, based on the analytical method of Goering and Van Soest (1970).

I11.3.4Statistical analysis

A two-way ANOVA was performed to determine the effect of Epichloé infection (E+
and E-) and plant origin (CR, LVA, LVE, POR, TAB and VAF) on growth and chemical composition
of L. perenne. For this statistical analysis, plants with choke disease were not included because
their scarce biomass production was visually evident, and these plants were found only in one
half of the locations (Table 9). When a significant effect was detected, differences between

pairs of means were assessed using the Bonferroni test, adequate for the unbalanced design.

The effect of Epichloé morphotype on dry matter production and the number of tillers
was assessed on asymptomatic infected plants hosting endophytes with the M1, M2 and M3
morphotypes by means of one-way ANOVA. When a significant effect was detected,

differences between pairs of means were assessed using the Bonferroni test.

To evaluate the effect of each Epichloé morphotype on chemical composition of
ryegrass, both asymptomatic plants (M1, M2, and M3) and plants with choke disease (M25S)
were considered. When a significant effect was detected, differences between pairs of means
were assessed using the Bonferroni test. SigmaPlot software version 13.0 (Systat Software, San
Jose, CA, USA) was used for all the statistical analyses.

111.4 RESULTS

I11.4.1Plant biomass and number of tillers

The aboveground plant biomass, composed of leaves, stems and inflorescences, was
measured at the flowering stage. The ANOVA did not detect a significant effect of endophyte
infection on dry weight of ryegrass (P= 0.442) neither an interaction between endophyte and
plant origin (P= 0.126). However, the location of origin of plants affected the dry matter yield
(P<0.001). Plants from LVE, VAF and CR had the highest yield, and those from POR had the
lowest dry weight (Figure 22).
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Figure 22 Dry matter yield of L. perenne according to locations of plant origin. Bars are means + standard error.

Different letters on the bars indicated significant differences (P< 0.05)

The ANOVA detected a significant effect of the interaction between infection status
and plant origin on the number of tillers (P=0.039). This effect was expressed only in plants

from TAB, with a significantly higher tiller production in E- (124.8413.6) than in E+ (63.5£11.6)

plants; in the remaining populations there were no significant differences in tiller number
between E+ and E- plants (Figure 23).
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Figure 23 Number of tillers per plant as affected by plant origin, and infection status: E+ = Epichloé-infected; E- =
Non-infected plants. Bars are means + standard error. *Significant differences between E+ and E-
(Infection status x Plant origin; P =0.039)
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The effect of each endophyte morphotype of E+ asymptomatic plants on dry matter
yield and tiller number was not significant (P=0.411 and P=0.626 respectively). Thus
differences among plants infected with different endophyte morphothytes in dry matter
production (M1=50.9+6.99 g plant™’; M2=49.8+14.92 g plant™; M3=36.24+7.27 g plant™) and
number of tillers (M1=83+7.4; M2=88+20.6; M3=72+ 9.7) were not statistically different. In
plants with choke disease, the average dry matter production was 9.5+1.7 g plant™ and the

number of tillers was 22+10.4.

I11.4.2Mineral content

The two-way ANOVA indicated a significant effect of endophyte and plant origin on the

concentration of several mineral elements, with a significant interaction between those factors

only for Co (see Table 10).

Table 10 Mineral contents of Lolium perenne plants as affected by endophyte status (E+ = infected; E- = non-
infected) and location of plant origin. The E+ sample set did not include plants with choke disease. Values
are means * standard error

Mineral content (g kg ™)

N P K Ca Mg S Na
Endophyte E+ 13.46%0.24 2.70+0.05 10.37+0.18 2.34+0.06 1.06+0.02 1.62+0.05 0.40+0.03
E— 13.45#0.23 2.99+0.05 10.39+0.17 2.51+0.05 1.05+0.01 1.83£0.05 0.48+0.03
Plantorigin  CR  12.54#0.50ab 2.51#0.11 a  9.52+0.38 a 2.27+0.13ab  0.92#0.04 a  1.60%0.11 0.78+0.07 ¢
LVA 13.27+0.37ab  2.62+0.08 a 10.1620.28 a 2.65+0.09ab  1.09£0.03ab  1.74%0.08 0.31+0.05 ab
LVE 14.16+0.37 bc 3.20+0.08 b  11.65%0.28 b 2.48+0.09ab  1.14#0.03 b  1.680.08 0.36+0.05 ab
POR 13.51+0.47 ab 2.84+0.10ab  10.04#0.36 a 2.41+0.12ab  1.07#0.04ab  1.790.10 0.52+0.07 bc
TAB 15.25%0.34 ¢ 3.06%0.07 b  11.00+0.26 ab 2.74+¥0.09 b  1.10+0.03ab  1.86%0.07 0.42+0.05 ab
VAF 11.98%0.34 a 2.84+0.07ab  9.89+0.26 a 2.06+0.09 a  0.96+0.03 a  1.68+0.07 0.24+0.05 a
P (ANOVA)
Endophyte(E) 0.958 <0.001 0.937 0.048 0.952 0.005 0.132
Plant origin (P) <0.001 <0.001 <0.001 <0.001 <0.001 0.340 <0.001
ExP 0.440 0.910 0.250 0.303 0.508 0.945 0.807
Mineral content (mg kg'l)
Mn Zn Cu B Mo Co
Endophyte E+ 30.88%1.08 18.47+0.39 4.65+0.13 5.41+0.31 1.01+0.06 0.043+0.001
E— 27.86+1.05 18.55+0.38 4.58+0.12 7.11+0.29 1.16+0.06 0.041+0.001
Plant origin CR  27.83+2.29 16.76%0.83 a 4.20+0.26 a 5.72+0.64 1.03+0.14 0.033+0.003 a
LVA 31.43%1.72 17.694£0.62 ab  4.46%0.19 a 6.27+0.47 0.96+0.10 0.042+0.002 ab
LVE 30.35#1.72 19.00£0.62 ab  5.29+0.18 b 6.43+0.45 1.32+0.09 0.042+0.002 ab
POR 28.11%2.12 19.78+0.76 ab  4.57+0.24 ab 6.28+0.59 1.18+0.12 0.042+0.002 ab
TAB 32.36%1.55 19.83%0.56 b 4.70+0.17 ab 7.02+0.43 1.05+0.09 0.046+0.002 b
VAF  26.24+1.57 17.4620.56 ab  4.35+0.17 a 5.79+0.43 0.98+0.09 0.041+0.002 ab
P (ANOVA)
Endophyte(E) 0.049 0.645 0.670 <0.001 0.094 0.975
Plant origin (P) 0.074 0.003 0.002 0.431 0.135 0.016
ExP 0.891 0.269 0.163 0.651 0.438 0.024

In each column, values with different letters are statistically different at P<0.05
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The concentrations of P, Ca, S, and B were significantly greater in E- than in E+ plants,
and that of Mn was greater in E+ than in E-. The effect of plant origin was significant for the
mineral content of nine elements (N, P, K, Ca, Mg, Na, Zn, Cu and Co), but not for S, Mn, B and
Mo. In general, plants from LVE and TAB had the highest concentrations of minerals and those
from CR and VAF the lowest (Table 10). Regarding the interaction between endophyte and
plant origin on Co, its concentration in E- plants (0.414+0.036 g kg™*) was significantly greater
than in E+ (0.251+0.038 g kg™), but only in plants from CR, in the other locations differences
between E+ and E- were not statistically significant.

According to the one-way ANOVA with morphotype factor, asymptomatic plants
infected with M1, M2 or M3 endophytes did not differ in their concentration of minerals
(Table 11). On the other hand, plants with stromata (M2S) had significantly greater
concentrations of N, K, Ca, Mg, S, Mn, Zn, Cu and B than those infected by asymptomatic
endophytes (Table 11). The concentrations of Zn, Cu and B in plants with M3 were not

statistically different from plants with M2S.

Table 11 Mineral content in L. perenne plants infected by different Epichloé morphotypes Values are means +
standard error.

Mineral content (g kg™

Morphotype§
P K Ca Mg S Na
M1 13.5920.36a  2.79%0.08 10.64+0.31a 2.41#0.10a 1.04+0.04a 1.70+0.07a  0.362+0.049
M2 13.0720.78a  2.56%0.09 10.1620.25a  2.18+0.09 a 0.97+0.04a 1.45x0.05a  0.387£0.113
M3 14.0920.50a  2.75%0.08 10.29+0.25a 2.4440.13a 1.05+0.04a 1.60+0.06a  0.406%0.072
M2s 16.6520.70 b  2.95:0.14 12.25+0.34b  3.28#0.11b 1.44+0.07b 2.32+0.19b  0.583%0.181
P (ANOVA) | 0.002 0.399 0.016 <0.001 <0.001 <0.001 0.388
Mineral content (mg kg™)
Morphotype®
Mn Zn Cu B Mo Co
M1 31.18+1.72a 18.43+0.62 a  4.71#0.21 a 5.2740.26 a  0.96+0.07 0.045+0.002
M2 27.23¥3.36a 17.48+0.65 a  4.29%0.32 a  5.25#0.49 a 0.8740.13 0.037+0.005
M3 33.13+2.22a 19.05+0.82ab  4.67+0.30ab  5.85+0.41ab  1.2110.14 0.042+0.002
M2s 46.41#3.83b  22.274#1.16 b  5.82%043 b  7.21%0.67 b  1.25+0.14 0.047+0.005
P (ANOVA) | <0.001 0.025 0.016 0.022 0.123 0.291

P= significance level for one-way ANOVA. In each column, values with different letters are statistically different at
P<0.05. M1= slow growth rate with ‘brain-like form’; M2= faster growing rate with cottony aerial mycelium; M3=
intermediate growth rate with tan, smooth aerial mycelium; and in plants with choke disease M2S = M2 from plants
with stromata (see Figure 21).
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I11.4.3Fiber content and digestibility

Results of the two-way ANOVA showed a significant effect of endophyte status and
plant origin on neutral detergent fiber (NDF), lignin, and dry matter digestibility (DMD), and
the interaction between both factors was not significant for any of these parameters (Table
12). The E+ plants had lower NDF and lignin (P= 0.060), and higher DMD than E- plants.
Differences in acid detergent fiber (ADF) between E+ and E- plants were not statistically
significant. The effect of plant origin was significant for NDF, lignin and DMD contents. Plants
from CR had the lowest NDF and lignin and the greatest DMD; on the contrary, samples from
TAB had the highest NDF and lignin, and the lowest DMD. Plants from LVA, LVE, POR and VAF
had similar percentages of NDF, lignin and DMD, and they were intermediate between those
found in plants from CR and TAB.

Table 12 Mean contents + standard error of acid detergent fiber (ADF), neutral detergent fiber (NDF), lignin, and dry
matter digestibility (DMD) of L. perenne plants as affected by endophyte status (E+ = infected; E- = non-
infected) and location of plant origin. The E+ sample set did not include plants with stromata.

ADF NDF Lignin DMD
Concentration (%)
Endophyte E+ 28.05+0.24 48.30+0.35 5.61+0.14 59.73+0.36
E- 27.67+0.23 49.46+0.33 6.02+0.14 57.67+0.35
Plant origin CR 27.06+0.51 47.17+0.74 a 5.53+0.31 ab 59.89+0.77 b
LVA 27.2610.38 48.62+0.55 ab 5.68%0.23 ab 58.83+0.57 ab
LVE 28.02+0.38 49.66%0.55 ab 6.20+0.22 ab 57.47+0.54 ab
POR 28.40+0.47 49.66+0.68 ab 5.47+0.29 a 59.65+0.71 ab
TAB 28.44+0.35 49.86x0.50 b 6.46x0.21 b 56.71+0.52 a
VAF 27.9540.35 48.33+0.50 ab 5.52+0.21 ab 59.83+0.52 ab
P (ANOVA) Endophyte (E) 0.266 0.019 0.060 <0.001
Plant origin (P) 0.115 0.022 0.008 <0.001
ExP 0.231 0.501 0.663 0.776

P= significance level for one-way ANOVA. In each column, values with different letters are statistically different at
P<0.05.

Considering the Epichloé morphotypes evaluated, a significant effect was detected in
ADF and NDF, but plants infected with asymptomatic endophytes (M1, M2 and M3) did not
differ in these parameters (Table 13). Plants with choke disease (M2S morphotype) had lower
ADF and NDF contents than asymptomatic E+ plants.
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Table 13 Mean contents + standard error of acid detergent fiber (ADF), neutral detergent fiber (NDF), lignin and dry
matter digestibility (DMD) of L. perenne plants infected with different Epichloé morphotypes.

Epichloé ADF NDF Lignin DMD
morphotype” Concentration (%)
M1 28.18+0.29 b 48.46+0.41 b 5.47+0.25 58.95+1.00
M2 28.25+0.69 b 49.87+1.21b 5.11+0.23 60.25%£1.02
M3 27.52+0.55 b 47.24+0.86 b 5.4610.25 60.48+0.67
M2S 21.72+0.50 a 37.8910.85 a 5.871+0.38 61.09+0.75
P (ANOVA) <0.001 <0.001 0.302 0.079

M1= slow growth rate with ‘brain-like form’; M2= faster growing rate with cottony aerial mycelium; M3=
intermediate growth rate with tan, smooth aerial mycelium; and with the choke disease M2S = M2 from plants with
stromata (see Figure 21).In each column, values with different letters are statistically different at P<0.05.

111.5 DISCUSSION

In spite of the potentially large plant variability included in our experiment, with plants
from six wild populations, we detected a significant effect of Epichloé endophytes on the
concentration of five mineral elements, fibers and DMD in shoots, and it was independent of
the plant origin. This result indicates that Epichloé can alter the nutrient balance in perennial
ryegrass by decreasing the concentrations of P, Ca, S, B, NDF and lignin, and increasing Mn
content and DMD in comparison to E- plants. This occurred, even though dry matter yield was

not significantly altered.

Under our experimental conditions, infected plants had lower P, Ca, S and B content
than those not infected. Ren et al. (2009) also reported lower B content in E+ than in E- shoots
of one ryegrass cultivar, with no significant effects on the concentration of the other nine
elements that they analyzed (P, K, Ca, Mg, Na, Mn, Fe, Zn, Cu), and Ren et al. (2007) found a
slight increase in P content in sheaths of E- ryegrass plants growing with a low P supply, as
compared to E+. In agreement with our results, an absence of endophyte effect for total N
(Lewis et al. 1996) and Zn concentration (Monnet et al. 2005) was reported when a single
genotype of ryegrass was evaluated. In contrast, our results showed an endophyte-mediated
increase in Mn, an essential element for some lignin-degrading enzymes such as Mn
peroxidases (Fioretto et al. 2005). Increased nutrient content due to endophyte was also
observed for Zn and Mo in perennial ryegrass (Malinowski et al. 2004), and for P, Ca or Zn in
other grasses like Festuca rubra (Zabalgogeazcoa et al. 2006; Vazquez de Aldana et al. 2013a)
and tall fescue (Malinowski et al. 1998; 2000).

Nutrient uptake in plants through the root surface is mainly meditated by three
mechanisms: mass flow, diffusion, and root interception (Jungk 2002). Mass flow occurs when
nutrients are transported to the root surface by the movement of water in the soil (i.e.

percolation, transpiration, or evaporation). Any change produced by Epichloé endophytes in
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leaf area or tiller structure in their grass host could affect the evapotranspiration rate and
consequently the nutrient acquisition. In plants with choke disease (MS2), high evaporation
from the surface of stromata maximizes the flow of nutrients needed by the fungus for
reproduction (White et al. 1997), and those elements which move by mass flow (N, Ca, Mg, S,
Mn and Mo) were found in higher concentrations. In contrast, in asymptomatic plants (hosting
M1, M2 and M3 Epichloé endophytes) concentrations of these elements were almost identical.

The movement of nutrients by diffusion in soils implicates concentration gradients.
This kind of flow is particularly susceptible to any chemical change in the rhizosphere and is
responsible for the acquisition of P, K, Fe and Zn. For instance, release of root exudates
(phenolic compounds) in E+ tall fescue was linked to an increase of P uptake in aboveground
tissues (Malinowski et al. 1998). In perennial ryegrass, Ren et al. (2007) found a greater
content of total phenolic compounds in roots of E+ plants, but P concentration was superior in
sheaths of E- plants than in E+, which is in accordance with our results. This suggests that root
exudates of perennial ryegrass may be of different nature than those of tall fescue, and thus
mechanisms of nutrient acquisition could be different in both grass species, as suggested
(Malinowski et al. 2004).

The third possible plant mechanism to acquire nutrients from soil solution is root
interception. It occurs when a nutrient comes into physical contact with the root surface, and
is responsible for a considerable amount of Ca uptake, and to lesser extent Mg, Zn and Mn
(Jungk 2002). The plant-endophyte interaction can alter rhizospheric conditions that affect the
density and activity of different soil organisms, like arbuscular mycorrhizal fungi (AMF) which
in turn can enhance root interception. Thus, Epichloé infected plants have shown a reduction
in colonization and sporulation of mycorrhizae, as compared to plants without Epichloé (Chu-
Chou et al. 1992; Mdller 2003; Omacini et al. 2004; Antunes et al. 2008; Liu et al. 2011). On the
contrary, a positive association between Epichloé endophytes and AMF has been found in wild
native grasses (Novas et al. 2005; 2012; Vignale et al. 2015). Although we did not analyze AMF
in our ryegrass plants, a reduction in AMF in E+ plants could explain the lower P content found
in plant tissue, but not the greater concentration of Mn, an element immobile in soil which can
be mobilized by mycorrhizas. This suggests that other root endophytic and epiphytic species
than AMF might be linked to nutrient absorption processes in plant roots (Sanchez Marquez et
al. 2010).

Effects of endophytes on plant fiber contents have received scarce attention. We
found that the presence of Epichloé in ryegrass plants decreased NDF and lignin and increased
DMD, with independence of plant origin. The NDF measures all the forage fiber (hemicellulose,
cellulose and lignin), and a high NDF content decreases forage quality and intake by ruminants.
Our results showed that Epichloé endophytes boost the digestibility of L. perenne, and this
cannot be only attributed to the observed decrease in the lignin fraction. A similar endophyte
effect on NDF and DMD was reported for ryegrass (Oliveira et al. 2004; Rasmussen et al. 2008)
and red fescue (Zabalgogeazcoa et al. 2006). In contrast, most studies done with tall fescue

and Epichloé coenophiala (=Neotyphodium coenophialum) have shown no effect of endophyte
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infection in the concentration of NDF, ADF, lignin, or digestibility (Fritz and Collins 1991;
Humphreys et al. 2002; Johnson et al. 2012). The positive effect of Epichloé on digestibility of L.
perenne could be explained, according to Rasmussen et al. (2012), because the intercellular
endophytic hyphae promotes a carbohydrate hydrolysis to use cell wall components as a
supplementary source of C, and this process might reduce the content of hemicellulose and
NDF in plant.

Changes induced by Epichloé endophytes on fiber and mineral contents of L. perenne
maintained in senescent shoots might alter the quality of litter and consequently its
decomposition rate as well as recycling of nutrients. The degradation of cellulose and lignin,
the most abundant components of litter, is slower than that of other plant components, thus,
the lower lignin content of E+ ryegrass plants would imply faster litter decomposition
compared to E- plants. On the other hand, litter Ca has been related to increased microbial
activity (Berg et al. 2003), and the lower concentration of this element in E+ plants could imply
slower decomposition rates. Other aspects of litter quality also affect decomposition
processes. The N:P ratio of litter contributes to determine the relative importance of bacteria
and fungi in the decomposition process, with low N:P ratios promoting bacteria and high
values fungi (Gusewell and Gessner 2009). Thus, differences in P content due to endophyte
could affect the structure of the mycobiota involved in decomposition. Experiments of litter
decomposition with tall fescue and Lolium multiflorum have shown that decomposition was
slower for endophyte-infected litter, related to the fact that endophyte infection tended to
reduce the N content of litter (Omacini et al. 2004), and to changes in the composition of
associated decomposers (Lemons et al. 2005). Thus, differences in litter quality among species
could imply differences in decomposition rates (Meier and Bowman 2008).

Due to the variability of the plant material and associated Epichloé endophytes used in
this study, we expected to find differences in the chemical composition of plant tissues among
plants infected by different fungal morphotypes. However, we did not find differences among
asymptomatic Epichloé endophytes (M1, M2 and M3) in any parameter related to plant
growth or chemical composition. Instead, significant differences in nutrient content were
detected between asymptomatic and choked plants. In plants infected by the choke pathogen
Epichloé typhina, the development of reproductive stems is arrested by fungal stromata.
Flowering stems have greater fiber and lignin and lower mineral contents than leaves, thus,
differences in the leaf:stem ratio might partly explain why plants with choke disease had the
lowest NDF, and the greatest DMD and mineral content. In addition, an improvement in
photosynthesis efficiency in plants infected with the choke pathogen E. typhina was observed
in Dactylis glomerata (Rozpadek et al. 2015), and this could imply an alteration in the

assimilation of nutrients.

The biomass production of L. perenne was not affected by the endophyte infection
status (E+, E-) or by different Epichloé morphotypes (M1, M2, M3), but a significant variation in
yield occurred among plants from different origin. Our results agree with those of other

studies showing no significant endophyte effect on dry matter yield of ryegrass (Lewis et al.
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1996; Barker et al. 1997; Oliveira et al. 2004). Other studies reported an interactive effect
between endophyte and plant genotype affecting plant production, both in greenhouse and
field assays (Cheplick and Cho 2003; Hesse et al. 2004; Kane 2011). In our field trial, a
significant interaction between infection and plant origin on the number of tillers produced
was observed, but it was limited to plants from TAB, with more tillers in E- than in E+ plants.
Similarly, among 13 genotypes of ryegrass, a negative effect of Epichloé endophytes on tillering
under hydric stress conditions was reported by Cheplick et al. (2000), although differences
were not detected under regular watering. On the contrary, a positive tiller response to
Epichloé infection has been reported in some genotypes of L. perenne growing under hydric
stress (Ravel et al. 1997a).

111.6 CONCLUSIONS

In this chapter a heterogeneous set of plants of L. perenne and their associated
Epichloé endophytes was used to study the effect of endophyte infection on host plant growth
and nutrient content. The biomass production was affected by plant origin but not by
endophyte infection. In contrast, a strong endophyte effect, independent of plant origin, was
detected in mineral content (P, S, Mn and B) and fiber contents (NDF, lignin and DMD). The
results suggest that Epichloé might alter belowground processes that influence nutrient
acquisition in the host plant, although the mechanism is not clear and several processes might
be involved. In spite of the variability of Epichloé endophytes infecting ryegrass plants, plant
growth or chemical plant tissue did not vary among different Epichloé morphotypes. However,
plants infected by the choke pathogen, Epichloé typhina, showed significant changes in
nutrient content and fiber composition with respect to those infected by asymptomatic
Epichloé endophytes.
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AV

INOCULATION OF Epichloé ENDOPHYTES IN
COMMERCIAL CULTIVARS OF Lolium perenne

IV.1 ABSTRACT

Endophytic fungi of the genus Epichloé confer adaptive features beneficial to the
growth and persistence of their host grasses, but also may be deleterious to the health of
animals that graze them. Many of these traits can be incorporate into new host grasses by
artificial inoculation of fungal endophytes. In this chapter, the evaluation of two methods of
artificial inoculation of plants with Epichloé endophytes is described. The slitting method and a
new procedure of inoculation in the culture medium with colonies of Epichloé were used to
infect two cultivars of perennial ryegrass (‘Barplus’ and ‘Romance’) with four morphytes of
Epichloé endophytes (M1, M2, M2S and M3) isolated from wild plants of ryegrass collected at
several locations. The rate of infected plants achieved was higher when inoculation was
through the culture medium (12.9%) than with the slitting method (0.5%). Independently of
the method of inoculation or cultivar, the most effective inocula were endophytes with the M2
and M2 morphotypes; whereas with the M1 or M3 morphotypes the percentage of
successfully inoculated plants was lower than reported elsewhere.

IV.2 INTRODUCTION

The symbiotic relationship of endophytic fungi of the genus Epichloé (Fam.
Clavicipitaceae) with grasses of the Pooideae subfamily have gained relevance since Bacon et
al. (1977) reported the connection between Epichloé-infected tall fescue pastures and fescue
toxicosis in cattle. Soon after this, a similar link of Epichloé-infected perennial ryegrass
pastures with ryegrass staggers in sheep was found (Fletcher and Harvey 1981). On the other
hand, many researches have reported that the presence of Epichloé endophytes improved pest
and/or drought resistance in their grass host (Funk 1983; Latch et al. 1985; Rowan and Gaynor
1986; Arachevaleta et al. 1989; Siegel 1993).

Considering this dual effect of the associations between Epichloé fungi with many
agronomically important grasses, a primary aim of endophyte research and goal of much
interest to worldwide grass seed companies has been the conjunction of a match with suitable
characteristics. Seeds infected with no harmful Epichloé endophytes are often desired by
farmers to prevent the detrimental effects that common toxic endophytes can have on
livestock and/or to increase the performance of the grasses that will be difficult to achieve in

no-infected grasses (Siegel 1993).

The oldest records about infection of a grass after inoculation with endophytes were
made several decades ago. Sampson (1937) obtained endophyte-infected plants after
inoculation of Lolium perenne seedlings with an unnamed endophyte, and Western and Cavett

(1959) infected Dactylis glomerata with spores of Epichloé typhina.
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Currently, artificial infection of grasses with Epichloé endophytes has been achieved by
inoculating seedlings (Latch and Christensen 1985; Leuchtmann and Clay 1993; Christensen
1995), callus cultures (Johnson et al. 1986; Kearney et al. 1991) or plantlets derived from
meristems (O'Sullivan and Latch 1993). The predominant method involves inserting mycelium
from pure cultures into the meristematic region at the junction of the mesocotyl and
coleoptile of young seedlings, either into slits cut with a scalpel or by injection (Latch and
Christensen 1985; Koga et al. 1993; Leuchtmann and Clay 1993). These techniques are slow,
laborious and have a low success rate of infected seedlings (lower than 13%). The inoculation
method by means of a callus culture, developed by Johnson et al. (1986), achieved a higher
endophyte infection success rate (17%), but is very time consuming taking around 30 weeks to

produce a small seedling.

Due to the difficulties that involve the use of these inoculation techniques, there have
been attempts to develop new protocols to improve inoculation efficiency, and to optimize the
time invested. For example, floret inoculation has proven to be a successful method in wheat
with Fusarium graminearum (Engle et al. 2003), but it was not a feasible method for creating
infections of grass cultivars with novel strains of Epichloé endophytes (Gillanders 2007). For
this reason, the slitting technique had remained as the most used method in developing
Epichloé-grass associations, and it has allowed most of the studies about the effects of the
endophytes on their host in different environments (Morse et al. 2007; Jia et al. 2016).

Once a new synthetic infection is released, there are other factors that also influence
the effect of the endophyte on the host grass, and the association must be carefully followed
up (do Valle Ribeiro 1993; Gillanders 2007) because evidence suggests that the strength and
direction of Epichloé endophyte interactions with new host grasses are highly variable (Latch
and Christensen 1985; Meijer and Leuchtmann 2000; Saikkonen et al. 2006; Jia et al. 2016).
Three sources are the main factors that drive the outcomes of the Epichloé-grass interaction:
(i) endophyte strain or species, (ii) host plant genotype, and (iii) the local abiotic (e.g., soil
nutrients and moisture) and biotic (e.g., the presence of herbivores) environments (Jia et al.
2016).

Therefore it is of major relevance to evaluate how endophytes behave on host grasses
with different genetic background and under several environmental conditions before the
adoption of any endophyte-grass combination is released for commercial purposes. As a first
step for further investigation on the role of Epichloé endophytes on the performance of Lolium
perenne, the aim of this chapter was to evaluate the effectiveness of two techniques of
inoculation: (i) the slitting method and (ii) the infection in the culture medium with colonies of
Epichloé.
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IV.3 MATERIALS AND METHODS

IV.3.1Plant material

The plants used for inoculation were two commercial cultivars of endophyte free
ryegrass: ‘Barplus’, used for forage production, and ‘Romance’, a turfgrass. Seeds of these
cultivars were donated by the Barenbrug seed company, NL. For all inoculation experiments,
the lemma and palea were removed and then seeds were surface-sterilized, soaking them in a
sodium hypochlorite solution (1% of active chlorine) for 20 min, and rinsed afterwards in

sterile water.

IV.3.2Epichloé inocula

The Epichloé endophytes used as inoculum were isolated from Lolium perenne plants
of wild origin collected at seven different locations whit diverse environmental conditions
(Chapter I, Table 8). These Epichloé strains were morphologically and genetically characterized
following the methods detailed in the Chapter I.

Eighteen different Epichloé strains were selected for inoculations, trying to have a
representation of the four morphotypes described in Chapter | (Figure 6): the asymptomatic
M1, M2 and M3, and the stroma-producing M2S endophytes (Table 14).

Table 14 Epichloé endophytes isolated of Lolium perenne plants used in the inoculation trials.

MORPHOTYPE"
M1 M2 M2S M3
LVE11 LVAOS LVAO4 CR14
LVE16 LVA32 LVA17 CR19
LVE25 POR36 MONO6 TAB09
§

INOCULUM LVE29 MONO7 TAB42
TAB21
VAF13
VAF20

M1 morphotype, slow growth rate with ”brain-like” mycelium; M2 morphotype, faster growth rate with white
cottony aerial mycelium; M2S morphotype: similar to M2 but stroma-producing ; M3 morphotype: intermediate
growth rate with tan, smooth and flat mycelium (Figure 6). §Fugal colonies marked in bold letters were not used for
inoculation through the culture medium.
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IV.3.3Techniques of Inoculation

1IV.3.3.1Slitting method

The first inoculation technique evaluated was the slitting method, according to the
procedure described by Latch and Christensen (1985). This method consists of making a
longitudinal slit of about 3 mm with a scalpel at the junction of the mesocotyl and radicle of
the ryegrass seedling, and pushing a piece of mycelium of the selected Epichloé endophyte
inside the wound. The procedure was done using a microscope (Leica Microsystems) at 20X

magnification.

For this trial, the seeds of ryegrass were previously germinated in Petri dishes with
water agar (10 seeds per dish) by incubating them for one week in a growth chamber (Sanyo
MLR-351H) (25 °C, 12h photoperiod, 60% relative humidity), until the inoculation. The M1 and
M3 strains used as inoculum were cultured for two weeks in potato dextrose agar (PDA), and
the M2 and M2S morphotypes for one week, because the differences on their growth rate
(Chapter I). Fresh fungal mycelum from several PDA dishes of each of the 18 strains (Table 14)
were inoculated into approximately 40 seedlings of each ryegrass cultivar (‘Barplus’ and
‘Romance’). Immediately after inoculation, the plants were placed in new Petri dishes with
water agar, and kept in the growth chamber for two weeks. After that period the inoculated
seedlings were transplanted to a seedbed (5x5x15 cm) with a sterilized potting mix of

perlite:peat moss (1:1, v/v).

IV.3.3.2Inoculation in culture medium with colonies of Epichloé

To evaluate the effectiveness of a new inoculation procedure in culture medium with
colonies of Epichloé, sterilized ryegrass seeds were placed on growing colonies of Epichloé
fungi. For this procedure, the 12 Epichloé strains indicated in Table 14 were used as inoculum,
and they were grown in Petri dishes with a culture medium composed of PDA and Murasige-
Skoog solution. This solution was included in the culture media as a nutrient sink for the
ryegrass seedling, because of the long incubation period in the growth chamber. Inocula with
M1 and M3 morphotypes were cultured for two weeks, and endophyte with M2 and M2S
morphotypes for one week. Twenty ryegrass seeds of each cultivar (‘Barplus’ and ‘Romance’)
were placed above each of the fungal cultures (Figure 24a). The Petri dishes with the ryegrass
seeds were kept in the growth chamber, and during this time any contamination of the culture
medium was removed. After two weeks 10 seedlings were randomly selected from each Petri

dish, and transplanted to seedbeds (Figure 24b).
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Figure 24 Inoculation of perennial ryegrass seedlings in the culture medium with colonies of Epichloé using a strain
of the M2 morphotype as inonculum: (a) First day of the trial, (b) seedlings before transplanting, two
weeks later.

IV.3.4 Confirmation of the Epichloé Infection

Three months after the inoculation, the presence of Epichloé endophytes was verified
in all the surviving inoculated ryegrass plants (n= 1340). The diagnostic was made by isolation
of the endophyte after placing surface-disinfected fragments of leaf sheath in PDA.
Endophytes identified as Epichloé were confirmed by polymerase chain reaction (PCR)
amplification and sequencing of gene segments containing the internal transcribed spacers
(ITS4 and ITS5) (White et al. 1990) and a 5’ region of the B-tubulin gene (tub2) using the
primers tub2-exonld-1 and tub2-exon4u-2 (Moon et al. 2002), and comparing them with those
of the original inoculum (following the same protocols described in Chapter 1).

The percentage of successful inoculations was calculated on basis of the number of
plants examined and not in the number of plants inoculated, because the death of some
seedlings before transplantation or poor vegetative development not enough to diagnose
them.

All plants diagnosed as Epichloé-infected were transferred into individual 2 | pots with
a perlite-peat moss (1:1, v/v) potting mix and maintained outdoors in a wirehouse. The
inoculated plants which were not infected were kept as control treatment in further
experiments (alkaloid concentration, Chapter Il) because they underwent the same

wounding/handling and transplantation as the successfully inoculated plants.
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IV.4 RESULTS

1IV.4.1Slitting method

The number of ryegrass plants diagnosed as successfully infected with Epichloé
endophytes using the slitting method was only six, which represents a 0.5% of the 1130
analyzed plants. This result was really frustrating. Two ‘Barplus’ plants were diagnosed as
infected plants and four of the infected plants belonged to the cv. ‘Romance’ (Table 15).

Table 15 Number of ryegrass plants analyzed and infected with Epichloé endophytes using the slitting method of

inoculation.
q Barplus Romance Total
Morphotype ™ Inoculum Analyzed (n) Infected (%) Analyzed (n) Infected (%) Analyzed (n) Infected (%)

LVE1l 46 0.0 35 5.7 18 0.0

LVE16 30 0.0 31 0.0 61 0.0

LVE25 24 0.0 24 0.0 48 0.0

M1 LVE29 25 0.0 29 0.0 54 0.0
TAB21 46 0.0 SNA SNA 46 0.0

VAF13 26 0.0 28 0.0 54 0.0

VAF20 42 0.0 32 0.0 74 0.0

Total 239 0.0 179 1.1 418 0.5

LVAO8 23 4.3 39 0.0 62 1.6

LVA32 32 3.1 28 0.0 60 1.7

M2 POR36 30 0.0 33 0.0 63 0.0
Total 85 2.4 100 0.0 185 11

LVAO4 37 0.0 36 0.0 73 0.0

LVA17 37 0.0 27 3.7 64 1.6

M2S MONO06 35 0.0 37 2.7 72 1.4
MONO7 26 0.0 34 0.0 60 0.0

Total 135 0.0 134 1.5 269 0.7

CR14 15 0.0 17 0.0 32 0.0

CR19 38 0.0 33 0.0 71 0.0

M3 TABO9 51 0.0 30 0.0 81 0.0
TAB42 38 0.0 36 0.0 74 0.0

Total 142 0.0 116 0.0 258 0.0

Total (n) 601 03 529 0.8 1130 05

mean (%)

M1 morphotype, slow growth rate with “brain-like” mycelium; M2 morphotype, faster growth rate with white
cottony aerial mycelium; M2S morphotype: similar to M2 but stroma-producing ; M3 morphotype: intermediate
growth rate with tan, smooth and flat mycelium (Figure 6).§ NA= No analyzed

The rate of successful infection with the M1 morphotype was of 0.5%, being only
among the cv. ‘Romance’ the infected plants with this endophyte. The M2 morphotype was
effective in the inoculation of 2.4% of the ‘Barplus’ plants, and no infected plants were
observed with the cv. ‘Romance’. Inoculation with the M2S morphotype was effective in 0.7%
of plants from the cv. ‘Romance’ and these type of fungi were not successfully inoculated in
‘Romance’ ryegrass. In this trial, the less effective fungi for inoculation were the M3

morphotype, none of the plants of any of the two cultivars evaluated were infected (Table 15).
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IV.4.21Inoculation in the culture medium with colonies of Epichloé

The inoculation in the culture medium with colonies of Epichloé was notoriously more
effective than the slitting method. On average 12.9% of the analyzed plants were successfully
infected with Epichloé endophytes. Fifteen of the 112 of the diagnosed ‘Barplus’ plants (13.4%)
and 12 of the ‘Romance’ ryegrass (12.2%) were successfully inoculated with Epichloé (Table
16).

Table 16 Number of ryegrass plants analyzed and infected with Epichloé endophytes using the inoculation in culture
medium method.

q Barplus Romance Total
Morphotype ™ Inoculum Analyzed (n) Infected (%) Analyzed (n) Infected (%) Analyzed (n) Infected (%)

LVE1l 10 0.0 8 0.0 18 0.0

M1 LVE29 10 0.0 10 0.0 20 0.0
VAF20 8 0.0 9 0.0 17 0.0

Total 28 0.0 27 0.0 55 0.0

LVAO8 9 0.0 9 444 18 22.2

M2 LVA32 10 60.0 9 22.2 19 42.1
POR36 10 0.0 5 0.0 15 0.0

Total 29 20.7 23 26.1 52 23.1

LVAO4 9 11.1 7 42.9 16 25.0

M2S LVA17 10 0.0 8 25.0 18 11.1
MONO6 9 0.0 10 10.0 19 5.3

MONO7 9 77.8 5 0.0 14 50.0

Total 37 21.6 30 20.0 67 20.9

M3 CR14 8 12.5 8 0.0 16 6.3
CR19 10 0.0 10 0.0 20 0.0

Total 18 5.6 18 0.0 36 2.8

Total () 112 13.4 98 122 210 129

mean (%)

M1 morphotype, slow growth rate with “brain-like” mycelium; M2 morphotype, faster growth rate with white
cottony aerial mycelium; M2S morphotype: similar to M2 but stroma-producing ; M3 morphotype: intermediate
growth rate with tan, smooth and flat mycelium (Figure 6).§ NA= No analyzed

The M1 morphotype was not successfully inoculated in any of the two cultivars of
ryegrass assayed. Fungi with the M2 morphotype infected 20.7% of the ‘Barplus’ and 26.1% of
the ‘Romance’ plants. The M2S morphotype infected 21.6% of the inoculated ‘Barplus’ grasses
and 20.9% of the ‘Romance’ plants. Infected plants with the M3 morphotype were found in

5.3% and 2.8% of the cv. ‘Barplus’ and cv. ‘Romance’ plants respectively (Table 16).
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IV.5 CONCLUSIONS

Inoculation of commercial cultivars of Lolium perenne with Epichloé endophytes was
more effective in culture medium than using the slitting method. Particularly for M2 and M2S,
the procedure using the culture medium was very effective. For the M1 and M3 morphotypes,
the rate of successful infection was similar for both methods of inoculation, and it was lower
than that reported by other researchers using strains of E. fesctucae var. lolii.

Herein it is the first time in which successful infection of grasses with Epichloé
endophytes is reported by using inoculation in culture medium with colonies of Epichloé. This
method may work with same high infection rates as the reported herein for other inoculation

trails involving strains with similar characteristics to the M2 morphotype.
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V.

NEAR INFRARED SPECTROSCOPY TO DETERMINE THE
PRESENCE OF Epichloé ENDOPHYTES AND THEIR
ASSOCIATED ALKALOIDS IN Lolium perenne

V.1 ABSTRACT

Near-infrared spectroscopy (NIRS) has been widely used in quality control, particularly
in the forage industry, because it is faster, cleaner and less expensive than conventional
chemical procedures. In Lolium perenne, one of the most important forage grasses, NIRS has
been applied for the determination of nutritional parameters. The presence of Epichloé fungi is
known to alter the nutritive quality of its host plant by means of the production of fungal
alkaloids. This chapter focuses in the use of NIRS for the identification of ryegrass infected with
Epichloé endophytes, and the detection and quantification of the alkaloids peramine, lolitrem

B and ergovaline.

The plant material consisted of 222 perennial ryegrass plants, 194 of which were of
wild origin and 28 belonged to two commercial cultivars. All the spectra of the grass samples
were classified according to the plant condition, not infected or infected with Epichloé
endophytes (E-, E+); the morphotype of the Epichloé endophyte hosted (M1, M3 or M3); and
the presence or absence of the alkaloids peramine (PER-, PER+), lolitrem B (LTM-, LTM+) and
ergovaline (ERG-, ERG+). For discriminant analysis, the algorithm X Residuals was applied, and

for quantitative analysis, a modified partial least squares (MPLS) algorithm was used.

The best discriminant equation for detection of Epichloé using the NIR spectra
identified 93.3% of E+ plants. The identification of the Epichloé morphotypes was correct for
92.9% of M1 morphotype samples and 100% of M2 morphotypes. However, all plants
harboring M3 endophytes were wrongly classified as hosting M1 morphotypes. Detection of
alkaloids was correct for 94.4% of PER+ plants; 87.5% of LTM+ and, 92.9% of ERG+ plants. The
quantitative NIR equation had coefficient of correlation (RSQ) of 0.93, 0.41 and 0.76
respectively, for concentration of peramine, ergovaline and lolitrem B. These results show that
NIR spectroscopy is a suitable tool for screening studies related to the direct detection of some
anti-quality properties of samples of ryegrass, such as detection and identification of Epichloé

endophytes, and the presence and quantification of alkaloids.
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V.2 INTRODUCTION

Near infrared spectroscopy (NIRS) is a non-destructive technique with a widespread
application to food, agricultural and industrial research of various plant products, including the
agronomic selection of forages for improved quality (Corson et al. 1999; Gonzéalez-Martin et al.
2006; Gonzalez-Martin et al. 2007). NIRS is an analytical technique that predicts the chemical
composition of material based on the interaction between the surface of the sample and the
incident polychromatic light over a spectral wavelength ranging from 1100 to 2500 nm (near
infrared range) (Figure 25).

Figure 25 Representation of the effect of diffuse reflectance used in near infrared spectroscopy.

The sample absorbs and reflects specific frequencies corresponding to combinations
and overtones of vibration such as stretching and bending of hydrogen-bearing functional
groups like —CH, -OH, and —NH (Osborne 2006; Baranska and Schulz 2009). The signal obtained
by NIRS contains information about the chemical composition and other properties of the
matrix (Baker et al. 1990; Shenk and Westerhaus 1993; Corson et al. 1999). The large amount
of data in a NIR spectrum requires the use of chemiometrics to extract qualitative and
quantitatively characteristics of interest from the sample (Blanco et al. 2008). With the use of
regression techniques, NIR spectroscopy transmittance spectra can be correlated to
laboratory-derived data. This correlation results in prediction equations that may or may not
accurately quantify a wide range of constituents (Roberts et al. 1997). The NIRS technique is
absolutely dependent on reference data or laboratory analyses and its limitations are defined
by the capacity for accurate calibration and sample characteristics able to provide

interpretable spectra (Corson et al. 1999).

Near infrared spectroscopy offers several advantages over conventional methods of
forage quality analysis. NIRS can provide reliable estimates of feed composition and evaluate
many constituents (e.g. moisture, protein, oil, starch, fibers and others) at the same time using
the same spectral signature, is rapid, non-destructive, requires small quantities of plant
sample, for plant sample preparation only require dried and ground, no chemical reagents are
needed and is less expensive than conventional analytical procedures (Barton 2nd and
Windham 1987; Clark et al. 1987; Garcia-Ciudad et al. 1993; Gonzalez-Martin et al. 2007;
Foskolos et al. 2015).
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Many researchers have used infrared spectroscopy to discover different forms of
adulteration of products, to predict the metabolisable energy value of a feed (Ulyatt et al.
1995; Gonzalez-Martin and Hernandez-Hierro 2008; Baranska and Schulz 2009) and less
commonly is to identify and classify microorganisms like bacteria, fungi and virus (Arnold et al.
2000; Petisco et al. 2008; Petisco et al. 2011; Brandl 2013). Nowadays, in forages NIRS is a
routine technique used to analyze the amount of structural fiber, soluble carbohydrate, crude
protein, lipid, ash and for detection and quantification of minerals (Garcia-Ciudad et al. 1993;
Vazquez de Aldana et al. 1995; Gonzalez-Martin et al. 2007; Burns et al. 2013). However, NIRS

has been rarely explored for the identification of anti-quality properties of forages.

Anti-quality components are defined as any factor that diminishes the degree to which
forage meets the nutritional requirements of a specific kind of animal (Allen and Segarra
2001). Among the diverse impediments to forage quality are structural components (e.g.
lignin) and secondary metabolites, but also are included mineral imbalances related or not to
the presence of insects, fungi, bacteria or diseases. Anti-quality components may reduce dry
matter intake, dry matter digestibility, or result in nutritional disorders in animals. Such factors
represent a high economical cost for the livestock industry, for example, reproductive and
death losses of livestock due to poisonous plants have been estimated at 340 million USD in
USA (James et al. 1992; Allen and Segarra 2001). There has always been a concern that anti-
qguality components in forages have the potential to compromise food safety and human
health (Allen and Segarra 2001; Pfister et al. 2001; Thompson et al. 2001).

Perennial ryegrass (Lolium perenne) is one of the most important cool season grasses
and the basis of many forage-livestock systems grown worldwide. Perennial ryegrass, like
several other grass species, is often infected by endophytic fungi of the genus Epichloé that
confer adaptive advantages. However, these fungi are also responsible for some anti-quality
factors of the grass. Fungal alkaloids has often pronounced physiological reactions in
herbivores, causing negative effects on livestock (Bacon et al. 1977; Fletcher and Harvey 1981;
Gallagher et al. 1984; Gallagher et al. 1985; Allen and Segarra 2001; Young et al. 2015).
Peramine, lolitrem B and ergovaline are the most common alkaloids produced in perennial
ryegrass plants infected with Epichloé endophytes. Peramine is an insect deterrent, with no
clinical effect over mammals; lolitrem B is a tremorgenic compound responsible for ryegrass
stagers in sheep; ergovaline is reported to be a major contributor to several livestock disorders
including gangrene in limbs, reduced fertility, hyperthermia, convulsion, all these symptoms of
a syndrome known as fescue toxicosis (Yates et al. 1985; Aldrich et al. 1993; Moubarak et al.
1993; Bluett et al. 2005).

The detection of Epichloé endophytes in Lolium perenne is mainly performed by
microbiological, histochemical, immunological or molecular techniques, as presented in
Chaper I. Histochemical detection is based on staining plant tissues with rose Bengal or aniline
blue, followed by visual inspection of fungal hyphae by light microscopy (Saha et al. 1988;
Bacon and White 1994; Miles et al. 1998). Another very slow method of determining the

presence of endophytes, is to isolate the endophyte into a culture medium (Latch and
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Christensen 1985; Fletcher et al. 1990). Enzyme-linked immunosorbent assay (ELISA) uses
specific antibodies against fungal cells (Miles et al. 1998; Dombrowski et al. 2006; Koh et al.
2006). Molecular methods include DNA extraction and polymerase chain reaction (PCR)-based
amplification with specific primers, resulting in patterns of simple sequence repeats (Moon et
al. 1999; Rasmussen et al. 2007; van Zijll de Jong et al. 2008; Najafabadi et al. 2009). On the
other hand, quantitative analysis of alkaloids is based on an elaborated procedure of
extraction, followed by quantification by high performance liquid chromatography. Alkaloid
extraction requires high investments, due to the use of organic solvents and/or solid-phase
exchangeable cartridges. Although these above mentioned methods are preferred for being
exact and precise procedures, in large-scale screening studies in which a significant numerous
samples should be analyzed, none of them is ideal in term of cost-effectiveness, speed and
accuracy, because they need high level of expertise, a series of chemicals and equipment (e.g.
buffers, primers and dyes), are tedious, and too time-consuming (e. g. Chapter | and Ill). For
the reasons mentioned above, alternative methods such as infrared spectroscopy are studied
to develop diagnostic methods with lower economic and ecological cost than conventional

techniques (Levasseur et al. 2010).

The objectives of this work were to evaluate the suitability of NIR spectroscopy for: (i)
discrimination between perennial ryegrass plants infected or non-infected by Epichloé
endophytes; (ii) identification of the morphotype of the Epichloé endophyte hosted, (iii)
detection of alkaloids of fungal origin (peramine, lolitrem B and ergovaline); and (iv)
guantification of these alkaloids

V.3 MATERIALS AND METHODS

V.3.1 Plant Material and Reference Methods

The plant material consisted of 222 plants sampled from six wild populations of Lolium
perenne located at western Spain (described in Chapter 1), and from two commercial cultivars:
'Barplus’ used for turfgrass and 'Romance’ a forage cultivar (Barenbrug, NL). Wild ryegrass
plants were cultivated in a field-plot and the commercial ryegrass plants were grown for more
than 12 months in 2 | pots with a potting mix (perlite:peat moss, 1:1, v/v). The set of ryegrass
samples was composed by endophyte-free, naturally infected and artificially inoculated plants.
Infected plants hosted different morphotypes of Epichloé endophytes, which produced
distinctive alkaloid profiles (Chapter IV).

As indicated in Chapter I, Identification of Epichloé-infected plants was made through
microscopic examination of the grass stem piths stained with 1% aniline blue (Bacon and
White 1994), and by fungal isolation in potato dextrose agar (PDA) (Latch and Christensen
1985); and were confirmed as Epichloé using the PCR primers: ITS4 (5’- TCC GCT TAT TGA TAT
GC-3’), ITS5 (5'- GGA AGT AAA AGT CGT AAC AAG G -3’) (White et al. 1990), and tub2-exon1d-
1 (5’- GAG AAA ATG CGT GAG ATT GT -3’), tub2-exon4u-2 (5’- GTT TCG TCC GAG TTC TCG AC -
3’) (Moon et al. 2002).
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The alkaloids, peramine, lolitrem B and ergovaline, were determined from ryegrass
harvested 5 cm above ground; freeze dried, ground to 0.5 mm with a hammer mill (Fritsch
15303, Germany), and stored at 6 °C in the dark until laboratory analysis and NIR spectra
acquisition. Each alkaloid peramine, lolitrem B and ergovaline was analyzed separately by high
performance liquid chromatography (HPLC) as indicated in Chapter Il

V.3.2 Infrared spectroscopy

V.3.2.1 Acquisition of infrared spectra

Approximately 2.0 g of each of the 222 ground ryegrass samples were placed on a
circular (38 cm in diameter and 10 mm in thickness) quartz reflectance-sampling cell (Figure
26a) for their spectrum acquisition. The reflectance spectra between 400 and 2498 nm,
acquired at 2 nm wavelength increments were collected using a NIRSystem 6500 scanning
monochromator (FOSS Analytical, Denmark) fitted with a sample transport module (Figure
26b). The spectrum of each grass sample was stored as log (1/R) (R= intensity of reflected light
at each wavelength) and used for further chemiometrical analyses. Instrument control,
manipulation of spectral files and chemiometric analyses were made with WinISI 4.3 software
(FOSS Analytical, Denmark).

Figure 26 Instrumental used in acquisition of NIR spectra of the ryegrass samples: (a) reflectance capsule cell, (b)
spectrophotometer monochromator NIRS 6500.

The collected spectra were divided into two subsets, one of them (ca. 75% of all the
samples) used for training or calibration of the models (depending on whether classification or
quantification was the objective), and the rest of samples (ca. 25%) were separated to
corroborate the performance of the NIR equations obtained by external validation. The spectra
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were assigned randomly, from different plant origins, growth conditions and harvests, to have
a wide variability in terms of plant genetic, geographic, management and physiology in
training/calibration and validation sets, which allows the development of robust NIRS
equations. The distribution of ryegrass samples is indicated in Table 17.

Table 17 Characteristics and number of the ryegrass samples (n) used in the development of NIRS models for

identification plants with Epichloé fungi, morphological classification of the endophyte hosted, and for
detection and quantification of the alkaloids peramine, lolitrem B and ergovaline.

Sample Statistical Training/Calibration Validation Total/Average
Parameter” L
Condition descriptor set set
Epichloé infection e n 7 24 %8
E+ n 94 32 124
M1 n 40 14 54
Epichloé morphotype M2 n: 31 10 41
M3 n: 21 8 29
PER- n: 36 12 48
n: 56 20 76
Peramine Range (mg kg'l): 2.16-24.00 2.73 2.16-24.00
PR Media (mg kg™): 6.96 20.39 7.16
SD (mg kg™) : 5.83 7.70 5.87
LTM- n: 37 14 51
n: 48 16 64
Lolitrem B Range (mg kg'l): 0.47-6.74 0.46-2.61 0.46-6.74
LM Media (mg kg™): 1.33 1.27 1.32
SD (mgkg™) : 1.13 0.62 1.02
ERG- n: 50 16 71
n: 39 14 53
Ergovaline Range (mg kg™): 0.02-2.11 0.19-1.55 0.02-2.11
ERG Media (mg kg™): 0.74 0.61 0.71
SD (mg kg™) : 0.58 0.39 0.54

E-= No Epichloé infected plants, E+= Epichloé infected plants; M1 morphotype= slower growth mycelium with
convoluted surface, M2 morphotype= faster growth rate with white cottony aerial mycelium, M3= morphotype,
intermediate growth rate with tan, smooth and flat mycelium; PER-= plants without detection of the alkaloid
peramine, PER+= plants with detection of the alkaloid peramine; LTM-= plants without detection of the alkaloid
lolitrem B, LTM+= plants with detection of the alkaloid lolitrem B; ERG-= plants without the detection of the alkaloid
ergovaline, ERG+= plants with the detection of the alkaloid ergovaline

To determine Epichloé infection, the whole set of 222 ryegrass samples was used, 98
samples were not infected (E-), and 124 were Epichloé-infected (E+). Equations for
identification of the Epichloé morphotype hosted and for detection and quantification of
alkaloids were performed obviously only with the spectra from E+ plants. From the 124 E+
ryegrass samples, 54 were infected with the M1 morphotype, 41 with the M2 morphotype,
and 29 with the M3 morphotype (Table 17). Modelling the presence and concentration of
peramine was made with 124 spectra, 115 spectra were used to detect lolitrem B because in
six E+ plants this alkaloid was not determined by HPLC, and for ergovaline all the 124 spectra

of the E+ plants were used.
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V.3.2.2 Spectra treatment

The development of qualitative and quantitative analyses using near infrared
spectroscopy has some steps in common. In both cases, mathematical pretreatments and

principal component analysis (PCA) are applied to the sample spectra.

Mathematical treatments are performed to minimize problems related to light
scattering. The physical characteristics of the sample (size, shape and compaction of particles),
external factors (light and humidity), and aspects related with the instrumental measurement
and the spectral signal with overlapped bands can influence negatively the spectral data. In
this work, the mathematical pretreatments applied were: averaging of the raw spectra,
characterization of the absorbance (standard normal variate, SNV), correction of the trend
(DeTrend, DT), and application of SNV and DT together (Figure 27).

(a) 1.00 Math treathment: n0  (b) Math treathment: sO
Scatter: None (0,0,1,1) 500 - Scatter: SNV (0,0,1,1)
Derivative: 0 Derivative: 0
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Figure 27 Example of 10 spectra of ryegrass with the four mathematical treatments used for correction of the
scaring: (a) averaging; (b) standard normal variated (SNV), (c) correction of trend, (DeTrend, DT), and (d)
SNV with DT together.

The function of the spectra averaging is to reduce the random noise, and therefore to
increase the signal/noise ratio. Characterization of the absorbance (SNV) tries to minimize the
dispersion caused by physical factors, such as the particle size, and for this each individual
spectrum is centered and scaled (Barnes et al. 1989). The DeTrending (DT) step involves the
application of a second-degree polynomial to standardize variation in spectral curvilinearity

(Barnes et al. 1989). The mathematical pretreatments were combined with derivatives and
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smoothing transformations to remove additive baseline effects (first derivative) or a linear
baseline (second derivative) (Naes et al. 2002). Their notation is indicated with four digits (a, b,
¢, d) where: a is the order of derivative; b is the number of points where the derivative is
performed; c is the number of points where the first smoothing is made; and d the number of
points where the second smoothing is performed (Figure 28).
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Figure 28 Averaged spectra of 10 samples of ryegrass transformed with four combinations of derivative, gaps and
derivatives.

V.3.2.3 Qualitative analysis

Discriminant analysis is a qualitative methodology that identifies a sample as belonging
to a particular group. In this work, the discriminant model was based on a pattern recognition
method, with a priori knowledge about the category membership of samples (supervised)
(Figure 29). A discriminant algorithm known as X Residuals was used, in this method a PCA is
performed on each group, then the evaluated spectrum’s score is multiplied by the PCA
loadings for each group, the product is subtracted from the evaluated spectrum and the

sample will be classified as belonging to the group resulting with the lowest residual.
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Figure 29 Steps followed for discriminant analysis in infrared near spectroscopy. Classes identification = sample
condition (see Table 17).

The NIR spectral information of each sample in Table 1 was used to define the
parameters to be modeled and the discriminant equations to be developed: infection with
Epichloé endophytes (E- or E+), Epichloé morphotype hosted (M1, M2 or M3), and the
presence of each alkaloid in E+ ryegrass samples: peramine (PER- or PER+), lolitrem B (LTM- or
LTM+) and ergovaline (ERG- or ERG+). In order to find out optimal NIRS classification
equations, it was needed to transform the spectra through the mathematical treatments
(Figure 27) combined with smoothing, gaps and derivatives treatments (Figure 28) providing
40 discriminant equations for each parameter.

Once the discriminant models were created, their accuracy was measured with the
percentage of samples from the validation set that were correctly classified and by the global
percentage of false positives. Those models with the best classification performance and, the
lowest percentages of false negatives, were selected for identification of the evaluated traits
of new ryegrass samples. For this work, a false-positive was defined as a sample without the
constituent studied but classified by the discriminant model as having the constituent;
conversely, a false-negative occurs when in a sample the constituent is present but the models

classify the sample as not having the constituent.

V.3.2.4 Quantitative analysis

The objective of the calibration in quantitative analyses was to develop an equation to
calculate the concentration of each alkaloid in endophytes-infected ryegrass samples, in a way
that, the residual or the difference between the reference chemical data and the value of
concentration predicted by the NIRS equation is as low as possible. The quantitative NIR
equations were developed through a modified partial least squares (MPLS) regression method
(Figure 30).
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Figure 30 Schematic representation of the steps followed for quantitative analysis in near infrared spectroscopy

The modified partial least squares method (MPLS) is similar to partial least squares
(PLS) regression, but often more stable and accurate. Similar to principal component
regression, the PLS is based in a reduction of variables but the calibration process uses both
the reference data (chemical, physical, etc.) and spectral information to form the factors useful
for fitting purposes (Martens and Martens 2001). The modification in MPLS consists of a
standardization of the NIRS residuals at each wavelength, after one factor is calculated the

residual is divided by the standard deviations before calculating the next factor.

Previous to the MPLS, a principal components analysis (PCA) was performed on spectra
of the calibration set, generating 20 different files by the combination of the mathematical
treatments (spectra averaging, SNV, DT, SNV+DT, smoothing, gaps and derivatives) described
above (Figure 27, Figure 28). In this process, the spectral outliers were identified (samples with
H> 3.0) and discarded. Subsequently, on the 20 files generated by the PCA other 20
pretreatments were applied, generating 400 different equations to be evaluated for the
quantification of each alkaloid.

When the MPLS is performed, a cross-validation is applied to select the optimal
number of factors, and to avoid overfitting (Shenk and Westerhaus 1995). In cross-validation,
the calibration set is divided into several groups; each group is then validated using a
calibration developed on the other samples. In this process, samples with high residuals are
detected and those samples whose statistical T, defined as the residual divided by the

standard error of cross-validation (SECV), exceeds the value of 2.5 were removed from the
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calibration set, this procedure was repeated two times to finally obtain the models. The

selection of the best NIRS equations for alkaloid quantification was based on the statistics

described in Table 18. In all these equations Y, is the calculated data; ¥;is the theoretical data

for each one of the isamples; ¥ is the average of the calculated data; N is the number of

sampled used on calibration or internal validation; p is the number of factors used in the

cross validation, and SD,

Mark and Workman Jr 2010).

is the standard deviation of the reference data (Marten et al. 1989;

Table 18 Statistical equations for the calculation of the accuracy of the quantitative equation generated by NIRS

Calibration statistical

Validation statistical

Multiple correlation
coefficient (RSQ), measures
the fitting degree between
predicted data and actual
concentration

RSQ=1-

Standard error of
calibration (SEC) is an N

estimate of the best é(yi
accuracy obtainable using SEC= N-p-1

the specific wavelengths of
the calibration equation

Residuals, is the difference
between the actual value

Y; and the predicted value

Ji

BIAS is the medium value of

the residuals BIAS =

Standard error of cross
validation (SECV), is a true
estimate of the prediction
accuracy of the equation
and it is used as the .
statistic for determining the SECV =
best number of

independent variables or

factor for the calibration

equation

M=z

1
[N

>

i=1

Z|

residualf = (y, - y,)

z

(Yi - Yi - BIAS)

(yi _yi)

2

NI

Multiple correlation
coefficient (RSQ), compare
the predicted values with
the references values.

Standard error of
prediction (SEP), is a true
measure of the
performance of the
equation on unknown
samples and is the
preferred statistic to use
for comparison of
regression equations:

Standard error of
prediction corrected by the
BIAS (SEPc)

Ratio performance
deviation (RPD). A suitable
quantification model
should have a RPD> 2.0.

Z(Yi / )2
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SEP=| 2
N-1

NI
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I
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2
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The robustness of the NIR models for alkaloid quantification was corroborated through
external validations by means of a simple regression between NIRS-predicted values and those
obtained by the reference method, to determine the accuracy of the calibration. A Student’s t-
test was conducted to corroborate that the concentrations obtained by both methods (HPLC
and NIRS) provided values significantly equal or not (P= 0.05) and the residuals were calculated
on alkaloid concentrations.

V.4 RESULTS

V.4.1 Qualitative analysis

Figure 31 shows the averaged raw spectra of the 222 ryegrass samples of all evaluated
conditions: non infected plants, Epichloé-infected, different Epichloé morphotypes, with and
without fungal alkaloids. The shape of the spectra is almost the same along the entire spectral
range with no obvious distinction for the identification of specific groups. Differentiation
among the ryegrass samples according to their traits was possible only after the use of
chemometric methods to build up mathematical relationships between the absorption spectra

and the characteristics of interest.
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Figure 31 Spectra from visible to near infrared range (400 — 2500 nm) of the 222 samples of ryegrass.

The main peaks observed in the spectra (Figure 31) are derived from hydrogen bonds
of water molecules, which strongly absorb the infrared radiation contributing to scatter the
light and producing a negative effect in the vis-NIR spectra. Thus, it is observed that the visible
region did not contribute with useful information, on the contrary the accuracy of the NIRS
equations decreased. Taking that into consideration, the wavelength used for the obtain all the

NIR equation in this chapter was in the range of 1100 — 2000 nm.
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The discriminant analyses followed the method indicated in Figure 29, applying the X
Residual algorithm. The Table 19 presents the results obtained after PCA was applied on the
spectra with the mathematical treatments and they are indicated as follows: n= no scattering;
s= standard normal variate (SNV); d= correction of trend (DT); and m was the application of
SNV + DT transformations. The smoothing, gaps and derivatives are indicated with one number
next to letter that indicate the scatter treatment, following the notation of four digits (Fig. 4);
for this: 0= (0,0,1,1); 1= (1,4,4,1); 2= (2,4,4,1), 3=(2,10,10,1); and, 4=(2,8,6,1).

Table 19 Number of principal components, variability explained, and outliers detected for each of the mathematical
transformations after analysis of principal component in the spectra of ryegrass.

Mathematical Principal Variability Spectral
treatment” Components Explained (%) outliers

n0 8 99.89 12
nl 13 99.85 7
n2 18 99.59

n3 14 99.84 10
n4 16 99.82 7
sO 8 99.99 13
sl 14 99.89 11
s2 20 99.60 7
s3 14 99.83 13
s4 17 99.83 10
do 11 99.99

d1l 13 99.86

d2 18 99.59

d3 14 99.84 10
d4 16 99.82 7
m0 12 99.99 11
ml 14 99.86 11
m2 20 99.58 7
m3 14 99.82 13
m4 17 99.82 10

MTransformation of the NIR spectra: n= no scattering; s= standard normal variate (SNV); d, correction of trend (DT);
m= SNV + DT transformations (Figure 27). The smoothing , gaps and derivatives are indicated with the number next
to letter as follow; for this: 0=(0,0,1,1); 1= (1,4,4,1); 2= (2,4,4,1), 3=(2,10,10,1); and, 4=(2,8,6,1) (Figure 28).

Several spectra from commercial cultivars of ryegrass were outliers; it seems that
those plants have important differences with respect to the wild ryegrass. The inclusion of
spectra from inoculated ryegrass may reduce the predictive models accuracy, although they
also provide more variability and therefore universality to the discriminant NIR models, for this

reason the remnant spectra from commercial cultivars were kept in the training set.
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V.4.1.1 Detection of Epichloé endophytes

The results obtained by the X Residual method for classification of ryegrass samples
according to their infection status (E= not infected; E+= infected with Epichloé endophytes) are
presented in Table 20, which include the percentage of samples correctly classified in training
and validation sets, and the global percentage of sample misclassified by the NIRS discriminant
models evaluated.

Table 20 Results of the discriminant analysis using the NIRS spectra of ryegrass samples for evaluation of the
Epichloé infection (E- = no infected plants, E+= Epichloé infected plants).

Samples correctly classified (%)§ Samples misclassified (%)§
Mathematical Training set Validation set Total
treatment” E- E+ Mean E- E+ Mean E- E+
n0 82.2 80.0 81.0 62.5 64.3 63.5 22.7 23.9
nl 95.9 92.0 93.8 91.7 100 96.3 51 6.0
n2 97.3 100 98.8 79.2 83.3 81.5 7.1 4.2
n3 94.6 100 97.4 91.7 85.7 88.5 6.1 3.7
n4 98.6 95.4 96.9 83.3 56.7 68.5 5.1 14.5
sO 86.5 86.7 86.6 70.8 78.6 75.0 17.3 15.3
sl 94.6 97.6 96.2 87.5 82.1 84.6 7.1 6.2
s2 95.9 100 98.1 83.3 93.3 88.9 7.1 1.7
s3 100 100 100 79.2 89.3 84.6 5.1 2.8
s4 95.9 100 98.1 79.2 89.3 84.6 8.2 2.7
do 89.2 97.6 93.7 87.5 93.3 90.7 11.2 3.5
d1 94.6 98.8 96.9 91.7 90.0 90.7 6.1 3.5
d2 97.3 100 98.8 79.2 80.0 79.6 7.1 5.0
d3 91.9 92.9 92.4 83.3 90.0 87.0 10.2 7.9
d4 98.6 100 99.4 83.3 70.0 75.9 5.1 7.8
m0 97.3 91.8 94.3 70.8 78.6 75.0 9.2 11.5
m1 100 100 100 87.5 85.7 86.5 31 3.6
m2 95.9 100 98.1 87.5 93.3 90.7 6.1 1.7
m3 93.2 94.0 93.6 87.5 92.9 90.4 8.2 6.3
mé 98.6 97.6 98.1 83.3 86.7 85.2 5.1 53

§Percentages calculated without spectral outliers. TTransformation of the NIR spectra: n= no scattering; s= standard
normal variate (SNV); d, correction of trend (DT); m= SNV + DT transformations (Figure 27). The smoothing , gaps
and derivatives are indicated with the number next to letter as follow; for this: 0= (0,0,1,1); 1= (1,4,4,1); 2= (2,4,4,1),
3=(2,10,10,1); and, 4=(2,8,6,1) (Figure 28). The highlighted row indicates the mathematical treatment most
accurate.

The percentages of good classification in the training set varied from 81.0 to 100%,
depending on the mathematical treatment. In the validation set the percentage of plants
correctly classified was lower than in the training set, ranging from 68.5 to 96.3%. The best
discriminant model to detect Epichloé in ryegrass was obtained with 20 PCs which explained a
98.58% of spectral variability and applying the mathematical treatment m2: correction of
scatter: SNV+DT (2,4,4,1), with a 90.7% of good classification, classifying correctly 87.5% of E-
plants and 93.3% of E+ plants in validation. Although this model did not have the highest
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percentage of plant classified correctly (e.g. n1, 96.3%), it had the lowest percentage of false
positives (1.7%).

In Figure 32 is represented the classification of the ryegrass plants after the application
of the NIR discriminant equation for identification of plants infected by Epichloé endophytes.
The misclassified E- plants were six, four of them were artificially inoculated commercial
cultivars, and they can be pointed out in Figure 32 because of their higher difference with
respect to the E-. In the other two cases, the spectra were recorded from capsules not
completely full because there was not enough sample amount. In the two E+ samples classified

as E- no particular characteristics were observed.
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Figure 32 Classification of ryegrass samples according to the presence of Epichloé (E-= no infected plants; E+=
Epichloé-infected plants) applying the discriminant X Residual algorithm on the NIR transformed spectra
with the mathematical treatment m2: SNV+DT (2,4,4,1).

V.4.1.2 Morphotype of the Epichloé endophyte

Identification of the morphotype of the Epichloé endophyte present in ryegrass
samples through NIRS was successful for the M1 and M2 morphotypes and less accurate for
the M3 morphotype because in the validation set M3 endophytes were not identified correctly
(Table 21).

Table 21 Results of the discriminant analysis using the NIRS spectra of ryegrass samples for morphotype
identification (M1 morphotype= slower growth mycelium with convoluted surface, M2 morphotype=
faster growth rate with white cottony aerial mycelium, M3= morphotype, intermediate growth rate with
tan, smooth and flat mycelium) of the Epichloé endophytes hosted in the ryegrass samples.
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Samples correctly classified (%)§ Samples misclassified (%)§

Mathematical Training set Validation set Total
treatment” M1 M2 M3 Mean M1 M2 M3 Mean M1 M2 M3
n0 72.5 77.4 73.7 74.4 35.7 80.0 0.0 38.2 16.1 7.3 121
nl 100 93.5 94.7 96.7 71.4 80.0 0.0 52.9 3.2 3.2 8.9
n2 100 100 89.5 97.8 78.6 70.0 0.0 52.9 2.4 2.4 9.7
n3 100 96.8 94.7 97.8 50.0 80.0 0.0 44.1 5.6 2.4 8.9
nd 100 100 94.7 98.9 64.3 80.0 0.0 50.0 4.0 1.6 8.9
sO 75.0 80.6 78.9 77.8 64.3 50.0 10.0 44.1 12.1 8.9 10.5
sl 100 93.5 94.7 96.7 71.4 80.0 0.0 52.9 3.2 3.2 8.9
s2 100 100 94.7 98.9 78.6 80.0 0.0 55.9 2.4 1.6 8.9
s3 97.5 96.8 94.7 96.7 50.0 80.0 10.0 47.1 6.5 2.4 8.1
s4 100 100 94.7 98.9 64.3 80.0 0.0 50.0 4.0 1.6 8.9
do 87.5 80.6 94.7 86.7 57.1 60.0 10.0 44.1 8.9 8.1 8.1
dl 100 93.5 94.7 96.7 57.1 80.0 0.0 47.1 4.8 3.2 8.9
d2 100 100 89.5 97.8 78.6 70.0 0.0 52.9 2.4 2.4 9.7
d3 100 96.8 94.7 97.8 50.0 80.0 0.0 44.1 5.6 2.4 8.9
da 100 100 94.7 98.9 57.1 70.0 0.0 44.1 4.8 2.4 8.9
m0 95.0 93.5 89.5 93.3 78.6 80.0 10.0 58.8 4.0 3.2 8.9
m1l 35.0 93.5 94.7 67.8 71.4 80.0 0.0 52.9 24.2 3.2 8.9
m2 100 100 94.7 98.9 78.6 80.0 0.0 55.9 2.4 1.6 8.9
m3 97.5 96.8 94.7 96.7 50.0 80.0 10.0 47.1 6.5 2.4 8.1
m4 100 100 94.7 98.9 92.9 100 0.0 67.6 0.8 0.0 8.9

§Percentages calculated without spectral outliers. MTransformation of the NIR spectra: n= no scattering; s= standard
normal variate (SNV); d, correction of trend (DT); m= SNV + DT transformations (Figure 27). The smoothing , gaps
and derivatives are indicated with the number next to letter as follow; for this: 0= (0,0,1,1); 1=(1,4,4,1); 2= (2,4,4,1),
3=(2,10,10,1); and, 4=(2,8,6,1) (Figure 28). The highlighted row indicates the mathematical treatment most
accurate.

In the training set, the lowest correct classification achieved was of 67.8% and the
highest was 98.9% depending on the mathematical treatment (Table 21). In this set, ryegrass
samples infected with M1 morphotype were the best identified, in most of the models (15 out
of the 20 models) more than 95% of the plants were correctly classified, and only in one case
the classification of ryegrass samples infected with M1 morphotype was lower than 50%. The
samples harboring the M2 morphotype were correctly identified with all the NIRS models,
within a range from 80.6% to 100%. Plants hosting endophyte with the M3 morphotype were
classified correctly in a range from 73.7% to 94.7%. In the validation, the percentage of correct
classification of plants with M1-endophytes was less uniform and the range of correct
classification varied from 35.7% to 92.9% (Table 21). The M2 morphotype was correctly
classified in an interval from 60% to 80%. In contrast with the training, in validation only five
discriminant models achieved a 10% of success when where applied to identify plants hosting
M3 endophytes (Table 21).

The discriminant model with the best statistical parameters for identifying the
morphotype of the Epichloé endophyte hosted by ryegrass plants was obtained when the
spectra were transformed using the mathematical treatment m4, applying a scatter: SNV+DT
(2,8,6,1). The discriminant model used 17 PCs that explained 99.81% of the spectral variability
between the samples. This discriminant model had the highest percentage of the correct

classification in the training and the validation sets, 98.9% and 67.6% respectively. The
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selected discriminant model misclassified 11 samples, one belonging to the M1 morphotype
and classified as M2, and all the grass infected with the M3 morphotype from the validation
set (n= 8) were classified as plants hosting Epichloé endophytes with the M1 morphotype
(Figure 33). Among the misclassified samples there was any trend, all were naturally infected
and had different origins.

Residual with respect to M2 morphotype

1.00
1 o
A 1
A 1 [ J
A
A 1
S 050 1 o _00 o)
L .
S Ay A |o @ o0
S A T,A
S T .~. e
£ %y & o
— T L) . °
= o A A
et o
B ——t—t+——+—+—+—+65685 T ry —tt
g -100 -0.50 0.po m 0.50 1.00
d
P 1 O
=
ks O O
§ T O O
" -0.50 + E m
& 1 m
® M1 training M2 training T
A M3 training ® M1 validation 1
M2 validation A M3 validation

Residual with respect to M1 morphotype

Figure 33 Classification of ryegrass samples according to the morphotype of Epichloé endophyte (M1, M2 or M3)
hosted in ryegrass samples, applying the discriminant X Residual algorithm on the NIR transformed
spectra with the mathematical treatment m4: SNV+DT (2,8,6,1).
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V.4.1.3 Detection of peramine

The discriminant equations for peramine detection were developed with the NIR
spectra and with HPLC as the chemical method of reference (Table 17). Since peramine is an
endophyte-mediated alkaloid, only E+ ryegrass plants were included. Once the X Residual
discriminant algorithms were applied on the training set, the performances of the models
were evaluated in the validation set (Table 22).

Table 22 Results of the discriminant analysis for peramine (PER-= plants without detection of the alkaloid peramine,
PER+= plants with detection of the alkaloid peramine) in the ryegrass samples infected with Epichloé

endophytes.
Samples correctly classified (%)§ Samples misclassified (%)§
Mathematical Training set Validation set Total
treatment” PER- PER+ Mean PER- PER+ Mean PER- PER+
n0 100 92.2 95.1 50.0 90.0 75.0 14.3 8.5
nl 96.7 100 98.8 333 40.0 375 21.4 16.0
n2 91.4 100 96.7 75.0 90.0 84.4 12.8 2.7
n3 96.6 100 98.8 30.0 80.0 63.3 20.5 5.3
n4 96.7 100 98.8 25.0 80.0 59.4 23.8 5.3
s0 80.0 100 92.6 80.0 94.4 89.3 20.0 14
sl 96.7 100 98.8 60.0 88.9 78.6 125 2.7
s2 100 100 100 58.3 85.0 75.0 11.9 4.0
s3 100 98.1 98.8 50.0 90.0 76.7 135 4.1
s4 100 100 100 60.0 85.0 76.7 10.3 4.0
do 93.3 90.9 91.8 80.0 65.0 70.0 10.0 16.0
d1 96.7 98.2 97.6 60.0 80.0 73.3 125 6.7
d2 100 100 100 58.3 90.0 78.1 114 2.7
d3 96.6 100 98.8 30.0 80.0 63.3 20.5 5.3
d4 96.7 100 98.8 25.0 80.0 59.4 23.8 5.3
mO0 96.6 98.1 97.6 40.0 95.0 76.7 17.9 2.7
m1l 96.4 100 98.8 70.0 70.0 70.0 10.5 8.0
m2 100 100 100 58.3 85.0 75.0 11.9 4.0
m3 100 100 100 70.0 90.0 83.3 8.1 2.7
m4 100 100 100 20.0 90.0 66.7 20.5 2.7

§Percentages calculated without spectral outliers. "Transformation of the NIR spectra: n= no scattering; s= standard
normal variate (SNV); d, correction of trend (DT); m= SNV + DT transformations (Figure 27). The smoothing , gaps
and derivatives are indicated with the number next to letter as follow; for this: 0= (0,0,1,1); 1= (1,4,4,1); 2= (2,4,4,1),
3=(2,10,10,1); and, 4=(2,8,6,1) (Figure 28). The highlighted row indicates the mathematical treatment most
accurate.

All discriminant models for detection of peramine had good accuracy, the global
percentages of good classification in the training set were always higher than 90%. In the
validation, the percentages of good classification were lower than in the training. In the
validation, it was observed that plants with peramine (PER+) were better recognized than
plants without the alkaloid (PER-) (Table 22).

101



The model selected for identifying ryegrass samples with or without peramine, was the
one with the highest percentage of good identification in validation (89.3%), and it was
achieved when the spectra were transformed using the s0 treatment, SNV(0,0,1,1), with eight
PCs explaining 99.99% of the spectral. This model misclassified 20% of PER- plants (8 out of
48); however, it had the lowest percentage of false negative (1.4%) mistakenly only one PER+
plant in the validation set. Wrongly classified PER- plants had different origins and were
handled equally during the spectra acquisition. The only PER+ sample classified as PER- had a
peramine concentration of 3.88 mg kg™, which is in the lower limit of concentration found in
PER+ plants from the training set (Figure 34).
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Figure 34 Classification of E+ ryegrass samples according to the presence of peramine (PER-, without peramine;

PER+, with peramine) applying the discriminant X Residual algorithm on the NIR transformed spectra with
the mathematical treatment s0: SNV(0,0,1,1).
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V.4.1.4 Detection of lolitrem B

Discriminant NIRS equations for the classification of E+ ryegrass between plants with
lolitrem (LTM+) and without lolitrem B (LTM-) correctly identified between 85.9% and 100% of
the samples in the training set. For all mathematical treatments the percentage of good
classification was greater for LTM+ plants than for LTM- samples (Table 23). In the validation
set the percentages of good classification were lower than in the training set, also with better
identification for LTM+ than LTM- plants.

Table 23 Results of the discriminant analysis for lolitrem B (LTM-= plants without detection of the alkaloid lolitrem
B, LTM+= plants with detection of the alkaloid lolitrem B) in the ryegrass samples infected with Epichloé

endophytes.
Samples correctly classified (%)§ Samples misclassified (%)§
Mathematical Training set Validation set Total
treatment” LTM- LTM+ MEAN LTM- LTM+ MEAN LTM- LTM+
n0 75.0 93.5 85.9 66.7 68.8 67.9 27.3 12.9
nl 93.3 100 97.4 41.7 87.5 67.9 21.4 3.1
n2 97.1 100 98.8 333 93.8 67.9 19.1 1.6
n3 83.3 100 93.6 58.3 56.3 57.1 23.8 10.9
n4 96.7 100 98.7 333 68.8 53.6 21.4 7.8
sO 73.3 100 88.7 66.7 75.0 71.4 28.6 7.0
sl 87.1 97.9 93.6 50.0 81.3 67.9 23.3 6.3
s2 97.0 100 98.8 33.3 81.3 60.7 20.0 4.7
s3 93.3 97.9 96.2 60.0 81.3 73.1 15.0 6.3
s4 96.7 100 98.7 50.0 68.8 60.7 16.7 7.8
do 90.3 95.8 93.7 41.7 75.0 60.7 233 9.4
d1i 100 97.9 98.7 33.3 62.5 50.0 18.6 10.9
d2 97.1 100 98.8 33.3 93.8 67.9 19.1 1.6
d3 83.3 100 93.6 58.3 56.3 57.1 23.8 10.9
da 87.9 100 95.1 33.3 68.8 53.6 26.7 7.8
mO0 90.0 100 96.2 41.7 62.5 53.6 23.8 9.4
ml 100 100 100 50.0 87.5 71.4 14.6 31
m2 97.0 100 98.8 333 81.3 60.7 20.0 4.7
m3 90.0 100 96.2 40.0 87.5 69.2 22,5 3.1
mé 100 100 100 333 75.0 57.1 19.0 6.3

§Percentages calculated without spectral outliers. "Transformation of the NIR spectra: n= no scattering; s= standard
normal variate (SNV); d, correction of trend (DT); m= SNV + DT transformations (Figure 27). The smoothing , gaps
and derivatives are indicated with the number next to letter as follow; for this: 0= (0,0,1,1); 1= (1,4,4,1); 2= (2,4,4,1),
3=(2,10,10,1); and, 4=(2,8,6,1) (Figure 28). The highlighted row indicates the mathematical treatment most
accurate.

The best discriminant model for lolitrem B detection in ryegrass samples was obtained
by using the spectra with the m1 mathematical treatment, SNV+DT (1,4,4,1), standard normal
variate and DeTrend together, with first derivative transformation, using the firsts 14 PCs
which explained 99.86% of the spectral variability. The final model was developed with 29
LTM- and 48 LTM+ samples in a range of concentration from 0.47 to 6.74 mg kg™.
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Figure 35 illustrates the classification of the samples according to whether lolitrem B
was detected or not using the NIRS discriminant equation. The selected discriminant model for
the detection of lolitrem B in ryegrass samples misclassified samples only in the validation set,
and 6 out of 12 LTM- samples (50.0%) where recognized as LTM+, and only two out 16 of the
LTM+ samples (12.5%) were not correctly classified. The six LTM- plants, which were not
correctly classified were from different origins and characteristics; LTM+ plants misclassified
had individual lolitrem B concentrations of 0.74 mg kg™ and 1.49 mg kg™
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Figure 35 Classification of E+ ryegrass samples according to the presence of lolitrem B (LTM-, without lolitrem B;
LTM+, with lolitrem B) applying the discriminant X Residual algorithm on the NIR transformed spectra with
the mathematical treatment m1: SNV+DT(1,4,4,1).

V.4.1.5 Detection of ergovaline

Correct classification of ryegrass according whether the alkaloid ergovaline was absent
(ERG-) or present (ERG+) varied from 84.0% to 100% in the training set. It seems that NIR
models identified ERG+ better than ERG- samples, thus in 16 out of the 20 models 100% of
ERG+ plants were correctly classified; and in 7 out of 20 all of ERG- plants were correctly
classified. In the validation set, the discriminant models correctly classified between 53.3% and
86.7% of the samples, in ERG- plants the range was 43.8% -87.5%; whereas, for ERG+ samples
the model with the lowest correct classification had a 64.3% and the highest percentage of
good classification was of 95.9% (Table 24).
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Table 24 Results of the discriminant analysis for ergovaline (ERG-= plants without detection of the alkaloid
ergovaline, ERG+= plants with detection of the alkaloid ergovaline) in the ryegrass samples infected with
Epichloé endophytes.

Samples correctly classified (%)§ Samples misclassified (%)§
Mathematical Training set Validation set Total
treatment” Erg- Erg+ Mean Erg- Erg+ Mean Erg- Erg+
n0 84.4 86.8 85.5 50.0 92.9 70.0 24.6 115
nl 95.8 100 97.7 81.3 71.4 76.7 7.8 7.5
n2 100 100 100 61.1 85.7 71.9 10.6 3.8
n3 95.6 100 97.6 37.5 71.4 53.3 19.7 7.5
n4 100 100 100 62.5 92.9 76.7 9.4 1.9
sO 81.4 86.8 84.0 87.5 85.7 86.7 16.9 135
sl 97.8 100 98.8 68.8 71.4 70.0 9.8 7.7
s2 100 100 100 56.3 64.3 60.0 10.9 9.4
s3 90.9 100 95.1 71.4 71.4 71.4 13.8 7.7
s4 100 100 100 81.3 85.7 83.3 4.9 3.8
do 91.3 100 95.2 62.5 92.9 76.7 16.1 2.0
d1 95.7 100 97.6 81.3 64.3 73.3 8.1 9.4
d2 100 100 100 56.3 85.7 70.0 10.6 3.8
d3 95.6 100 97.6 37.5 71.4 53.3 19.7 7.5
da 100 100 100 62.5 92.9 76.7 9.4 1.9
m0 95.5 94.9 95.2 75.0 85.7 80.0 10.0 7.5
m1 95.5 100 97.6 68.8 71.4 70.0 11.7 7.5
m2 100 100 100 56.3 64.3 60.0 10.9 9.4
m3 95.2 100 97.5 43.8 78.6 60.0 19.0 5.8
mé 97.8 100 98.8 62.5 71.4 66.7 11.5 7.5

§Percentages calculated without spectral outliers. TTransformation of the NIR spectra: n= no scattering; s= standard
normal variate (SNV); d, correction of trend (DT); m= SNV + DT transformations (Figure 27). The smoothing , gaps
and derivatives are indicated with the number next to letter as follow; for this: 0= (0,0,1,1); 1= (1,4,4,1); 2= (2,4,4,1),
3=(2,10,10,1); and, 4=(2,8,6,1) (Figure 28). The highlighted rows indicate the mathematical treatments most
accurate.

There are two models, which have the best parameters for the identification of ERG+
and ERG- plants, and both have the same statistical and were transformed with mathematical
treatments n4 and d4 (Table 24). In cases like that, it is recommendable to choose the model
in which the original spectra had been less modified; therefore, the model selected was n4,
raw spectra without correction of the scattering and transformation using the second
derivative (2,4,4,1). The selected model used 16 PCs, which explained 99.82% of the spectral
variability on the samples. The training set was finally constituted for 48 ERG- samples and 39
plants with ergovaline concentrations in the 0.03 —2.11 mg kg™ range.

All samples in the training set were correctly classified; in the validation set seven
plants were incorrectly classified, six out of 16 ERG- samples were identified as having
ergovaline and from ERG+ samples only one out of 13 samples was classified as ERG- (Figure
36). Misclassified ERG- samples were from different origins, five of them hosted Epichloé
endophytes with M1 morphotype and the other two the M2 morphotype. The concentration
of ergovaline in the ERG+ sample classified as ERG- was 0.48 mg kg™, in the lowest limit of

concentration in the training.
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Figure 36 Classification of E+ ryegrass samples according to the presence of ergovaline (ERG-, without ergovaline;
ERG+, with ergovaline) applying the discriminant X Residual algorithm on the NIR transformed spectra
with the mathematical treatment n4: raw spectra (2,8,6,1).

V.4.2 Quantitative analysis of alkaloids

The development of the quantitative models was done through the modified partial
least squares method (MPLS) by using the spectra and the reference concentrations of the
ryegrass from the calibration set for each alkaloid peramine, lolitrem B and ergovaline
separately (Figure 30). In this procedure, neither uninfected ryegrass plants (E-) or samples in

which the alkaloid concentration was zero in the HPLC-analysis were included.

For each alkaloid a calibration model was developed as follows. After PCA, the number
of PCs was selected and the spectral outliers (H> 3) were eliminated; then the mathematical
treatments were applied, obtaining 400 equations to be evaluated. The quantitative equation
with the best statistical parameters (RSQ, SEC, SECV, and RPD) was selected and a cross
validation was performed. Chemical outliers (7> 2.5) were eliminated for optimization of the
equations, then the errors of prediction (SEP and SEPc) and prediction ability (RPD) were

calculated.

In Table 25 all the statistical parameters of the best NIRS equations for quantification

of peramine, lolitrem B and ergovaline in ryegrass samples are reported.
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Table 25 Summary of the statistical parameters of equations developed for quantification of alkaloids peramine,
lolitrem B and ergovaline applying the modified partial least square algorithm in NIR spectra of ryegrass

samples
Alkaloid
Peramine Lolitrem B Ergovaline
Principal Component Analysis
(PCA)
Pretreatment” s2 do sO
Number of principal components (PCs) 11 7 6
Explained variability (%) 99.05 99.93 99.95
Spectral outliers (H> 3.0) 1 0 1
Modified Partial Least Squares (MPLS)
Pretreatment” s2 do do
Number of samples 55 46 36
Standard deviation (SD) (mg kg’l) 5.63 0.47 0.46
Range (mg kg 0.83 - 22.64 0.04-1.96 0.09 - 1.93
Chemical outliers (7> 2.5) 0 2 2
Multiple correlation coefficient (RSQ) 0.93 0.41 0.70
Standard error of calibration (SEC) (mg kg™ 1.56 0.46 0.29
Standard error of cross validation (SECV) (mg kg'l) 3.65 0.51 0.38
Number of PLS factors 11 7 6
Groups in cross-validation 6 6 6
Internal validation
Standard error of prediction (SEP) (mg kg'l) 1.46 0.44 0.26
Medium value of the residuals (BIAS) (mg kg'l) 0 0.09 0
SEP corrected by the Bias (SEPc) (mg kg™) 1.47 0.44 0.26
Multiple correlation coefficient (RSQ) 0.94 0.41 0.76
Ratio performance deviation (RPD) 3.99 1.25 2.04
External validation
Root mean standard error (RMSE= SEP) (mg kg'l) 0.25 0.39 0.25
Average residual (mg kg™ 1.95 0.30 0.22
Student’s t-test (P) 0.52 0.33 0.56

TTransformation of the NIR spectra: s= standard normal variate (SNV); d, correction of trend (DT)(Figure 27). The smoothing, gaps and derivatives are
indicated with the number next to letter as follow; for this: 0= (0,0,1,1); 3=(2,10,10,1) (Figure 28).

V.4.2.1 Quantification of peramine

The most accurate model for quantification of peramine was developed when the
sample spectra were transformed using the mathematical pretreatment s2: SNV, standard
normal variate (2,4,4,1) (Table 25). Eleven factors were required for PLS. As a result of the
statistical treatments described, the calibration model was obtained with 55 samples; only one
spectral outlier was eliminated after application of the H criterion (Mahalanobis distance) and
none chemical outliers were detected according to the T criterion (high residual, T greater than

2.5). The obtained calibration equation had a correlation coefficient (RSQ) of 0.93; a standard
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error of calibration (SEC) of 1.56 mg kg™ and a standard error of cross-validation (SECV) of 3.65
mg kg™ (Table 25).

The uncertainty in the prediction due to the model is indicated by the standard error
of prediction (SEP), the standard error of prediction corrected (SEPc) by the residual (BIAS)
obtained by means of an internal validation. The correlation between the reference values and
the ones predicted by NIRS samples from calibration set is presented in the Figure 37. The
standard error of prediction (SEP) was 1.46 mg kg™ for concentration of peramine in ryegrass
samples. The predictive capability of the model (RPD) was 3.99; which indicates that the
obtained model can be applied to estimate accurately peramine concentration in ryegrass

samples.
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Figure 37 Internal validation comparing values of reference against the predicted by NIR spectroscopy using the
MPLS methods for peramine concentration in the validation set of ryegrass samples.

The external validation of the NIR equation for quantification of peramine in ryegrass
samples was accurate (Table 25). The Student t-test indicates that there were not significant
differences between the concentration measured in HPLC and the NIR predictions (P= 0.52).
The mean standard error for quantification of peramine concentration of the NIR equation
with respect to the HPLC procedure was 0.25 mg kg™ and the residual errors were 1.95 and
0.25 mg kg’ in unknown samples, namely, plants not used in the development of the

guantitative models.
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V.4.2.2 Quantification of lolitrem B

The best results of calibration for lolitrem B quantification by NIRS were obtained using
the spectral pretreatment dO (correction of trend, DT), with the numerals (0,0,1,1) which
involves the application of a second-degree polynomial to standardize variations in spectral
curvilinearity without transformation by derivatives (Table 25). Seven PCs components were
required to explain 99.93% of the spectral variability among samples in the calibration set.
None samples were eliminated by the H criterion.

Similarly to PCA for the MPLS, the best performance on lolitrem B quantification was
obtained with the pretreatment dO and using seven PLS factors. The final calibration set was
constituted by 46 samples because two samples were eliminated using the T criterion. The
NIRs model had a RSQ of 0.41 with error of calibration (SEC) and cross-validation (SECV) of 0.46
and 0.51 mg kg™ respectively (Table 25).

Validation processed comparing the concentration of lolitrem B obtained with HPLC
with the values using NIRS equation (Figure 38), allowed the calculation of the standard error
de prediction (SEP) which was 0.44 mg kg” and the predictive capability of the NIRS equation
(RPD= 1.25). These statistical parameters for quantification of lolitrem B in ryegrass samples
(Table 25) shown that the results of prediction should be taken cautiously for prediction of
concentration, given the low correlation between the actual data and the predicted (RSQ=
0.41), and the low RPD.
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Figure 38 Internal validation comparing values of reference against the predicted by NIR spectroscopy using the
MPLS methods for lolitrem B concentration in the validation set of ryegrass samples.
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In external validation (Figure 38), among the NIR equation for quantification of lolitrem
B and chromatographic method of reference (HPLC), there was not significant differences (P=
0.39). However, compared with the concentrations of the samples the error or prediction
(RMSE) was high (0.39 mg kg™) also the residuals (0.30 mg kg™).

V.4.2.3 Quantification of ergovaline

The model with the best performance for ergovaline quantification by NIRS was
obtained when spectra were transformed by the mathematical treatment s0: standard normal
variate (SNV), without no derivatives (0,0,1,1) in the PCA, with six factors that explained
99.95% of the spectral variability. In this process, one spectral outlier was detected and
eliminated (Table 25).

In MPLS regression, the mathematical treatment used was dO: correction of trend
without application of derivatives (0,0,1,1) and six PLS factors. The model for quantification of
ergovaline had a RSQ of 0.76, a standard error of calibration of 0.29 mg kg™ and the standard

error of cross-validation was of 0.38 mg kg™ (Table 25).

When actual ergovaline concentration was compared with the predicted NIR values,
the standard error of prediction was 0.26 mg kg™ and this model had a RPD of 2.04 (Figure 39).
According to this RPD, the NIRS models for quantification of ergovaline can be used to quantify
this alkaloid in samples of ryegrass, but the prediction should be taken with caution because

the SEP (0.26 mg kg!) was half of the safety limit for livestock consumption (0.40 mg kg™).
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Figure 39 Internal validation comparing values of reference against the predicted by NIR spectroscopy using the
MPLS methods for ergovaline concentration in the validation set of ryegrass samples
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Results of the external validation, in which the performance of the NIR equation for
guantification of ergovaline was evaluated, indicated that the concentrations calculated were
equals than the data obtained using HPLC (P= 0.56). The RMSE in the calculation of the
concentration using NIR was 0.25 mg kg™ and the residuals 0.22 mg kg™ (Table 25)

V.5 DiIScuUsSION

The purpose of this chapter was to study the suitability of near infrared spectroscopy
to identify the presence of Epichloé endophytes and their associated alkaloids in a
heterogeneous set of perennial ryegrass plants. The results enable to conclude that the
spectral information obtained from ryegrass plant samples can be used to associate the
presence of Epichloé fungi, to determine the morphotype or species of these endophytes, and
also to detect the alkaloids peramine, lolitrem B and ergovaline. The quantification of these
alkaloids was accurate and was highly correlated with data obtained from HPLC having low
errors of prediction. Qualitative and quantitative NIRS equations fulfilling their purpose
independently that the set of samples was composed of wild ryegrass plants with diverse

origins and conditions indicating a high robustness of this method.

Several samples from the commercial cultivars of ryegrass where spectral outliers,
which means that their spectra were significantly different from the media spectra obtained
from the rest of ryegrass samples, conformed predominantly by grass of wild origin.
Commercial varieties of ryegrass have been part of continuous breeding programs, improving
herbage production, persistence, drought and heat tolerance, resistance to fungal and viral
diseases and pest (Cunningham et al. 1994; Sampoux et al. 2011; Lee et al. 2012), introducing
physiological and metabolic changes with respect to unaltered plants from natural origin. All
these changes may be reflected in the chemical composition of the plants and therefore in
their respective spectra. Besides, the number of samples from commercial ryegrass was lower
than the plants from wild origin which possibly did not give to them enough representation in
the whole set to be recognized as part of the group. Omission of all spectra from commercial
cultivars arose the accuracy of the discriminant models but at the same time the robustness of
the models decreased and consequently also their applicability, therefore they remained in the

training set.

Identification of ryegrass plants infected with E. festucae var. lolii through
spectroscopy was performed by Brandl (2013) but using only one commercial variety of
perennial ryegrass, and reported correct identification of all samples using Fourier transformed
spectroscopy on 20 samples (10 E+ and 10 E-). In this Chapter, using near infrared
spectroscopy, only eight plants were misclassified from a set of 222 samples, which can be
considered an excellent result in view of the high heterogeneity of the ryegrass plants and
Epichloé endophytes analyzed. Epichloé hyphae reach less than 0.2% of the infected plant
biomass (Tan et al. 2001; Spiering et al. 2005a), however it is evident that the endophyte
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produces remarkable chemical changes inside the host plants that are easily detectable using
NIR spectroscopy. Other methods highly specific for detection of fungi as the immunological
tests have been used to identify Epichloé endophytes in many grass species, resulting the
diagnostic positive for some samples in which no infection was confirmed by visual inspection
(Jensen et al. 2011; Brandl 2013).

In discriminant analysis, for distinction among the morphotypes of the Epichloé
endophytes hosted in ryegrass samples, ryegrass infected with M3 morphotype was not
properly distinguished in the validation process; instead they were classified as belonging to
M1 morphotype but completely apart from M2 morphotype. In this regard, it is important to
remark that, as reported in Chapter |, according to the genetic analysis using the partial
sequences of the ITS1-5.8SrDNA-ITS2 region and the B-tubulin (tub2) gene of the endophytes
from the set of the ryegrass plants analyzed, only two species of Epichloé fungi were detected
and they coincided with the results obtained thought the discriminant analysis using NIR for
morphotypes identification: M2 morphotype = E. typhina; whereas, M1 and M3 morphotypes
= E. festucae var. lolii. Fungi with the M1 and M3 morphotypes as belonging to the same
species may have more features on common beyond the differences on morphotype and
alkaloid profile that made them indistinguishable inside the ryegrass samples. Therefore, the
misclassification of M3 is not a method fail, on the contrary this strengthen the findings
reported in Chapter I, about the existence of two Epichloé species among the endophytes
hosted by the ryegrass samples. There has been attempt of the use of NIRS in classification of
fungal species; for example, Petisco et al. (2008) used grounded mycelia to the developed of a
direct method for identification of three species of Epichloé, which resulted in correct
classification rates higher than 90% for the three species. However, one advantages of the
discriminant method described in this chapter is that it does not require the isolation of the
fungi from the grass and is not needed to wait until have enough fungal mycelia for analysis,
instead the classification is directly performed in grounded samples of ryegrass and have an

excellent classification of the two Epichloé species hosted.

There are no bibliographical reports on the use of near infrared spectroscopy for
identification of grass samples containing alkaloids. This qualitative technique can be a helpful
tool in studies where high numbers of samples need to be screened. Our results show that the
accuracy of NIRS discriminant models for the identification of ryegrass samples containing
peramine, lolitrem B or ergovaline was very acceptable. In general, spectral differences were
higher in positive (with alkaloid) samples compared with negatives (without) ones, resulting in
discriminant NIRS models that identified better those sample plants which have alkaloids. Due
to the nature of this study the opposite case, having higher number of false negatives, may be
a problem, as consequence of the toxic nature of lolitrem B and ergovaline for mammals.
However, NIRS discriminant equation for lolitrem B and ergovaline had 3.1% and 1.9% of false
negatives respectively, which represents two plants with lolitrem B no identified in a set of 64;

and for ergovaline one sample from a total 76 plants.
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The problem with the false positives, which in case of lolitrem B was 50% of the
samples in set of validation, could be due to the detection limits in HPLC, since all samples
used for the development of this discriminate equation were E+ and production of this alkaloid
is genetically controlled in the endophyte. It is known that E. festucae var. lolii (M1 and M3
morphotypes) contains the gene needed for synthesis of lolitrem B (Young et al. 2009; Schardl
et al. 2012) and this endophyte has the ability to produce it, in a wide range of concentrations
(Chapter Ill) probably even below the limit of quantification considered in HPLC. Thus, the NIR
procedure relates all the spectral information with the characteristics of the sample, and
probably the presence of a specific alkaloid may influence in other properties of the plants that
were detected through the discriminant analysis and cannot be elucidated using an extremely

specific method for determination of compounds as the chromatographic techniques.

Studies on quantitative analysis of alkaloids by NIRS in forage samples are very scarce,
there are only three published reports of its use in quantification of ergovaline in tall fescue
samples (Roberts et al. 1997; Kallenbach et al. 2003; Roberts et al. 2005) but there were not

published references of its use on quantitative analysis of peramine or lolitrem B.

The NIRS equation for quantification of ergovaline developed here was less accurate
(RSQ: 0.76) than the one reported by Roberts et al. (1997) (RSQ= 0.93); however they used
samples from only one cultivar of tall fescue from two locations, whereas the samples used
herein came from wild plants obtained at six locations, plus two commercial cultivars, were
grown in different conditions, and they had a wider concentration range of ergovaline. Roberts
et al. (1997) indicated that the lower precision may be in part because the concentration of
ergovaline in the grass samples is at least 10 000 times minor than other forage quality
constituents routinely quantified by NIRS.

In this way, the higher RSQ in the calibration process for quantification of peramine
(0.94) could be because of its higher concentration as compared to the other alkaloids.
Nevertheless, for quantification of lolitrem B (RSQ= 0.44) this argument does not seem to be
valid, because its concentration ranged in the same threshold than ergovaline and had almost
equal standard deviation of concentration in the calibration set of samples. Another possible
explanation suggested by Roberts et al. (2005) is that NIR spectrophotometers could be able to
detect precursors of the constituents of interest decreasing the precision of calibration.
Although it is highly probable due to the complexity of the lolitrem B molecules and of its
biochemical pathway of synthesis (Gallagher et al. 1982; Saikia et al. 2012; Philippe 2016), this
suggestion should be validated because herein was studied the near infrared region, and not
mid-infrared region, where it is easier to attribute the differences of absorbance to specific
chemical bounds and identified their possible origins (Levasseur et al. 2010). Besides, the
accuracy of NIRS estimations are dependent upon the data used to calibrate the instrument,
the accuracy of predictions is dependent upon instrument calibration supported by good
quality assurance protocols, and NIRS can only be as good as the calibration data derived from

wet chemistry (Corson et al. 1999).
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Independently that NIRS equations are not always as accurate or as sensitive as
microbiological, genetic, chemical or chromatographic analytical techniques, this study shows
that in works such as surveys of fungal endophyte incidence or fast screening on alkaloids
detection of large numbers number of samples, NIRS does offer an alternative technique
which is rapid, non-destructive, without the need of time-consuming sample preparation and
inexpensive for providing chemical and nutritional analyses of feed stuffs.

V.6 CONCLUSION

Diagnosis of the presence of Epichloé is important for biological and economic reasons
in the livestock industry because the toxic alkaloids produced in forage plants, and it is often
necessary to use molecular or chemical techniques for species classification and alkaloids
detection when a rigorous identification is required. Our results showed that the use of near
infrared spectroscopy and chemiometrics for qualitative analysis allows identifying the
presence Epichloé endophyte, Epichloé morphotype and species, and fungal alkaloids in a
heterogeneous set of ryegrass samples. This is the first report of the use of a qualitative
approach using near-infrared spectroscopy for analysis of fungal alkaloids (ergovaline,
peramine and lolitrem B) in a heterogeneous ryegrass sample set. The developed discriminant
NIRs models are able to classify Epichloé species hosted inside ryegrass sample plants.
Although our objective was to classify endophyte-morphotypes, surprisingly our results
allowed a classification according to Epichloé species; discriminating Epichloé festucae var. lolii
from Epichloé typhina in infected plant. This is the first report about that.

The NIRS quantitative equations generated enabled to estimate accurately the
concentration of peramine and ergovaline in perennial ryegrass samples having similar
precision than the HPLC methods, but it accuracy was lower predicting the lolitrem B

concentrations.

NIRS equations can be used as an accurate alternative for Epichloé detection and
identification of the species hosted and for detection and quantification of alkaloids in a broad

ryegrass sample population.

Although in this work chapter Lolium perenne was evaluated as the experimental
material, this technique might be useful in similar situations for other forage species infected
with Epichloé endophytes providing important parameter to scientists involved in routine

forage quality research and nutritional analyses of feedstuffs.
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GENERAL CONCLUSSIONS

In this study, the performance of a heterogeneous set of Lolium perenne plants of wild
origin infected with Epichloé fungal endophytes was examined. Particular emphasis of this
thesis was on alkaloid production, but other complementary objectives were raised with the
aim to better understand the symbiotic grass-endophyte association. In the first experimental
phase of this research, the incidence of Epichloé endophytes in eight wild populations of L.
perenne was surveyed, isolating endophytes that were morphologically and genetically
classified. In the second chapter the relationship between the type of Epichloé endophyte
hosted and the production of the fungal alkaloids peramine, lolitrem B and ergovaline in
perennial ryegrass plants was evaluated. Experimental work of the third chapter aimed to
investigate how the presence of Epichloé and their morphotype affected the mineral
concentration and the fibers content of perennial ryegrass plants. In the fourth chapter, two
methods of inoculation of Epichloé endophytes in commercial cultivars of perennial ryegrass
were tested and compared. The last experimental section, fifth chapter, was an approach to
the use of near infrared spectroscopy as a tool for identification of plants infected with
Epichloé endophytes and the morphological classification of these symbiotic fungi, as well as
for detection and quantification of peramine, lolitrem B and ergovaline directly in samples of

perennial ryegrass.

Epichloé endophytes were found at the eight locations of Lolium perenne surveyed
with an average incidence of 43.0%. According to the morphological and genetic classification,
alkaloid production and NIRS spectroscopy, a high diversity of Epichloé endophytes was found
within the locations of L. perenne studied. Among asymptomatic ryegrass plants three
morphotypes of Epichloé (M1, M2 and M3) were characterized, all Epichloé endophytes
isolated from plants with stromata had a M2 morphotype and they were designed as M2S.
These Epichloé endophytes were classified into at least two species according to the genotypic
analysis using partial sequences of the internal transcriber spacer ITS y the B-tubulin (tub2)
gene: M1 and M3 belonging to Epichloé festuae var. lolii, and M2 morphotypes were E.
typhina.

In agreement to the morphological classification several genotypic groups were
detected, there were two main genotypes of E. festucae var. loli:, the most common of them
(G1a) included all colonies with M3 morphotype and part of the endophytes with M1
morphotype; the other genotypic group (Glb) was composed by endophytes with the M1
morphotype, and was isolated uniquely from plants of two locations. Endophytes classified as
E. typhina were also composed by two genotypes, the most common (G2a) encompass strains
hosted in asymptomatic plants, and other were stromata-producing; the second genotype

(G2b) consisted of only stromata-producing endophytes.
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The occurrence of two distinctive morphotypes of Epichloé endophytes, in different
arrangements (M1/M2, M1/M2S, M3/M2 or M3/M2S) were found commonly in several single
plants of perennial ryegrass from many of the sampling locations. Although conditions that
may afford the formation of interspecific Epichloé hybrids, such as several types of Epichloé
endophytes living in sympatry and the presence of double infected plants were observed in
the ryegrass communities, Epichloé hybrids were not detected in this survey. However, a wide
range of possible associations were observed in the plants analyzed, that afford at least six
perennial ryegrass ecotypes in agreement with the morphological and genetic features:
M1(G1a), M1(G1b), M2(G2a), M2S(G2a), M2S5(G2b), M3(G1a), plus double infections. This wide
variety of Epichloé/ryegrass associations may include some ecotypes that could withstand

particular traits (e. g. alkaloid profiles) useful for improving forage grasses.

A direct relationship between the alkaloid content of perennial ryegrass plants and the
morphotype of the Epichloé endophyte hosted was detected. The highest concentrations of
peramine, lolitrem B and ergovaline were found in ryegrass infected respectively with the
M2S-, M3- and M1-morphotypes. In doubly infected plants a synergistic effect was observed
on alkaloid production, those plants had the same alkaloid pattern as single infected grasses

according to Epichloé morphotypes hosted, but in higher concentration.

In most of the Epichloé-infected plants the concentration of lolitrem B was lower than
that reported as the safe limit for livestock consumption (1.80 mg kg™). However, ergovaline in
harmful concentration to livestock performance (0.40 mg kg') was detected in more than 90%
of the analyzed plants. In spite of these values, there have not been reports of alkaloid
intoxication due to the high floristic diversity in natural pastures.

The Epichloé endophytes produced significant changes in mineral concentration and
fiber content in their perennial ryegrass hosts. Epichloé infected plants had lower P, Ca, S, B,
neutral detergent fiber and lignin contents, and higher Mn and digestibility than non-infected
plants. These results suggest that Epichloé might alter belowground processes that influence
nutrient acquisition in the host plant, although the mechanism is not clear and several

processes might be involved.

The effect of Epichloé morphotypes on mineral concentration and fibers content was
observed only in plants with symptoms of choke disease, infected by the M2S morphotype,
choked plants had higher concentration of minerals and lower lignin concentration than
asymptomatic Epichloé-infected plants. In asymptomatic ryegrass plants there was no effect
neither of the Epichloé infection or the morphotype of endophyte hosted on the number of
tillers and biomass produced.

A new technique for inoculating endophytes in perennial ryegrass, consisted of placing
seeds in a culture medium containing Epichloé endophytes was developed. With this method a
higher number of plants were successfully inoculated than with the predominant procedure,
the slitting method. Using this new inoculation procedure, remarkable good results were
observed for inoculation of Epichloé typhina (M2 and M2 morphotypes). However, the

percentages of infection with E. festucae var. lolii (M1 and M3 morphotypes) in commercial
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cultivars of ryegrass were lower than those reported using the slitting method. Therefore,
more research should be done concerning to inoculation of E. festucae var. lolii in ryegrass
cultivars because it is a medullar step in the development of new endophytic associations with

grasses.

Using the NIR spectra of the heterogeneous set of ryegrass samples and chemometrics
procedures it was possible to identify with high accuracy the plants infected with Epichloé
endophytes, the species of the Epichloé endophyte hosted, and the presence of the fungal
alkaloids peramine, lolitrem B and ergovaline, and the quantification of peramine and
ergovaline. Quantifying lolitrem B by NIRS was less accurate than for the other two alkaloids.
In general, the results showed that NIR spectroscopy allows to analyze a large number of
samples in exploratory studies on the effects of endophytes in grasses having highly reliable

results with minimal sample preparation.

As an overall conclusion, in this thesis a strong effect of the Epichloé endophyte in the
performance of Lolium perenne was observed. For some characters the influence of the fungi
in their host plant was dependent of the Epichloé morphotype, promoting particular changes
in morphology and physiology, alkaloid production, and influencing the dynamic and
acquisition of nutrients. Application of the results, the new inoculation technique and
combination of the traditional and new approaches (e. g. NIR spectroscopy) may help in
further studies for understanding on more details the Epichloé/grass relationship and

consequently to development or improvement of commercial cultivars of grasses.

117



REFERENCES

Aldrich C, Rhodes M, Miner J, Kerley M, Paterson J (1993) The effects of endophyte-infected
tall fescue consumption and use of a dopamine antagonist on intake, digestibility,
body temperature, and blood constituents in sheep. Journal of Animal Science 71: 158-
163.

Allen VG, Segarra E (2001) Anti-quality components in forage: Overview, significance, and
economic impact. Journal of Range Management 54: 409-412.

An Zq, Liu JS, Siegel MR, Bunge G, Schardl CL (1992) Diversity and origins of endophytic fungal
symbionts of the North American grass Festuca arizonica. Theoretical and Applied
Genetics 85: 366-371.

Antunes PM, Miller JC, Carvalho LM, Klironomos JN, Newman JA (2008) Even after death the
endophytic fungus of Schedonorus phoenix reduces the arbuscular mycorrhizas of
other plants. Functional Ecology 22: 912-918.

Arachevaleta M, Bacon C, Hoveland C, Radcliffe D (1989) Effect of the tall fescue endophyte on
plant response to environmental stress. Agronomy Journal 81: 83-90.

Arechavaleta M, Bacon C, Plattner R, Hoveland C, Radcliffe D (1992) Accumulation of
ergopeptide alkaloids in symbiotic tall fescue grown under deficits of soil water and
nitrogen fertilizer. Applied and Environmental Microbiology 58: 857-861.

Arnold AE (2007) Understanding the diversity of foliar endophytic fungi: progress, challenges,
and frontiers. Fungal Biology Reviews 21: 51-66.

Arnold SA, Crowley J, Vaidyanathan S, Matheson L, Mohan P, Hall JW, Harvey LM, McNeil B
(2000) At-line monitoring of a submerged filamentous bacterial cultivation using near-
infrared spectroscopy. Enzyme and microbial technology 27: 691-697.

Bacon CW (1993) Abiotic stress tolerances (moisture, nutrients) and photosynthesis in
endophyte-infected tall fescue. Agriculture, Ecosystems and Environment, 44: 123-141.

Bacon CW (1995) Toxic endophyte-infected tall fescue and range grasses: historic perspectives.
Journal of Animal Science 73: 861-870.

Bacon CW, Porter JK, Robbins JD, Luttrell ES (1977) Epichloé typhina from toxic tall fescue
grasses. Applied and Environmental Microbiology 34: 576-581.

Bacon CW, White JF (1994) Stains, media and procedures for analyzing endophytes. In: CW
Bacon, JF White (eds) Biotechnology of endophytic fungi of grasses. CRC Press, Boca
Raton, FL.pp. 47-56.

Baker C, Barnes R, Wiseman J, Cole D (1990) The application of near infra-red spectrometry to
forage evaluation in the Agricultural Development and Advisory Service. In: J Wiseman,
DJA Cole (eds) Feedstuff Evaluation. Butterworths, London, UK.

Balfourier F, Charmet G, Ravel C (1998) Genetic differentiation within and between natural
popularion of perennial and annual ryegrass (Lolium perenne and L. rigidum). Heredity
81:100-110.

Ball OJ-P, Barker GM, Prestidge RA, Lauren DR (1997a) Distribution and accumulation of the
alkaloid peramine in Neotyphodium lolii-infected perennial ryegrass. Journal of
Chemical Ecology 23: 1419-1434.

118



Ball OJ-P, Miles CO, Prestidge RA (1997b) Ergopeptine alkaloids and Neotyphodium lolii-
mediated resistance in perennial ryegrass against adult Heteronychus arator
(Coleoptera: Scarabaeidae). Journal of Economic Entomology 90: 1382-1391.

Ball OJ, Prestidge RA, Sprosen JM (1995) Interrelationships between Acremonium lolii,
peramine, and lolitrem B in perennial ryegrass. Applied and Environmental
Microbiology 61: 1527-1533.

Bao G, Saikkonen K, Wang H, Zhou L, Chen S, Li C, Nan Z (2015) Does endophyte symbiosis
resist allelopathic effects of an invasive plant in degraded grassland? Fungal Ecology
17:114-125.

Baranska M, Schulz H (2009) Determination of alkaloids through infrared and Raman
spectroscopy. In: GA Cordell (ed) The Alkaloids: Chemistry and Biology. Academic
Press, Netherlands.pp. 217-255.

Barker D, Davies E, Lane G, Latch G, Nott H, Tapper B (1993) Effect of water deficit on alkaloid
concentrations in perennial ryegrass endophyte associations. In: DE Hume, GCM Latch,
HS Easton (eds) Proceedings of the second international symposium on
Acremonium/grass interactions. AgResearch Grasslands, Palmerston North, New
Zealand.

Barker DJ, Hume DE, Quigley PE (1997) Negligible physiological responses to water deficit in
endophyte-infected and uninfected perennial ryegrass. In: CW Bacon, NS Hill (eds)
Neotyphodium/grass interactions. Plenus Press, New York.pp. 137-139.

Barnes R, Dhanoa M, Lister SJ (1989) Standard normal variate transformation and de-trending
of near-infrared diffuse reflectance spectra. Applied Spectroscopy 43: 772-777.

Barton 2nd F, Windham W (1987) Determination of acid-detergent fiber and crude protein in
forages by near-infrared reflectance spectroscopy: collaborative study. Journal-
Association of Official Analytical Chemists 71: 1162-1167.

Baxter RM, Kandel S, Okany A (1962) Biosynthesis of ergot alkaloids: incorporation of
mevalonic acid into ergosine. Journal of the American Chemical Society 84: 2997-2999.

Bazely DR, Vicari M, Emmerich S, Filip L, Lin D, Inman A (1997) Interactions between herbivores
and endophyte-infected Festuca rubra from the Scottish islands of St. Kilda, Benbecula
and Rum. Journal of applied ecology 34: 847-860.

Beddows AR (1967) Lolium perenne L. Journal of Ecology 55: 567-587.

Belesky D, Stringer W, Plattner R (1989) Influence of endophyte and water regime upon tall
fescue accessions. Il. Pyrrolizidine and ergopeptine alkaloids. Annals of Botany 64: 343-
349.

Belesky D, Stuedemann J, Plattner R, Wilkinson S (1988) Ergopeptine alkaloids in grazed tall
fescue. Agronomy Journal 80: 209-212.

Berg B, de Santo AV, Rutigliano FA, Fierro A, Ekbohm G (2003) Limit value for plant litter
decomposing in two contrasting soils - Influence of litter elemental composition. Acta
Oecologica 24: 295-302.

Blanco M, Bautista M, Alcald M (2008) Preparing calibration sets for use in pharmaceutical
analysis by NIR spectroscopy. Journal of Pharmaceutical Sciences 97: 1236-1245.

Bluett SJ (2003) Management of novel-endophyte ryegrass pastures. In: L Jacobsen (ed)
Proceedings of the Joint Conference of the Grassland Society of Victoria and the
Grassland Society of New South Wales. Grassland Society of Victoria Inc., Albury, New
Wales.

119



Bluett SJ, Thom ER, Clark DA, Macdonald KA, Minneé EMK (2005) Effects of perennial ryegrass
infected with either AR1 or wild endophyte on dairy production in the Waikato. New
Zealand Journal of Agricultural Research 48: 197-212.

Bluett SJ, Thom ER, Dow BW, Burggraaf VT, Hume DE, Davies E, Tapper BA (2004) Effects of
natural reseeding and establishment method on contamination of a novel endophyte-
infected perennial ryegrass dairy pasture with other ryegrass/endophyte associations.
New Zealand Journal of Agricultural Research 47: 333-344.

Bony S, Pichon N, Ravel C, Durix A, Balfourier F, Guillaumin JJ (2001) The relationship between
mycotoxin synthesis and isolate morphology in fungal endophytes of Lolium perenne.
New Phytologist 152: 125-137.

Bourke CA, Hunt E, Watson R (2009) Fescue-associated oedema of horses grazing on
endophyte-inoculated tall fescue grass (Festuca arundinacea) pastures. Australian
Veterinary Journal 87: 492-498.

Brandl H (2013) Detection of fungal infection in Lolium perenne by Fourier transform infrared
spectroscopy. Journal of Plant Ecology 6: 265-269.

Bultman TL, Ganey DT (1995) Induced resistance to fall armyworm (Lepidoptera: Noctuidae)
mediated by a fungal endophyte. Environmental entomology 24: 1196-1200.

Bultman TL, Leuchtmann A, Sullivan TJ, Dreyer AP (2011) Do Botanophila flies provide
reproductive isolation between two species of Epichloe fungi? A field test. New Phytol
190: 206-212.

Burns GA, Gilliland TJ, Grogan D, Watson S, O'Kiely P (2013) Assessment of herbage yield and
quality traits of perennial ryegrasses from a national variety evaluation scheme. The
Journal of Agricultural Science 151: 331-346.

Bush LP, Fannin FF, Siegel MR, Dhalman DL, Burton HR (1993) Chemistry, occurrence and
biological effects of saturated pyrrolizidine alkalois associated with endophyte-grass
interacctions. Agriculture, Ecosystems and Environment 44: 81-102.

Bush LP, Wilkinson HH, Schardl CL (1997) Bioprotective alkaloids of grass-fungal endophyte
symbioses. Plant Physiol 114: 1-7.

Byford M (1978) Ryegrass staggers in sheep and cattle. Proceedings of the New Zealand Society
of Animal Production 38: 42-46.

Clark D, Mayland H, Lamb R (1987) Mineral analysis of forages with near infrared reflectance
spectroscopy. Agronomy Journal 79: 485-490.

Clay K (1987) Effects of fungal endophytes on the seed and seedling biology of Lolium perenne
and Festuca arundinacea. Oecologia 73: 358-362.

Clay K (1988) Fungal endophytes of grasses: A defensive mutualism between plants and fungi.
Ecology 69: 10-16.

Clay K (1989) Clavicipitaceous endophytes of grasses: their potential as biocontrol agents.
Mycological Research 92: 1-12.

Clay K (1990) Fungal endophytes of grasses. Annual Review of Ecology and Systematics 21:
275-297.

Clay K (1993) The ecology and evolution of endophytes. Agriculture Ecosystems and
Environment 44: 39-64.

Clay K, Schardl CL (2002) Evolutionary origin and ecological consequences of endophyte
symbiosis with grasses. The American Naturalist 160: 99-127.

120



Corson D, Waghorn GC, Ulyatt MJ, Lee J (1999) NIRS: Forage analysis and livestosck feeding.
Proceedings of New Zealand Grassland Association 61: 127-132.

Craven K, Blankenship J, Leuchtmann A, Hignight K, Schardl C (2001a) Hybrid fungal
endophytes symbiotic with the grass Lolium pratense. Sydowia 53: 44-73.

Craven KD, Hsiau PTW, Leuchtmann A, Hollin W, Schardl CL (2001b) Multigene phylogeny of
Epichlée species, fungal symbionts of grasses. Annals of the Missouri Botanical Garden
88: 14-34.

Cunningham PJ, Blumenthal MJ, Anderson MW, Prakash KS, Leonforte A (1994) Perennial
ryegrass improvement in Australia. New Zealand Journal of Agricultural Research 37:
295-310.

Cheeke PR (1995) Endogenous toxins and mycotoxins in forage grasses and their effects on
livestock. Journal of Animal Science 73: 909-918.

Cheplick G, Harrichandra A, Liu A (2014) Competitive outcomes depend on host genotype, but
not clavicipitaceous fungal endophytes, in Lolium perenne (Poaceae). Am J Bot 101:
2068-2078.

Cheplick GP, Clay K (1988) Aquired chemical defenes in grasses: The role of fungal endophytes.
Oikos 52: 309-318.

Cheplick GP, Clay K, Marks S (1989) Interactions between infection by endophytic fungi and
nutrient limitation in the grasses Lolium perenne and Festuca arundinacea. New
Phytologist 11: 89-97.

Cheplick GP, Cho R (2003) Interactive effects of fungal endophyte infection and host genotype
on growth and storage in Lolium perenne. New Phytologist 158: 183-191.

Cheplick GP, Perera A, Koulouris K (2000) Effect of drought on the growth of Lolium perenne
genotypes with and without fungal endophytes. Functional Ecology 14: 657-667.

Christensen MJ (1995) Variation in the ability of Acremonium endophytes of Lolium perenne,
Festuca arundinacea and F. pratensis to form compatible associations in the three
grasses. Mycological Research 99: 466-470.

Christensen MJ, Ball OJP, Bennett RJ, Schardl CL (1997) Fungal and host genotype effects on
compatibility and vascular colonization by Epichloé festucae. Mycological Research
101: 493-501.

Christensen MJ, Bennett RJ, Ansari HA, Koga H, Johnson RD, Bryan GT, Simpson WR, Koolaard
JP, Nickless EM, Voisey CR (2008) Epichloe endophytes grow by intercalary hyphal
extension in elongating grass leaves. Fungal genetics and biology 45: 84-93.

Christensen MJ, Bennett RJ, Schmid J (2002) Growth of Epichloé/Neotyphodium and p-

endophytes in leaves of Lolium and Festuca grasses. Mycological Research 106: 93-
106.

Christensen MJ, Latch GCM, Tapper BA (1991) Variation within isolates of Acremonium
endophytes from perennial rye-grasses. Mycological Research 95: 918-923.

Christensen MJ, Leuchtmann A, Rowan DD, Tapper BA (1993) Taxonomy of Acremonium
endophytes of tall fecue (Fescua arundiancea), meadow fescue (F. pratensis) and
perenneial raygrass (Lolium perenne). Mycological Research 97: 1083-1092.

Chu-Chou M, Guo B, An Z-Q, Hendrix J, Ferriss R, Siegel M, Dougherty C, Burrus P (1992)
Suppression of mycorrhizal fungi in fescue by the Acremonium coenophialum
endophyte. Soil Biology and Biochemistry 24: 633-637.

121



Chung K-R, Schardl CL (1997a) Vegetative compatibility between and within Epichloé species.
Mycologia: 558-565.

Chung KR, Schardl CL (1997b) Sexual cycle and horizontal transmission of the grass symbiont,
Epichloé typhina. Mycological Research 101: 295-301.

di Menna M, Mortimer P, Prestidge R, Hawkes A, Sprosen J (1992) Lolitrem B concentrations,
counts of Acremonium lolii hyphae, and the incidence of ryegrass staggers in lambs on
plots of A. lolii-infected perennial ryegrass. New Zealand Journal of Agricultural
Research 35:211-217.

di Menna M, Waller J (1986) Visual assessment of seasonal changes in amount of mycelium of
Acremonium loliae in leaf sheaths of perennial ryegrass. New Zealand Journal of
Agricultural Research 29: 111-116.

do Valle Ribeiro MAM (1993) Tranmission and survival of Acremonium and the implications for
grass breeding. Agriculture, Ecosystems and Environment 33: 195-213.

Dobrindt L, Stroh H-G, Isselstein J, Vidal S (2013) Infected—not infected: Factors influencing the
abundance of the endophyte Neotyphodium lolii in managed grasslands. Agriculture,
Ecosystems and Environment 175: 54-59.

Dombrowski JE, Baldwin JC, Azevedo MD, Banowetz GM (2006) A sensitive PCR-based assay to
detect Neotyphodium fungi in seed and plant tissue of tall fescue and ryegrass species.
Crop Science 46: 1064-10070.

Dyer DC (1993) Evidence that ergovaline acts on serotonin receptors. Life sciences 53: PL223-
PL228.

Easton HS, Christensen MJ, Eerens JPJ, Fletcher LR, Hume DE, Keogh RG, Lane GA, Latch GCM,
Pennell CGL, Popay AJ, Rolston MP, Sutherland BL, Tapper BA (2001) Ryegrass
endophyte: A new Zealand grassland success story. Proceedings of the New Zealand
Grassland Association 63: 37-46.

Easton HS, Latch GCM, Tapper BA, Ball OJP (2002) Ryegrass host genetic control of
concentrations of endophyte-derived alkaloids. Crop Science 42: 51-57.

Easton HS, Lyons TB, Cooper BM, Mace WJ (2009) Loline alkaloids for better protection of
pastures from insect pests. Proceedings of the New Zealand Grassland Association 71.:
151-154,

Eaton CJ, Dupont PY, Solomon P, Clayton W, Scott B, Cox MP (2015) A core gene set describes
the molecular basis of mutualism and antagonism in Epichloé spp. Molecular Plant-
Microbe Interactions Journal 28: 218-231.

Eerens J, Lucas R, Easton H, White J (1998) Influence of the ryegrass endophyte (Neotyphodium
lolii) in a cool moist environment. |. Pasture production. New Zealand Journal of
Agricultural Research 41: 39-48.

Engle JS, Madden LV, Lipps PE (2003) Evaluation of inoculation methods to determine
resistance reactions of wheat to Fusarium graminearum. Plant Disease 87: 1530-1535.

Faeth SH, Sulivan TJ (2003) Mutualistic asexual endophytes in a native grass are usually
parasitic. The American Naturalist 161: 310-325.

FAO/UNESCO (1998) World reference base for soil resources. World soil resources reports.
FAO/UNESCO, Rome.

122



Fioretto A, Di Nardo C, Papa S, Fuggi A (2005) Lignin and cellulose degradation and nitrogen
dynamics during decomposition of three leaf litter species in a Mediterranean
ecosystem. Soil Biology and Biochemistry 37: 1083-1091.

Fletcher LR, Harvey IC (1981) An association of Lolium endophyte with ryegrass staggers. N Z
Vet J 29: 185-186.

Fletcher LR, Hoglljnd JH, Sutherland BL (1990) The impact of Acremonium endophytes in New
Zealand, past present and future. Proceedings of New Zealand Grassland Association
52:227-235.

Foskolos A, Calsamiglia S, Chrenkova M, Weisbjerg M, Albanell E (2015) Prediction of rumen
degradability parameters of a wide range of forages and non-forages by NIRS. animal
9:1163-1171.

Franzluebbers AJ, Stuedemann JA (2005) Soil carbon and nitrogen pools in response to tall
fescue endophyte infection, fertilization, and cultivar. Soil Science Society of Amerca
Journal 69: 396-403.

Fritz JO, Collins M (1991) Yield, digestibility, and chemical composition of endophyte free and
infected tall fescue. Agronomy Journal 83: 537-541.

Funk CR (1983) An endophytic fungus and resistance to sod webworms: association in Lolium
perenne. Biotechnology 1: 189-191.

Funk R, White J (1997) Use of natural and transformed endophyte for turf improvement. In:
CW Bacon, N Hill (eds) Neotyphodium/Grass Interactions. Plenum Press, New York.pp.
229-239.

Gallagher RT, Campbell AG, Hawkes AD, Holland PT, McGaveston DA, Pansier EA, Harvey IC
(1982) Ryegrass staggers: The presence of lolitrem neurotoxins in perennial ryegrass
seed. N Z Vet J 30: 183-184.

Gallagher RT, Hawkes AD, Stewart JM (1985) Rapid determination of the neurotoxin lolitrem B
in perennial ryegrass by high performance liquid chromatography with fluorescence
detection. Journal of Chromatography 321: 217-223.

Gallagher RT, Hawkes AD, Steyn PS, Vleggaar R (1984) Tremorgenic neurotoxins from perennial
ryegrass causing ryegrass staggers disorder of livestock: Structure and elucidation of
lolitrem B. Journal of the Chemical Society, Chemical Communication 9: 614-616.

Garcia-Ciudad A, Garcia-Criado B, Pérez-Corona ME, Aldana D, Vdzquez BR, Ruano-Ramos AM
(1993) Application of near-infrared reflectance spectroscopy to chemical analysis of
heterogeneous and botanically complex grassland samples. Journal of the Science of
Food and Agriculture 63: 419-426.

Garner GB, Rottinghaus GE, Cornell CN, Testereci H (1993) Chemistry of compounds associated
with endophyte/grass interacction: ergovaline- and ergopeptine- related alkaloids.
Agriculture, Ecosystems and Environment 33: 65-80.

Gatenby WA, Munday-Finch SC, Wilkins AL, Miles CO (1999) Terpendole M, a novel indole-
diterpenoid isolated from Lolium perenne infected with the endophytic fungus
Neotyphodium lolii. Journal of Agricultural and Food Chemistry 47: 1092-1097.

Gentile A, Rossi MS, Cabral D, Craven KD, Schardl CL (2005) Origin, divergence, and phylogeny
of Epichloé endophytes of native Argentine grasses. Molecular Phylogenetics and
Evolution 35: 196-208.

Gibert A, Volaire F, Barre P, Hazard L (2012) A fungal endophyte reinforces population adaptive
differentiation in its host grass species. New Phytologist 194: 561-571.

123



Gillanders TJ (2007) The development of new inoculation techniques and viability test for
Neotyphodium endophytes. Thesis: Plant Biotechnolology, University of Canterbury.

Goering HK, Van Soest PJ (1970) Forage Fiber Analyses (apparatus, Reagents, Procedures, and
Some Applications). U.S. Agricultural Research Service.

Gonzalez-Martin |, Hernandez-Hierro J, Bustamante-Rangel M, Barros-Ferreiro N (2006) Near-
infrared spectroscopy (NIRS) reflectance technology for the determination of
tocopherols in alfalfa. Analytical and bioanalytical chemistry 386: 1553-1558.

Gonzélez-Martin |, Hernandez-Hierro J, Gonzalez-Cabrera J (2007) Use of NIRS technology with
a remote reflectance fibre-optic probe for predicting mineral composition (Ca, K, P, Fe,
Mn, Na, Zn), protein and moisture in alfalfa. Analytical and bioanalytical chemistry
387:2199-2205.

Gonzalez-Martin |, Hernandez-Hierro JM (2008) Detection and quantification of additives
(urea, biuret and poultry litter) in alfalfas by NIR spectroscopy with fibre-optic probe.
Talanta 76: 1130-1135.

Guerre P (2015) Ergot alkaloids produced by endophytic fungi of the genus Epichloé. Toxins 7:
773-790.

Gusewell S, Gessner MO (2009) N:P ratios influence litter decomposition and colonization by
fungi and bacteria in microcoms. Functional Ecology 23: 211-219.

Hahn H, McManus MT, Warnstorff K, Monahan BJ, Young CA, Davies E, Tapper BA, Scott B
(2008) Neotyphodium fungal endophytes confer physiological protection to perennial
ryegrass (Lolium perenne L.) subjected to a water deficit. Environmental and
Experimental Botany 63: 183-199.

Hesse U (2002) Untersuchungen zur Endophytbesiedelung von Graserdkotypen und zu
Symbioseeffekten durch Neotyphodium lolii in Lolium perenne-Genotypen hinsichtlich
Stresstoleranz und Ertragsmerkmale. Thesis: Landwirtschaftlichen Fakultdt, Martin-
Luther-Universitat.

Hesse U, Hahn H, Andreeva K, Forster K, Warnstorff K, Schoberlein W, Diepenbrock W (2004)
Investigations on the influence of Neotyphodium endophytes on plant growth and
seed yield of Lolium perenne genotypes. Crop Science 44: 1689-1695.

Hesse U, Schoberlein W, Wittenmayer L, Forster K, Warnstorff K, Schoberlein W, Forster K,
Diepenbrock W, Merbach W (2003) Effects of Neotyphodium endophytes on growth,
reproduction and drought-stress tolerance of three Lolium perenne L. genotypes. Grass
and Forage Science 58: 407-415.

Hettiarachchige IK, Ekanayake PN, Mann RC, Guthridge KM, Sawbridge TI, Spangenberg GC,
Forster JW (2015) Phylogenomics of asexual Epichloé fungal endophytes forming
associations with perennial ryegrass. BMC Evolutionary Biology 15: 72.

Hovermale JT, Craig AM (2001) Correlation of ergovaline and lolitrem B levels in endophyte-
infected perennial ryegrass (Lolium perenne). Journal of Veterinary Diagnostic
Investigation 13: 323-327.

Hume DE, Sewell C (2014) Agronomic advantages coferred by endophyte infection of perennial
ryegrass (Lolium perenne L.) and tall fescue (Festuca arundinacea Schreb.) in Australia.
Crop & Pasture Science 65: 747-757.

Humphreys JB, Coffey KP, Moyert JL, Brazle FK, Lomas LW (2002) Intake, digestion and
digestive characteristics of Neotyphodium coenophialum-infected and uninfeced

124



fescue by helfers offered hay diets supplemented with Aspergillus oryzae fermentation
extract or laidlomycin propiate. Journal of Animal Science 80: 225-234.

Humphreys M, Feuerstein U, Vandewalle M, Baert J (2010) Ryegrasses. In: B Boller, UK Posselt,
F Veronesi (eds) Fodder Crops and Amenity Grasses. Springer.pp. 211-260.

lannone LJ, Cabral D, Schardl CL, Rossi MS (2009) Phylogenetic divergence, morphological and
physiological differences distinguish a new Neotyphodium endophyte species in the
grass Bromus auleticus from South America. Mycologia 101: 340-351.

James LF, Nielsen DB, Panter KE (1992) Impact of poisonous plants on the livestock industry.
Journal of Range Management 45: 3-8.

Jeffries P, Gianinazzi S, Perotto S, Turnau K, Barea JM (2003) The contribution of arbuscular
mycorrhizal fungi in sustainable maintenance of plant health and soil fertility. Biology
and Fertility of Soils 37: 1-16.

Jenkin TJ (1954) Interspecific and intergeneric hybrids in herbage grasses. Journal of Genetics
52:300-317.

Jensen AMD, Roulund N (2004) Occurrence of Neotyphodium endophytes in permanent
grassland with perennial ryegrass (Lolium perenne) in Denmark. Agriculture,
Ecosystems and Environment 104: 419-427.

Jensen JB, Gonzalez VT, Guevara DU, Bhuvaneswari T, Wali PR, Tejesvi MV, Pirttila AM, Bazely
D, Vicari M, Brathen KA (2011) Kit for detection of fungal endophytes of grasses yields
inconsistent results. Methods in Ecology and Evolution 2: 197-201.

Jia T, Oberhofer M, Shymanovich T, Faeth SH (2016) Effects of hybrid and non-hybrid Epichloé
endophytes and their associated host genotypes on the response of a native grass to
varying environments. Microbial ecology 72: 185-196.

Jia T, Shymanovich T, Gao YB, Faeth SH (2015) Plant population and genotype effects override
the effects of Epichloé endophyte species on growth and drought stress response of
Achnatherum robustum plants in two natural grass populations. Journal of Plant
Ecology 8: 633-641.

Johnson JM, Aiken GE, Phillips TD, Barret M, Klotz JL, Schrick FN (2012) Steer and pasture
responses for a novel endophyte tall fescue developed for upper transition zone.
Journal of Animal Science 60: 2402-24009.

Johnson MC, Bush LP, Siegel MR (1986) Infection of tall fescue with Acremonium
coenophialum by means of callus culture. Plant Disease 70: 380-382.

Jones DIH, Thomas TA (1987) Minerals in pastures and suplements. In: RW Snaydon (ed)
Mangemend grassland Ecosystems of the world. Elsevier, Amsterdam, NL.pp. 145-153.

Jungk AO (2002) Dynamics of nutrient movement at the soil-root interface. In: Y Waisel, A
Eshel, U Kafkafi (eds) Plant roots: The hidden half. CRC Press.pp. 891-898.

Kallenbach RL, Bishop-Hurley GJ, Massie MD, Rottinghaus GE, West CP (2003) Herbage mass,
nutritive value, and ergovaline concentration of stockpiled tall fescue contribution of
the Missouri Agricultural Experiment Station and the Arkansas Agricultural Experiment
Station. Crop Science 43: 1001-1005.

Kane KH (2011) Effects of endophyte infection on drought stress tolerance of Lolium perenne
accessions from the Mediterranean region. Environmental and Experimental Botany
71:337-344.

125



Kaur J, Ekanayake PN, Tian P, van Zijll de Jong E, Dobrowolski MP, Rochfort SJ, Mann RC, Smith
KF, Forster JW, Guthridge KM, Spangenberg GC (2015) Discovery and characterisation
of novel asexual Epichloé endophytes from perennial ryegrass (Lolium perenne L.).
Crop and Pasture Science 66: 1058.

Kearney J, Parrott W, Hill N (1991) Infection of Somatic Embroys of Tall Fescue with
Acremonium coenophialum. Crop Science 31: 979-984.

Keogh RG, Tapper BA, Fletcher RH (1996) Distributions of the fungal endophyte Acremonium
lolii,and of the alkaloids lolitrem B and peramine, within perennial ryegrass. New
Zealand Journal of Agricultural Research 39: 121-127.

Koga H, Christensen MJ, Bennett RJ (1993) Incompatibility of some grass-Acremonium
endophyte associations. Mycological Research 97: 1237-1244.

Koh S, Vicari M, Ball JP, Rakocevic T, Zaheer S, Hik DS, Bazely DR (2006) Rapid detection of
fungal endophytes in grasses for large-scale studies. Functional Ecology 20: 736-742.

Kuldau G, Bacon C (2008) Clavicipitaceous endophytes: Their ability to enhance resistance of
grasses to multiple stresses. Biological Control 46: 57-71.

Kuldau GA, Tsai HF, Schardl CL (1999) Genome sizes of Epichloé species and anamorphic
hybrids. Mycologia 91: 776-782.

Lane GA, Christensen MJ, Miles CO (2000) Coevolution of fungal endophytes with grasses: the
significance of secondary metabolites. Microbial endophytes: 341-388.

Lane GA, Tapper BA, Davies E, Hume DE, Latch GCM, Barker DJ, Easton HS, Rolston MP (1997)
Effect of growth conditions on alkaloid concentrations in perennial ryegrass naturally
infected with endophyte. In: CW Bacon, NS Hill (eds) Neotyphodium/Grass
Interactions. Springer US.pp. 179-182.

Larkin MA, Blackshields G, Brown N, Chenna R, McGettigan PA, McWilliam H, Valentin F,
Wallace IM, Wilm A, Lopez R (2007) Clustal W and Clustal X version 2.0. Bioinformatics
23:2947-2948.

Latch G, Christensen M, Samuels G (1984) Five endophytes of Lolium and Festuca in New
Zealand Mycotaxon 20: 535-550.

Latch GCM, Christensen MJ (1985) Artificial infection of grasses with endophytes. Annals of
Applied Biology 107: 17-24.

Latch GCM, Hunt WF, Musgrave DR (1985) Endophytic fungi affect growth of perennial
ryegrass. New Zealand Journal of Agricultural Research 28: 165-168.

Lee JM, Matthew C, Thom ER, Chapman DF (2012) Perennial ryegrass breeding in New
Zealand: A dairy industry perspective. Crop and Pasture Science 63: 107-127.

Lemons A, Clay K, Rudgers JA (2005) Connecting plant—microbial interactions above and
belowground: a fungal endophyte affects decomposition. Oecologia 145: 595-604.

Leuchtmann A (1992) Systematics, distribution, and host specificity of grass endophytes.
Natural Toxins 1: 150-162.

Leuchtmann A, Bacon CW, Schardl CL, White JF, Jr., Tadych M (2014) Nomenclatural
realignment of Neotyphodium species with genus Epichloé. Mycologia 106: 13-25.

Leuchtmann A, Clay K (1993) Nonreciprocal compatibility between Epichloé typhina and four
host grasses. Mycologia 85: 157-163.

126



Leuchtmann A, Schmidt D, Bush LP (2000) Different levels of protective alkaloids in grasses
with stroma-forming and seed-transmitted Epichloé/Neotyphodium endophytes.
Journal of Chemical Ecology 26: 1025-1036.

Levasseur C, Pinson-Gadais L, Kleiber D, Surel O (2010) Near infrared spectroscopy used as a
support to the diagnostic of Fusarium species. Revue de Médecine Vétérinaire 161:
438-444.

Lewis GC, Raistrick N, Bakken AK, Macduff JH (1996) Effect of infection by the endophytic
fungus Acremonium lolii on growth and nitrogen uptake by perennial ryegrass (Lolium
perenne) in flowing solution culture. Annals of Applied Biology 129: 451-460.

Lewis GC, Ravel C, Naffaa W, Astier C, Charmet G (1997) Occurrence of Acremonium
endophytes in wild populations of Lolium spp. in European countries and a relationship
between level of infection and climate in France. Annals of Applied Biology 130: 227-
238.

Leyronas C, Raynal G (2001) Presence of Neotyphodium-like endophytes in European grasses.
Annals of Applied Biology 139: 119-127.

Li X, Ren A, Han R, Yin L, Wei M, Gao Y (2012) Endophyte mediated effects on the growth and
physiology of Achnatherum sibiricum are conditional on both N and P availability. PLoS
One 7:e48010.

Liu Q, Parsons AJ, Xue H, Fraser K, Ryan GD, Newman JA, Rasmussen S (2011) Competition
between foliar Neotyphodium lolii endophytes and mycorrhizal Glomus spp. fungi in
Lolium perenne depends on resource supply and host carbohydrate content.
Functional Ecology 25: 910-920.

Lyons PC, Evans JJ, Bacon CW (1990) Effects of the Fungal Endophyte Acremonium
coenophialum on Nitrogen Accumulation and Metabolism in Tall Fescue. Plant Physiol
92:726-732.

Lyons PC, Plattner RD, Bacon CW (1986) Occurrence of peptide and clavine ergot alkaloids in
tall fescue grass. Science 232: 487-489.

Malinowski D, Belesky D (1999a) Tall fescue aluminum tolerance is affected byneotyphodium
coenophialumendophyte. Journal of Plant Nutrition 22: 1335-1349.

Malinowski DP, Alloush GA, Belesky DP (1998) Evidence for chemical changes on the rooot
surface of tall fescue in response to infection with the fungal endophyte
Neotyphodium coenophialum. Plant and Soil 205: 1-12.

Malinowski DP, Belesky DP (1999b) Neotyphodium coenophialum endophyte infection affects
the ability of tall fescue to use sparingly available phosphorus. Journal of Plant
Nutrition 22: 835-853.

Malinowski DP, Belesky DP (2000) Adaptations of endophyte-infected cool-season grasses to
environmental stresses: Mechanisms of drought and mineral stress tolerance. Crop
Science 40: 923-940.

Malinowski DP, Zuo H, Belesky DP, Alloush GA (2004) Evidence for copper binding by
extracellular root exudates of tall fescue but not perennial ryegrass infected
withNeotyphodium spp. endophytes. Plant and Soil 267: 1-12.

Mark H, Workman Jr J (2010) Chemometrics in spectroscopy. Academic Press.

Marks S, Clay K, Cheplick GP (1991) Effects of fungal endophytes on interspecific and
intraspecific competition in the grasses Festuca arundinacea and Lolium perenne. The
Journal of Applied Ecology 28: 194-204.

127



Marten GC, Shenk JS, Barton FE (1989) Near infrared reflectance spectroscopy (NIRS):
Analytisis forage quality. United State Department of Agriculture, Springfield.

Martens H, Martens M (2001) Multivariate analysis of quality. An introduction. IOP Publishing.

McCulley RL, Bush LP, Carlisle AE, Ji H, Nelson JA (2015) Warming reduces tall fescue
abundance but stimulates toxic alkaloid concentrations in transition zone pastures of
the US. Front Chem 2: 1-14.

McLeay L, Smith B, Munday-Finch S (1999) Tremorgenic mycotoxins paxilline, penitrem and
lolitrem B, the non-tremorgenic 31-epilolitrem B and electromyographic activity of the
reticulum and rumen of sheep. Research in veterinary science 66: 119-127.

McNeilly T, Roose ML (1984) The distribution of perennial ryegrass genotypes in swards. New
Phytologist 98: 503-513.

Meier CL, Bowman WD (2008) Links between plant litter chemistry, species diversity, and
below-ground ecosystem funtion. Proceedings of the National Academy of Sciences of
the United States of America 105: 19780-14985.

Meijer G, Leuchtmann A (1999) Multistrain infections of the grass Brachypodium sylvaticum by
its fungal endophyte Epichloé sylvatica. New Phytologist 141: 355-368.

Meijer G, Leuchtmann A (2000) The effects of genetic and environmental factors on disease
expression (stroma formation) and plant growth in Brachypodium sylvaticum infected
by Epichloé sylvatica. Oikos 91: 446-458.

Miles CO, Di Menna ME, Jacobs SWL, Garthwaite |, Lane GA, Prestidge RA, Marshall SL,
Wilkinson HH, Schardl CL, Ball OJ-P, Latch GCM (1998) Endophytic fungi in indigenous
australasian grasses associated with toxicity to livestock. Applied and Environmental
Microbiology 64: 601-606.

Monnet F, Vaillant N, Hitmi A, Sallanon H (2005) Photosynthetic activity of Lolium perenne as a
function of endophyte status and zinc nutrition. Functional Plant Biology 32: 131.

Moon CD (1999) Genetic identification and evolution of Epichloé endophytes. Thesis: Massey
University.

Moon CD, Craven KD, Leuchtmann A, Clement SL, Schardl CL (2004) Prevalence of interspecific
hybrids amongst asexual fungal endophytes of grasses. Molecular Ecology 13: 1455-
1467.

Moon CD, Miles CO, Jarlfors U, Schardl CL (2002) The evolutionary origins of three new
Neotyphodium endophyte species from grasses indigenous to the Southern
Hemisphere. Mycologia 94: 694-711.

Moon CD, Scott B, Schardl CL, Christensen MJ (2000) The evolutionary origins of Epichloé
endophytes from annual ryegrasses. Mycologia 92: 1103-1118.

Moon CD, Tapper BA, Scott B (1999) Identificacion of Epichloé endophytes in planta by a
microsatellite-based PCR fingerprinting assay with automated analysis. Applied and
Environmental Microbiology 65: 1268-1279.

Moore JR, Pratley JE, Mace WJ, Weston LA (2015) Variation in alkaloid production from
genetically diverse Lolium accessions infected with Epichloé species. Journal of
Agricultural and Food Chemistry 62: 10355-10365.

Morse LJ, Faeth SH, Day TA (2007) Neotyphodium interactions with a wild grass are driven
mainly by endophyte haplotype. Functional Ecology 21: 813-822.

128



Mortimer P (1983) Ryegrass staggers: Clinical, pathological and aetiological aspects.
Proceedings of the New Zealand Grassland Association 44: 230-233.

Moubarak AS, Piper EL, West CP, Johnson ZB (1993) Interaction of purified ergovaline from
endophyte-infected tall fescue with synaptosomal ATPase enzyme system. Journal of
Agricultural and Food Chemistry 41: 407-409.

Miiller J (2003) Artificial infection by endophytes affects growth and mycorrhizal colonisation
of Lolium perenne. Functional Plant Biology 30: 419-424.

Naes T, Isaksson T, Fearn T, Davies T (2002) A user friendly guide to multivariate calibration
and classification. NIR publications.

Najafabadi AS, Solouki M, Mofid MR, Mohammadi R, Nekouei SMK (2009) Isolation and
characterization of new Neotyphodium infected tall fescue in Iranian rangelands.
Australian Journal of Basic and Applied Sciences 3: 2544-2548.

Neill J (1940) The endophyte of rye-grass (Lolium perenne). New Zealand Journal of Science and
Technology, Section A 21: 280-291.

Neill JC (1941) The endophytes of Lolium and Festuca. New Zealand Journal of Science and
Technology, Section A 23: 183-193.

Nelson CJ, Moser LE (1994) Plants factors affecting forage quality. In: GCJ Fahey, M Collins, DR
Mertens (eds) Forage quality, evaluation, and utilization. American Society of
Agronomy, Inc., Madison.pp. 115-154.

Novas MV, Cabral D, Godeas AM (2005) Interaccion between grass endophytes and
mycorrhizas in Bromus setifolius from Patagonia Argentina. Symbiosis 40: 23-30.

Novas MV, lannone LJ, Godeas AM, Scervino JM (2012) Evidence for leaf endophyte regulation
of root symbionts: Effect of Neotyphodium endophytes on the pre-infective state of
mycorrhizal fungi. Symbiosis 55: 19-28.

O'Sullivan B, Latch G (1993) Infection of plantlets, derived from ryegrass and tall fescue
meristems, with Acremonium endophytes. In: DE Hume, GCM Latch, HS Easton (eds)
Proceedings of the second international symposium on Acremonium/grass
interactions. AgResearch, Grasslands Research Centre, Palmerston North, New
Zealand.

Oldenburg E (1997) Endophytic fungi and alkaloid production in perennial ryegrass in
Germany. Grass and Forage Science 52: 425-431.

Oliveira JA, Castro V (1998) Incidence of Neotyphodium endophytes in Spanish perennial
(Lolium perenne L.) ryegrass accessions. Plant Genetic Resources Newsletter: 1-3.

Oliveira JA, Charmet g (1989) Characterization of wild perennial ryegrass populations from
Galicia (Spain). Pastos: Revista de la Sociedad Espafiola para el Estudio de los Pastos
18:51-68.

Oliveira JA, Gonzdlez E, Castro P, Costal L (2004) Effects of endophyte infection on dry matter
yield, persistence and nutritive value of perennial ryegrass in Galicia (north-west
Spain). Spanish Journal of Agricultural Research 2: 558-563.

Omacini M, J. Chaneton E, M. Ghersa C, Otero P (2004) Do foliar endophytes affect grass litter
decomposition? A microcosm approach using Lolium multiflorum. Oikos 104: 581-590.

Osborne BG (2006) Near-Infrared Spectroscopy in food analysis. Encyclopedia of Analytical
Chemistry. Wiley New York.pp. 1-14.

129



Panaccione DG, Johnson RD, Wang J, Young CA, Damrongkool P, Scott B, Schardl CL (2001)
Elimination of ergovaline from a grass-Neotyphodium endophyte symbiosis by genetic
modification of the endophyte. Proceedings of the National Academy of Sciences of the
United States of America 98: 12820-12825.

Parker EJ, Scott DB (2004) Indole-diterpene biosynthesis in ascomycetous fungi. In: Z An (ed)
Handbook of Industrial Mycology. Marcel Dekker: New York, NY, USA, New Orleans,
Lousiana.pp. 405-426.

Patchett B, Chapman R, Fletcher L, Gooneratne S (2008) Root loline concentration in
endophyte-infected meadow fescue (Festuca pratensis) is increased by grass grub
(Costelytra zealandica) attack. New Zealand Plant Protection 61: 210-214.

Pearson A (2010) Molecular genetics of abiotic stress tolerane in perennial ryegrass (Lolium
perenne L.). Thesis: Department of Botany, La Trobe University.

Peeters A (2004) Wild and sown grasses: profiles of a temperate species selection, ecology,
biodiversity, and use. Food and Agriculture Organization (FAO), Rome, Italy.

Petisco C, Downey G, Murray |, Zabalgogeazcoa |, Garcia-Criado B, Garcia-Ciudad A (2008)
Direct classification of related species of fungal endophytes (Epichloé spp.) using
visible and near-infrared spectroscopy and multivariate analysis. FEMS Microbiol Lett
284:135-141.

Petisco C, Garcia-Criado B, Zabalgogeazcoa |, Vazquez-de-Aldana BR, Garcia-Ciudad A (2011) A
spectroscopy approach to the study of virus infection in the endophytic fungus
Epichloé festucae. Virol J 8: 286.

Pfister JA, Panter KE, Gardner DR, Stegelmeier BL, Ralphs MH, Molyneux RJ, Lee ST (2001)
Alkaloids as anti-quality factors in plants on western US rangelands. Journal of Range
Management 54: 447-461.

Philippe G (2016) Lolitrem B and indole diterpene alkaloids produced by endophytic fungi of
the genus Epichloé and their toxic effects in livestock. Toxins 8: 47-32.

Phillipson MN, Christey MC (1986) The relationship of host and endophyte during flowering,
seed formation, and germination of Lolium perenne. New Zealand Journal of Botany
24:125-134,

Pirozynski K, Malloch D (1975) The origin of land plants: a matter of mycotrophism. Biosystems
6: 153-164.

Ponce MA, Bompadre MJ, Scervino JM, Ocampo JA, Chaneton EJ, Godeas AM (2009)
Flavonoids, benzoic acids and cinnamic acids isolated from shoots and roots of Italian
rye grass (Lolium multiflorum Lam.) with and without endophyte association and
arbuscular mycorrhizal fungus. Biochemical Systematics and Ecology 37: 245-253.

Prestidge R, Pottinger R, Barker G (1982) An association of Lolium endophyte with ryegrass
resistance to Argentine stem weevil. In: MJ Hartley (ed) Proceedings of the 35th New
Zealand weed and pest control conference. New Zealand Plant Protection Society,
Hamilton, New Zealand.

Prestidge RA, Gallagher RT (1988) Endophyte fungus confers resistance to ryegrass: Argentine
stem weevil larval studies. Ecological Entomology 13: 429-435.

Rahman MH, Saiga S (2005) Endophytic fungi (Neotyphodium coenophialum) affect the growth
and mineral uptake, transport and efficiency ratios in tall fescue (Festuca
arundinacea). Plant and Soil 272: 163-171.

130



Rasmussen S, Liu Q, Parsons AJ, Xue H, Sinclair B, Newman JA (2012) Grass-endophyte
interactions: a note on the role of monosaccharide transport in the Neotyphodium
lolii-Lolium perenne symbiosis. New Phytologist 196: 7-12.

Rasmussen S, Parsons AJ, Bassett S, Christensen MJ, Hume DE, Johnson LUJ, Johnson RD,
Simpson WR, Stacke C, Voisey CR, Xue H, Newman JA (2007) High nitrogen supply and
carbohydrate content reduce fungal endophyte and alkaloid concentration in Lolium
perenne. New Phytologist 173: 787-797.

Rasmussen S, Parsons AJ, Fraser K, Xue H, Newman JA (2008) Metabolic profiles of Lolium
perenne are differentially affected by nitrogen supply, carbohydrate content, and
fungal endophyte infection. Plant Physiol 146: 1440-1453.

Rasmussen S, Parsons AJ, Newman JA (2009) Metabolomics analysis of the Lolium perenne-
Neotyphodium lolii symbiosis: more than just alkaloids? Phytochemistry Reviews 8:
535-550.

Ravel C, Courty C, Coudret A, Charmet G (1997a) Beneficial effects of Neotyphodium lolii on
the growth and water status in perennial ryegrass. agronomie 17: 173-181.

Ravel C, Michalakis Y, Charmet G (1997b) The effect of imperfect transmission on the
frequency of mutualistic seed-borne endophytes in natural populations of grasses.
Oikos 80: 18-24.

Reed KFM, Mace WJ (2013) Endophyte metabolites associated with severe cases of perennial
ryegrass toxicosis. Meat & Livestock Australia Limited, North Sydney.

Reed KFM, McFarlane NM, Walsh JR (2001) Seasonal alkaloid concentration in perennial
ryegrass dairy pasture. In: B Rowe, D Donaghy, N Mendham (eds) Science and
technology: Delivering results for agriculture?, Hobart, Tasmania.

Reed KFM, Nie ZN, Walker LV, Mace WJ, Clark SG (2011) Weather and pasture characterisitics
associated with outbreaks of perennial ryegrass toxicosis in southern Australia. Animal
Production Science 51: 738-752.

Reed KFM, Walsh JR, Cross PA, McFarlane NM, Sprague MA (2004) Ryegrass endophyte
(Neotyphodium lolii) alkaloids and mineral concentrations in perennial ryegrass (Lolium
perenne) from southwest Victorian pasture. Australian Journal of Experimental
Agriculture 44: 1185-1194.

Ren A, Gao Y, Zhang L, Xie F (2006) Effects of cadmium on growth parameters of endophyte-
infected endophyte-free ryegrass. Journal of Plant Nutrition and Soil Science 169: 857-
860.

Ren AZ, Gao YB, Wang W, Wang JL, Zhao NX (2009) Influence of nitrogen fertilizer and
endophyte infection on ecophysiological parameters and mineral element content of
perennial ryegrass. J Integr Plant Biol 51: 75-83.

Ren AZ, Gao YB, Zhou F (2007) Response of Neotyphodium lolii-infected perennial ryegrass to
phosphorus deficiency. Plant, Soil and Environment 53: 113-119.

Repussard C, Zbib N, Tardieu D, Guerre P (2014a) Endophyte Infection of tall fescue and the
impact of climatic factors on ergovaline concentrations in field crops cultivated in
Southern France. Journal of Agricultural and Food Chemistry 62: 9609-9614.

Repussard C, Zbib N, Tardieu D, Guerre P (2014b) Ergovaline and lolitrem B concentrations in
perennial ryegrass in field culture in southern France: distribution in the plant and
impact of climatic factors. Journal of Agricultural and Food Chemistry 62: 12707-12712.

131



Rhodes MT, Paterson JA, Kerley MS, Garner HE, Laughlin MH (1991) Reduced blood flow to
peripheral and core body tissues in sheep and cattle induced by endophyte-infected
tall fescue. Journal of Animal Science 69: 2033-2043.

Richardson MD, Cabrera Rl, Murphy JA, Zaurov DE (1999) Nitrogen-form and endophyte-
Infection effects on growth, nitrogen uptake, and alkaloid content of chewings fescue
turf grass. Journal of Plant Nutrition 22: 67-79.

Roberts CA, Benedict HR, Hill NS, Kallenbach RL, Rottinghaus GE (2005) Determination of ergot
alkaloid content in tall fescue by near-infrared spectroscopy. Crop Science 45: 778-783.

Roberts CA, Joost R, Rottinghaus GE (1997) Quantification of ergovaline in tall fescue by near
infrared reflectance spectroscopy. Crop Science 37: 281-284.

Rodriguez RJ, White JF, Arnold AE, Redman RS (2009) Fungal endophytes: diversity and
functional roles. New Phytologist 182: 314-330.

Rottinghaus GE, Garner GB, Cornell CN, Ellis JL (1991) HPLC method for quantitating ergovaline
in endophyte-infested tall fescue: seasonal variation of ergovaline levels in stems with
leaf sheaths, leaf blades, and seed heads. Journal of Agricultural and Food Chemistry
39:112-115.

Rowan D, Gaynor D (1986) Isolation of feeding deterrents against Argentine stem weevil from
ryegrass infected with the endophyte Acremonium loliae. Journal of Chemical Ecology
12: 647-658.

Rowan DD (1993) Lolitrems, peramine and paxilline: Mycotoxins of the ryegrass/endophyte
interaction. Agriculture, Ecosystems and Environment 44: 103-122.

Rowan DD, Dymock JJ, Brimble MA (1990) Effect of fungal metabolite peramine and analogs on
feeding and development of Argentine stem weevil (Listronotus bonariensis). Journal
of Chemical Ecology 16: 1683-1695.

Rowan DD, Hunt MB, Gaynor DL (1986) Peramine, a novel insect feeding deterrent from
ryegrass infected with the endophyte Acremonium loliae. Journal of the Chemical
Society, Chemical Communication 12: 935-936.

Rozpadek P, Wezowicz K, Nosek M, Wazny R, Tokarz K, Lembicz M, Miszalski Z, Turnau K (2015)
The fungal endophyte Epichloe typhina improves photosynthesis efficiency of its host
orchard grass (Dactylis glomerata). Planta 242: 1025-1035.

Ryan GD, Rasmussen S, Parsons AJ, Newman JA (2015) The effects of carbohydrate supply and
host genetic background on Epichloé endophyte and alkaloid concentrations in
perennial ryegrass. Fungal Ecology 18: 115-125.

Saha D, Jackson M, Johnson-Cicalese J (1988) A rapid staining method for detection of
endophytic fungi in turf and forage grasses. Phytopathology 78: 237-239.

Saikia S, Takemoto D, Tapper BA, Lane GA, Fraser K, Scott B (2012) Functional analysis of an
indole-diterpene gene cluster for lolitrem B biosynthesis in the grass endosymbiont
Epichloé festucae. FEBS Letters 586: 2563-2569.

Saikkonen K, Faeth SH, Helander M, Sullivan TJ (1998) Fungal endophytes: a continuum of
interactions with host plants. Annual Review of Ecology and Systematics 29: 319-343.

Saikkonen K, Gundel PE, Helander M (2013) Chemical ecology mediated by fungal endophytes
in grasses. J Chem Ecol 39: 962-968.

Saikkonen K, Lehtonen P, Helander M, Koricheva J, Faeth SH (2006) Model systems in ecology:
dissecting the endophyte-grass literature. Trends in Plant Science 11: 428-433.

132



Sampoux JP, Baudouin P, Bayle B, Béguier V, Bourdon P, Chosson JF, de Bruijn K, Deneufbourg
F, Galbrun C, Ghesquiére M, Noél D, Tharel B, Viguié A (2012) Breeding perennial
ryegrass (Lolium perenne L.) for turf usage: an assessment of genetic improvements in
cultivars released in Europe, 1974-2004. Grass and Forage Science 68: 33-48.

Sampoux JP, Baudouin P, Bayle B, Béguier V, Bourdon P, Chosson JF, Deneufbourg F, Galbrun
C, Ghesquiére M, Noél D, Pietraszek W, Tharel B, Viguié A (2011) Breeding perennial
grasses for forage usage: An experimental assessment of trait changes in diploid
perennial ryegrass (Lolium perenne L.) cultivars released in the last four decades. Field
Crops Research 123: 117-129.

Sampson K (1933) The systemic infection of grasses by Epichloé typhina (Pers.) Tul.
Transactions of the British Mycological Society 18: 30-47.

Sampson K (1935) The presence and absence of an endophytic fungus in Lolium temulentum
and L. perenne. Transactions of the British Mycological Society 19: 337-343.

Sampson K (1937) Further observations of the systemic infection of Lolium. Transactions of the
British Mycological Society 21: 84-97.

Sampson K (1939) Additional notes on the systemic infection of Lolium. Transactions of the
British Mycological Society 23: 316-319.

Sanchez Marquez S, Bills GF, Dominguez Acufia L, Zabalgogeazcoa | (2010) Endophytic
mycobiota of leaves and roots of the grass Holcus lanatus. Fungal Diversity 41: 115-
123.

Schardl CL (1996) Epichloe species: Fungal symbionts of grasses. Annual Review of
Phytopathology 34: 109-130.

Schardl CL (2001) Epichloé festucae and related mutualistic symbionts of grasses. Fungal
genetics and biology 33: 69-82.

Schardl CL, Blankenship ID, Spiering MJ, Machado C (2004a) Loline and ergot alkaloids in grass
endophytes. Handbook of industrial mycology Dekker, New York: 427-448.

Schardl CL, Craven KD, Speakman S, Stromberg A, Lindstrom A, Yoshida R (2008) A novel test
for host-symbiont codivergence indicates ancient origin of fungal endophytes in
grasses. Systematic Biology 57: 483-498.

Schardl CL, Florea S, Pan J, Nagabhyru P, Bec S, Calie PJ (2013) The epichloae: alkaloid diversity
and roles in symbiosis with grasses. Current opinion in Plant Biology 16: 480-488.

Schardl CL, Grossman RB, Nagabhyru P, Faulkner JR, Mallik UP (2007) Loline alkaloids:
Currencies of mutualism. Phytochemistry 68: 980-996.

Schardl CL, Leuchtmann A, Spiering MJ (2004b) Symbioses of grasses with seedborne fungal
endophytes. Annual Review of Plant Biology 55: 315-340.

Schardl CL, Leuchtmann A, Tsai HF, Collett MA, Watt DM, Scott DB (1994) Origin of a fungal
symbiont of perennial ryegrass by interspecific hybridization of a mutualist with the
ryegrass choke pathogen, Epichloé typhina. Genetics 136: 1307-1307.

Schardl CL, Liu JS, White JF, Finkel RA, An Z, Siegel MR (1991) Molecular phylogenetic
relationships of nonpathogenic grass mycosymbionts and clavicipitaceous plant
pathogens. Plant Systematics and Evolution 178: 27-41.

Schardl CL, Young CA, Faulkner JR, Florea S, Pan J (2012) Chemotypic diversity of epichloae,
fungal symbionts of grasses. Fungal Ecology 5: 331-344,

133



Schirrmann MK, Leuchtmann A (2015) The role of host-specificity in the reproductive isolation
of Epichloé endophytes revealed by reciprocal infections. Fungal Ecology 15: 29-38.

Schmidt SP, Osborn TG (1993) Effects of endophyte-infected tall fescue on animal
performance. Agriculture, Ecosystems & Environment 44: 233-262.

Schulz B, Boyle C (2005) The endophytic continuum. Mycological Research 109: 661-686.

Shenk J, Westerhaus M (1993) Analysis of agriculture and food products by near infrared
reflectance spectroscopy. Infrasoft International, Port Matilda, PA.

Shenk J, Westerhaus M (1995) Routine operation, calibration, development and network
system management manual. NIRSystems Inc, Silver Spring, MD, USA.

Shoji JY, Charlton ND, Yi M, Young CA, Craven KD (2015) Vegetative hyphal fusion and
subsequent nuclear behavior in Epichloé grass endophytes. PLoS One 10: e0121875.

Shukla K, Hager HA, Yurkonis KA, Newman JA (2015) Effects of the Epichloé fungal endophyte
symbiosis with Schedonorus pratensison host grass invasiveness. Ecology and Evolution
5:2596-2607.

Siegel M, Bush L (1996) Defensive Chemicals in Grass-Fungal Endophyte Associations. In: J
Romeo, J Saunders, P Barbosa (eds) Phytochemical Diversity and Redundancy in
Ecological Interactions. Springer US.pp. 81-119.

Siegel M, Bush L (1997) Toxin production in grass/endophyte associations. Plant relationships.
Springer.pp. 185-207.

Siegel MR (1993) Acremonium endophytes: Our current state of knowledge and future
directions for research. Agriculture, Ecosystems and Environment 44: 301-321.

Siegel MR, Johnson MC, Varney D, Nesmith W, Buckner R, Bush LP, Burrus P, Jones T, Boling J
(1984) A fungal endophyte in tall fescue: incidence and dissemination. Phytopathology
74:932-937.

Siegel MR, Latch GCM, Bush LP, Fannin FF, Rowan DD, Tapper BA, Bacon CW, Johnson MC
(1990) Fungal endophyte-infected grasses: Alkaloid accumulation and aphid response.
Journal of Chemical Ecology 16: 3301-3315.

Simpson WR, Mace WJ (2012) Novel associations between epichloid endophytes and grasses:
Possibilities and outcomes. In: C Young, GE Aiken, RL McCulley, JR Strickland, CL
Schardl (eds) Epichloae endophytes of cool season grasses: implications, utilization and
biology. The Samuel Roberts Noble Foundations, Ardmore Oklahoma.pp. 35-39.

Snell WH, Dick EA, Jackson HA (1971) A glossary of mycology. ASPET.

Soto-Barajas MC, Gomez J, Vazquez de Aldana BR, Zabalgogeazcoa | (2013) Incidence and
identification of Epichloé/Neotyphodium endophytes in wild populations of Lolium
perenne In: C Schneider, C Leifert, F Felmann (eds) Endophyte for plant protection: the
state of the art. Proceeding of the 5th International on Plant Protection and Plant
Health in Europe, Berlin, Germany.pp. 33-38.

Spiering MJ, Lane GA, Christensen MJ, Schmid J (2005a) Distribution of the fungal endophyte
Neotyphodium lolii is not a major determinant of the distribution of fungal alkaloids in
Lolium perenne plants. Phytochemistry 66: 195-202.

Spiering MJ, Moon CD, Wilkinson HH, Schardl CL (2005b) Gene clusters for insecticidal loline
alkaloids in the grass-endophytic fungus Neotyphodium uncinatum. Genetics 169:
1403-1414.

134



Spiering MJ, Wilkinson HH, Blankenship JD, Schardl CL (2002) Expressed sequence tags and
genes associated with loline alkaloid expression by the fungal endophyte
Neotyphodium uncinatum. Fungal genetics and biology 36: 242-254.

Sugawara K, Arakawa A, Shiba T, Ohkubo H, Tsukiboshi T (2009) Seed transmission of
endophytic fungus, Neotyphodium occultans, in cross breeding of italian ryegrass
(Lolium multiflorum) using detached panicle culture, and comparison with situations in
interspecific/intergeneric crossings including Festuca species. In: T Yamada, G
Spangenberg (eds) Molecular Breeding of Forage and Turf. Springer.pp. 299-308.

Sugawara K, Inoue T, Yamashita M, Ohkubo H (2006) Distribution of the endophytic fungus,
Neotyphodium occultans in naturalized Italian ryegrass in western Japan and its
production of bioactive alkaloids known to repel insect pests. Grassland Science 52:
147-154,

Sutherland BL, Hume DE, Tapper BA (1999) Allelopathic effects of endophyte-infected
perennial ryegrass extracts on white clover seedling. New Zealand Journal of
Agricultural Research 42.

Tadych M, Ambrose KV, Bergen MS, Belanger FC, White JF (2012) Taxonomic placement of
Epichloé poae sp. nov. and horizontal dissemination to seedling via conidia. Fungal
Diversity 54: 117-131.

Tadych M, Bergen M, Dugan FM, White JF, Jr. (2007) Evaluation of the potential role of water
in spread of conidia of the Neotyphodium endophyte of Poa ampla. Mycological
Research 111: 466-472.

Tadych M, Bergen MS, White JF (2014) Epichloé spp. associated with grasses: new insights on
life cycles, dissemination and evolution. Mycologia 106: 181-201.

Takach JE, Young CA (2014) Alkaloid genotype diversity of tall fescue endophytes. Crop Science
54: 667-678.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGA6: Molecular Evolutionary
Genetics Analysis version 6.0. Molecular Biology and Evolution 30: 2725-2729.

Tan YY, Spiering MJ, Scott V, Lane GA, Christensen MJ, Schmid J (2001) In planta regulation of
extension of an endophytic fungus and maintenance of high metabolic rates in its
mycelium in the absence of apical extension. Applied and Environmental Microbiology
67: 5377-5383.

Tanaka A, Christensen MJ, Takemoto D, Park P, Scott B (2006) Reactive oxygen species play a
role in regulating a fungus-perennial ryegrass mutualistic interaction. The Plant cell 18:
1052-1066.

Tanaka A, Tapper BA, Popay A, Parker EJ, Scott B (2005) A symbiosis expressed non-ribosomal
peptide synthetase from a mutualistic fungal endophyte of perennial ryegrass confers
protection to the symbiotum from insect herbivory. Mol Microbiol 57: 1036-1050.

Tapper B, Lane G (2004) Janthitrems found in a Neotyphodium endophyte of perennial
ryegrass. In: RL Kallenbach, C Rossenkrans, TR Lock (eds) 5th International Symposium
on Neotyphodium/Grass interactions, Fayetteville, Arkansas.

Thompson EN, Stuedemann JA, Hill NS (2001) Anti-quality factors associated with alkaloids in
eastern temperature pasture. Journal of Range Management 54: 474-489.

Tsai HF, Liu JS, Staben C, Christensen MJ, Latch GCM, Siegel MR, Schardl CL (1994)
Evlolutionary diversification of fungal endophyte of tall fescue grass by hybridization

135



with Epichloé species. Proceedings of the National Academy of Sciences of the United
States of America 91: 2542-2546.

Ulyatt M, Lee J, Corson D (1995) Assessing feed quality. Proceedings of the Ruakura Farmers’
Conference 47: 59-62.

van Zijll de Jong E, Dobrowolski MP, Bannan NR, Stewart AV, Smith KF, Spangenberg GC,
Forster JW (2008) Global genetic diversity of the perennial ryegrass fungal endophyte
Neotyphodium lolii. Crop Science 48: 1487-1501.

van Zijll de Jong E, Dobrowolski MP, Sandford A, Smith KF, Willocks MJ, Spangenberg GC,
Forster JW (2008) Detection and characterisation of novel fungal endophyte genotypic
variation in cultivars of perennial ryegrass (Lolium perenne L.). Australian Journal of
Agricultural Research 59: 214-221.

Vazquez de Aldana B, Criado BG, Ciudad AG, Corona MP (1995) Estimation of mineral content
in natural grasslands by near infrared reflectance spectroscopy. Communications in
Soil Science & Plant Analysis 26: 1383-1396.

Vazquez de Aldana B, Romo M, Garcia-Ciudad A, Petisco C, Garcia-Criado B (2011) Infection
with the fungal endophyte Epichloé festucae may alter the allelopathic potential of red
fescue. Annals of Applied Biology 159: 281-290.

Vazquez de Aldana BR, Garcia Ciudad A, Garcia Criado B, Vicente Tavera S, Zabalgogeazcoa |
(2013a) Fungal endophyte (Epichloé festucae) alters the nutrient content of Festuca
rubra regardless of water availability. PLoS One 8: e84539.

Vazquez de Aldana BR, Zabalgogeazcoa |, Garcia-Ciudad A, Garcia-Criado B (2013b) An Epichloé
endophyte affects the competitive ability of Festuca rubra against other grassland
species. Plant and Soil 362: 201-213.

Vazquez de Aldana BR, Zabalgogeazcoa |, Rubio de Casas R, Garcia-Ciudad A, Garcia-Criado B
(2010) Relationships between the genetic distance of Epichloé festucae isolates and
the ergovaline and peramine contents of their Festuca rubra hosts. Annals of Applied
Biology 156: 51-61.

Vignale MV, lannone LJ, Pinget AD, De Battista JP, Novas MV (2015) Effect of epichloid
endophytes and soil fertilization on arbuscular mycorrhizal colonization of a wild grass.
Plant and Soil: 1-9.

Walker JC (1950) Plant Pathology. McGraw-Hill, New York.

Wang J, Machado C, Panaccione DG, Tsai HF, Schardl CL (2004) The determinant step in ergot
alkaloid biosynthesis by an endophyte of perennial ryegrass. Fungal genetics and
biology 41: 189-198.

Welty RE (1986) Detecting viable Acremonium endophytes in leaft sheaths and meristems of
tall fescue and perennial ryegrass. Plant Disease 79: 431-435.

Wennstréom A (1994) Endophyte- The misuse of an old term. Oikos 71: 535-536.

Western JH, Cavett JJ (1959) The choke disease of cocksfoot (Dactylis glomerata) caused by
Epichloé typhina (Fr.) Tul. Transactions of the British Mycological Society 42: 298-307.

White JF, Bacon CW, Hinton DM (1997) Modifications of host cells and tissues by the
biotrophic endophyte Epichloe amarillans (Clavicipitaceae; Ascomycotina). Canadian
Journal of Botany 75: 1061-1069.

White JF, Bultman TL (1987) Endophyte-host associations in forage grasses VIII. Hetorothallism
in Epichloé typhina. Am J Bot 74: 1716-1721.

136



White JF, Morgan-Jone G, Morrow AC (1993) Taxonomy, life cycle, reproduction and detection
of Acremonium endophytes. Agriculture, Ecosystems and Environment 44: 13-37.

White JF, Tadych M, Torres MS, Bergen MS, Irizarry I, Chen Q, Zambel C (2015) Endophytic
Microbes. In: A Litt, R Kliman (eds) The Encyclopedia of Evolutionary Bology.

White TJ, Bruns T, Lee S, Taylor J (1990) Amplificacition and direct sequencing of fungal
rigosomal RNA genes for phylogenetics. In: MA Innis (ed) PCR Protocols: A guide to
methods and applications. Academic Press.pp. 315-322.

Wiewiora B, Zurek G, Panka D (2015a) Is the Vertical Transmission of Neotyphodium lolii in
Perennial Ryegrass the Only Possible Way to the Spread of Endophytes? PLoS One 10:
e0117231.

Wiewiora B, Zurek G, Zurek M (2015b) Endophyte-mediated disease resistance in wild
populations of perennial ryegrass (Lolium perenne). Fungal Ecology 15: 1-8.

Wilkins pW, Humphreys mO (2003) Progress in breeding perennial forage grasses for
temperate agriculture. The Journal of Agricultural Science 140: 129-150.

Wilkinson HH, Siegel MR, Blankenship JD, Mallory AC, Bush LP, Schardl CL (2000) Contribution
of fungal loline alkaloids to protection from aphids in a grass-endophyte mutualism.
Molecular Plant-Microbe Interactions 13: 1027-1033.

Wilson D (1995) Endophyte: the evolution of a term, and clarification of its use and definition.
Oikos 73: 274-276.

Wille PA, Aeschbacher RA, Boller T (1999) Distribution of fungal endophyte genotypes in
doubly infected host grasses. The Plant Journal 18: 349-358.

Yates SG, Plattner RD, Garner GB (1985) Detection of ergopeptine alkaloids in endophyte-
infected, toxic KY-31 tall fescue by mass spectrometry/mass spectrometry. Journal of
Agricultural and Food Chemistry 33: 719-722.

Young C, Mittal S, Takach JE (2012) Chemical diversity of bioprotective alkaloids of endophytic
fungi in cool season grasses. In: CA Young, GE Aiken, RL McCulley, JR Strickland, CL
Schardl (eds) Epichloae, endophytes of cool season grasses: Implications, utilization
and biology. The Samuel Roberts Noble Foundation, Ardmore Oklahoma, USA.pp. 125-
135.

Young CA, Bryant MK, Christensen MJ, Tapper BA, Bryan GT, Scott B (2005) Molecular cloning
and genetic analysis of a symbiosis-expressed gene cluster for lolitrem biosynthesis
from a mutualistic endophyte of perennial ryegrass. Molecular Genetics and Genomics
274:13-29.

Young CA, Hume DE, McCulley RL (2013) Fungal endophytes of tall fescue and perennial
ryegrass: Pastures friend or foe? Journa of Animal Science 91: 2379-2394.

Young CA, Schardl CL, Panaccione DG, Florea S, Takach JE, Charlton ND, Moore N, Webb JS,
Jaromczyk J (2015) Genetics, genomics and evolution of ergot alkaloid diversity. Toxins
7:1273-1302.

Young CA, Tapper BA, May K, Moon CD, Schardl CL, Scott B (2009) Indole-diterpene
biosynthetic capability of Epichloé endophytes as predicted by /tm gene analysis.
Applied and Environmental Microbiology 75: 2200-2211.

Yue Q, Johnson-Cicalese J, Gianfagna TJ, Meyer WA (2000) Alkaloid production and chinch bug
resistance in endophyte-inoculated chewings and stron creeping red fescues. Journal
of Chemical Ecology 26: 279-293.

137



Zabalgogeazcoa |, Bony S (2008) Neotyphodium Research and Application in Europe.
Neotyphodium in Cool-Season Grasses. Blackwell Publishing Ltd.pp. 23-33.

Zabalgogeazcoa |, Ciudad AG, Vazquez de Aldana BR, Criado BG (2006) Effects of the infection
by the fungal endophyte Epichloé festucae in the growth and nutrient content of
Festuca rubra. European Journal of Agronomy 24: 374-384.

Zabalgogeazcoa |, Garcia Ciudad A, Leuchtmann A, Vazquez de Aldana BR, Garcia Criado B
(2008) Effects of choke disease in the grass Brachypodium phoenicoides. Plant
Pathology 57: 467-472.

Zabalgogeazcoa |, Vazquez de Aldana BR, Garcia Ciudad A, Garcia Criado B (2003) Fungal
endophytes in grasses from semi-arid permanent grasslands of western Spain. Grass
and Forage Science 58: 94-97.

Zabalgogeazcoa |, Vazquez de Aldana BR, Garcia Criado B, Garcia Ciudad A (1999) The infection
of Festuca rubra by the fungal endophyte Epichloe festucae in Mediterranean
permanent grasslands. Grass and Forage Science 54: 91-95.

Zhang D-X (2008) Loline alkaloid biosynthesis gene expression in Epichloé endophytes of
grasses. Thesis: College of Agriculture, University of Kentucky.

Zhang N, Zhang S, Borchert S, Richardson K, Schmid J (2011) High levels of a fungal superoxide
dismutase and increased concentration of a PR-10 plant protein in associations
between the endophytic fungus Neotyphodium lolii and ryegrass. Molecular Plant-
Microbe Interactions Journal 24: 984-992.

Zhou Y, Bradshaw RE, Johnson RD, Hume DE, Simpson WR, Schmid J (2014) Detection and
guantification of three distinct Neotyphodium lolii endophytes in Lolium perenne by
real time PCR of secondary metabolite genes. Fungal Biol 118: 316-324.

138



