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ABSTRACT

As the modern world expands and develops, new innovative methodologies for more
efficient and environmentally friendly agricultural practices are required. Loss of crops
through abiotic (e.g. drought) and biotic (e.g. herbivory) stresses has a major effect on
the success of an agricultural industry. For animal production pasture crops are a key
aspect of animal husbandry and directly affects yield and health. Symbiotic fungi
belonging to the genus Epichloé form associations with cool season forage grasses and
have been exploited as a new innovative method for insect pest management.
Ryegrass infected with the asexual E. festucae var lolii strain AR48 has insect bioactivity
against both the stem boring fly (SBF-Ceradontha australis) and cutworm moth
caterpillar (CC -Agrotis ipsilion). The bioactive/s targeting both insects is currently
unknown. The aim of this thesis was to identify the gene/s and/or bioactive/s present
in AR48 infected ryegrass that have bioactivity against the SBF and/or CC. Two
approaches were taken; the known insect bioactive secondary metabolite pathways in
Epichloé were investigated in AR48 through bioinformatics and mass spectrometry,
and the gene ‘makes caterpillars floppy’ (mcf), encoding an insect toxin like protein,

was investigated through reverse genetics and insect bioactivity trials.

A new indole diterpene compound (IDT) was identified in AR48 infected plant material
and this compound was absent in other Epichloé strains that do not have SBF and CC
bioactivity. The same mcf gene allele as that present in the E. typhina mcf model,
previously identified as having CC bioactivity, is present and predicted to be functional
in AR48. The other Epichloé strains also have mcf genes predicted to be functional,
however the mcf allele is different to the bioactive E. typhina mcf model. Overall, this
project was able to identify a new IDT compound with potential insect bioactivity as
well as identify two Epichloé mcf gene alleles that potentially have differing insect

bioactivities.
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1.1 Epichloé endophyte as a commercialised bioprotectant

The fungal genus Epichloé contains both sexual and asexual species and is classified as
belonging to the family Clavicipitaceae within the phylum Ascomycota. This endophyte
forms interactions with cool season grasses from the sub-family Pooideae within the
family Poaceae (Johnson et al., 2013a), which contains agriculturally important pasture
species such as Lolium perenne (ryegrass), Festuca arundinacea (tall fescue), and
Festuca pratensis (meadow fescue). In this interaction, the endophyte provides both
abiotic (e.g. drought tolerance) and biotic (e.g. mammalian and insect bioactive
compounds) benefits to the host plant, while the host plant in turn provides nutrients
and a mode of transmission to the fungus (Schardl & Leuchtmann, 2005). This
symbiotic induced biotic activity has been commercialised in the agricultural industry

as a bioprotectant agent.

1.1.1 Insect pests of Lolium perenne

Ryegrass is an economically important pasture crop in New Zealand as it provides
nutrition for cattle raised for the dairy and meat industries (Ferguson et al., 2018).
Controlling insects that target ryegrass is therefore important, as reduction in
palatable pasture reduces the nutritional intake of grazing cattle and in turn affects
milk and meat production. In addition, money and time spent managing the insect
populations and supplementary feed adds to production costs (Ferguson et al., 2018)
Insect population control strategies that do not use synthetic insecticides or chemicals
are advantageous as they have reduced environmental impact, can be safer to use,
may have lower economic cost, and are more specific with few if any non-target

effects (Ferguson et al., 2018).

There is a range of different insect species that damage ryegrass, although only a few
species are key economic pests. While most of these species are endemic or native,
some are accidental introductions from other countries. The insects typically cause
damage when the larvae feed on either the root or tiller systems of the plant, though
for a few species the adults also inflict damage. Some species complete their life cycle

in a year (univoltine) with the adult insect present in winter and the larvae present
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during the summer breeding season, whereas others have 2 - 3 generations per year

(Table 1.1).

Table 1.1: Comparison of economically important insect pests of ryegrass in New
Zealand

Common Scientific Distributi Breading Tissue Economic Control Ref.
name name Type ISEDUEON - oo ason effected impact ontro eterence
0 I $275M-$706M
lnze YEEPET Tillers and on dairy farms
Costelyt New Zealand - Y63® ts . and $75M-$205 F t
Grass grub osey Ta Moth o EE.l an (Adults Oct- o0 [Pupa] and S s None (Ferguson e
zealandica (endemic) Yellowing M on sheep and al, 2018)
Decand pupa
Sep) patches. beef farms
Jan-Sep annually
Epichloe
festucae var
One CS:;E ﬁer Till gp. to f$B4M cmd Iolii strain (Jense et al,
) Wiseana New Zealand year (Adults - Tillers ATylArmS AE - ppa7in 2004)(Fergus
Porina . Moth ) Oct-Marand (pupa).Dead up to $88M on
cervinate (endemic) A tch h dbeef ryegrass on etal,
pupa Apr- patches. sheep and bee (bioactive=  2018)
Sep) farms annually
epOxy-
janthitrems)
Canterbury,
Bal Ar d Manawatu All Tillers (adult - ¢
Mealy bug alanococeus ) m;:re and Nelson yz;ar and pupa). N/A None [1 e;%ulsﬂun €
poae inse NZ roun Brown field. al, )
(endemic)
Tillers Epichloe (Popay etel,
Mediterranea (nymphs) festucaevar  2016) (Hume
. Aploneura . n, Middle All year and roots Iolii strain et al,
Rootaphid lentisci Aphid Eastregion  round (adult). N/A AR37 in 2007)(Fergus
(endemic) Reduced ryegrass onetal,
plant growth. (unknown)  2018)
One Epichloe
Becker et al.
New Zealand, i Till dult i i ( .
Black field Teleogryllus . e oed Em. generation illers (adu uncinatain 2015)(Fergus
) Cricket and Australia per year and pupa). N/A Festuca
cricket commodus . . on et al,
(native) (AdultFeb-  Dead patches. pratensis ora
, 2018)
May, and festulolium
Epichloe
festucae var
Iolii strain
AR1 (Rowan,
bioactive=
Souﬂll Up to three . Upl to $200Mon [ IDaCIWE Dymock et
) , America, New . Tillers dairy farms and peramine). al., 1990)
Argentine Listronotus . generations
. . Weevil Zealand, and (pupa).Dead wup to $235M on (Popay etal,
stem weevil  bonariensis ) between Sep-
Australia March patches, sheep and beef  Epichloe 1995)(Fergus
(introduced) farms annually  festucaevar onetal,
lolii strain 2018)
AR37 in
ryegrass
[unknown)
Africa, Upper One . Tillers and Up to $223M on Epr;hbe Elian’t
Het h North Island B8€meration roots (adult  dairy farms and {e;'”uctaelvar R r';s ensen
eteronychus peryear olif strain etal.
Black beetle arator Scarab NZ, ancll (Adult Mar- and puP a). upto$19Mon AR37 in 1994)(Fergus
Australia Yellowing sheep and beef
(introduced) Decand pupa patches farms annually Tyegrass onetal,
Jan-Mar) (unknown)  2018)
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There is currently no biological control for grass grub, and mealy bug. Porina, black
beetle, Argentine stem weevil (ASW), and the root aphid are however, controlled by
ryegrass infected with the Epichloé festucae var lolii strain AR37. The bioactive indole-
diterpene (IDT) epoxy-janthitrem is known to deter feeding of porina larvae (Hennessy
et al., 2016). ASW is also controlled by ryegrass infected with Epichloé festucae var lolii
AR1 (Rowan et al., 1990). Finally, E. uncinata has bioactivity towards black field cricket
(Table 1.1).

1.1.2 Commercialisation of Epichloé as an insect biocontrol agent

The discovery of the two Epichloé secondary metabolites (SMs), peramine (responsible
for ASW deterrence) and lolitrem B (responsible for ryegrass staggers) prompted an
investigation to identify Epichloé species which produced peramine but did not
produce lolitrem B (Johnson et al., 2013a). This investigation resulted in the
commercialisation of Endosafe® by Department of Scientific and Industrial Research
(DSIR) and later on AgResearch in 1991 (Johnson et al., 2013a, Fletcher et al., 2012,
Milne, 2007). Unfortunately, summer slump and fescue foot were observed in cattle
exposed to Endosafe, and further testing resulted in the identification of the
mammalian toxin ergovaline, an endophyte produced ergot alkaloid in the grass (Table

1.2) (Fletcher et al., 2012).

This prompted an investigation into identifying Epichloé species that produced
peramine, but not lolitrem B or ergovaline (Popay et al., 1999). This resulted in the
identification and commercialisation of E. festucae var lolii AR1 strain in ryegrass in
2001 (Table 1.2) (Milne, 2007). Interestingly, cattle grazing on grass infected with AR1
produced 9% more milk then cattle grazing on grass infected with the common toxic

strain (CT), defined as the lolB clade of E. festucae var lolii (Christensen et al., 1993).

AR37, another E. festucae var lolii strain, which does not produce peramine, lolitrem B,
or ergovaline, was also included in this investigation, and when in planta was shown to
have bioactivity to a much wider range of insects than AR1 infected ryegrass. However,
rare cases of staggers in grazing cattle were documented, although the symptoms

were much milder than those caused by CT (Johnson et al., 2013a). AR37 in ryegrass
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was commercialised in 2007, and trials have shown that grass infected with AR37 has
greater advantages compared to grass infected with AR1, CT or grass that is endophyte
free (Milne, 2007). Interestingly, the only bioactive molecules that have so far been
detected in AR37 infected material are the epoxy-janthitrems, a group of IDTs (Table
1.2) (Jensen & Popay, 2004, Popay & Gerard, 2007, Finch et al., 2010).

A parallel trial investigating Epichloé that did not produce ergovaline but did produce
lolines was carried out on tall fescue (Johnson et al., 2013a) and resulted in the
identification and commercialisation of AR542 in tall fescue, E. coenophiala, in the USA
in 2000 (MaxQ®) and AR542 in tall fescue, E. coenophiala, in New Zealand and
Australia in 2003 (MaxP®) (Table 1.2) (Bouton, 2009, Johnson et al., 2013a).

Finally, the highest ergovaline and lolitrem B producing endophyte species from both
trials were commercialised in grasses in 2010 (Avanex®), E. festucae var lolii AR94/95
in ryegrass and E. coenophiala AR601 in tall fescue, and used in areas such as airports,
sports fields, and recreational parks to deter birds (Table 1.2) (Pennell & Rolston,

2011).
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Table 1.2: AgResearch commercialised insect biopesticide Epichloé species (Johnson et

al., 2013a)
Commercial or Fungal species Major Key traits Hosts
common hame alkaloids
Common-toxic E. festucae var Lolitrems Ryegrass staggers Ryegrass in New
lolii Peramine  and deterrence Zealand
Ergovaline against ASW and
BB
Endosafe E. festucae var Peramine  Summer Ryegrass in New
lolii Ergovaline slump/fescue Zealand
foot, and
deterrence
against ASW
AR1 E. festucae var Peramine Deterrence Ryegrass in New
lolii against ASW Zealand, Australia,
and South
America
AR37 E. festucae var Epoxy- Broad insect Ryegrass in New
lolii janthitrems deterrence Zealand, and
Australia
MaxP E. coenophiala Lolitrems Broad insect Tall fescue in New
strain AR542 and Peramine deterrence Zealand, and
AR584 Australia
MaxQ E. coenophiala Lolitrems Broad insect Tall fescue in USA
strain AR542 and Peramine  deterrence
AR584
Avanex E. festucae var Peramine  Bird and wild life  Ryegrass in sports
lolii strain Ergovaline deterrence fields and
AR94/95 Lolitrem B recreational parks

ASW: Argentine stem weevil (Listronotus bonariensis). BB: Black beetle (Heteronychus arator)

1.1.3 Novel insect bioprotection of Epichloé festucae var lolii AR48 infected ryegrass

The asexual Epichloé festucae var lolii strain AR48 was isolated from Lolium perenne in

Tuscany and has two new bioactivities towards Ceradontha australis (stem boring fly-

SBF) and Agrotis ipsilon (cutworm moth caterpillars-CC) (Figure 1.1, 1.2, and 1.3). Both

insects are ryegrass pests in New Zealand agricultural (refer to section 1.5).

SBF bioactivity of AR48 was identified during an ASW plot trial at Ruakura AgResearch

New Zealand. This trial was set up to screen for ASW bioactivity in a range of

endophyte infected ryegrasses, however during the trial there was a clear lack of SBF

damage to AR48 and AR47 infected plants. The SBF damage was therefore assessed

alongside the ASW damage. AR48 and AR47 did indeed have bioactivity against the SBF
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(Figure 1.1). This bioactivity was then confirmed by subsequent SBF insect trials (Alison

Popay, AgResearch; personal communication).

Two laboratory trials were conducted in Purdue University in the USA that assessed
the CC bioactivity potential of a range of perennial ryegrass and endophyte
combinations. For the first trial that was performed in 2008, the CC were individually
assessed in petri dishes, which contained moist filter paper, and given detached tillers
every 24 hours for 10 days. The settling response was measured after the first 24 hours
and survival rate measured at 24-hour intervals. AR48 and AR47 had the lowest

settling response (%) and lowest survival rate out of all treatments (Figure 1.2).

The second trial was performed in 2012, used the same method as the 2008 trial
except that the CC were assessed for survival only on day 5 and day 10, and end CC
biomass was measured. There was no difference in survival rates between the
different treatments (data not presented) but AR48, AR47, and AR1 had the lowest

end CC biomass (Figure 1.3).
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Figure 1.1: Stem boring fly (SBF-Cerodontha australis) bioactivity observed in an
Argentine stem weevil (ASW- Listronotus bonariensis) plot trial, set up to screen for
ASW bioactivity in a range of endophyte infected ryegrass, at Ruakura AgResearch New
Zealand (unpublished data from David Hume, Grasslands AgResearch, New Zealand).
Nil= no endophyte present. WT= wild type which is the common toxic strain found
naturally occurring in ryegrass in New Zealand. AR= endophyte strain of interest.
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Figure 1.2: The detection of cutworm moth caterpillar (CC-Agrotis ipsilon) bioactivity in
a range of perennial ryegrass (top label) and endophyte (bottom label) combinations
under laboratory conditions 2008. CC contained in petri dishes with moist filter paper
were given fresh detached tillers every 24 hours for 10 days. A) The settling response
of CC after 24 hours exposure to different endophyte infected tiller combinations (data
collected by Douglas S. Richmond, Purdue University, USA, and provided by David
Humes, Grasslands AgResearch, New Zealand). B) Percentage of CC surviving on
clippings of different endophyte infected tiller combinations after 10 days of
laboratory feeding assay.
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Figure 1.3: The detection of cutworm moth caterpillar (Agrotis ipsilon) bioactivity in a
range of perennial ryegrass and endophyte combinations under laboratory conditions
2012. CC contained in Petri dishes with moist filter paper were given fresh detached
tillers every 24 hours for 10 days, and end biomass measured (data collected by
Stephanie Hathaway, Purdue University, USA, and provided by David Humes,
Grasslands AgResearch, New Zealand). 1) AR1 in AGRLP-135. 2) AR1 in AGRLP-140. 3)
AR47 in AGRLP-141. 4) AR48 in AGRLP-142. 5) HE toxic in FLp-322. 6) No endophyte in
BG24T.

1.2 Epichloé endophyte molecular characterisation

1.2.1 Epichloé in culture and in planta morphologies

In planta, the endophyte is located in the aerial tissue within the intercellular space
(apoplast) where in general single hyphae run parallel to the longitudinal axis of the
leaf. These hyphae are physically attached to the plant cell walls, and while they are
predominantly found at the base of the leaf, in some cases they form symbiotic

relationships in the leaf blade as well (Figure 1.4) (Johnson et al., 2013a, Clay, 1990).

Both endophyte and plant develop in parallel. In the cell division zone (CZ) of the plant
leaf, endophyte hyphae are highly branched and grow from the hyphal tip. The plant
cells, along with the attached hyphae, are then pushed out of the CZ by the dividing

plant cells below into the expansion zone (EZ) of the plant leaf where the plant cells’
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elongation and maturation occur. During this transition phase, the endophyte hyphae
switch from tip to intercalary growth, allowing the hyphae to remain attached to the
plant cell wall. Both plant and endophyte develop through intercalary growth in the EZ,
but through different mechanisms i.e. the length of the plant cell compartments
increase progressively during cell maturation, while endophyte hyphae compartments
divide unevenly throughout the length of the hyphae (Figure 1.4) (Christensen et al.,
2008, Voisey, 2010, Schardl et al., 2004).

(B)

Figure 1.4: Fungal intercalary growth. (A) Morphology of hyphae in the grass leaf
expansion zone using E. festucae strain Fl1 expressing green florescent protein (GFP) in
ryegrass. Scale bar = 50 um. (B) Diagram of the different growth zones within a grass
leaf, cell division zone (CZ), and leaf expansion zone (EZ). Arrows indicate direction of
growth. Taken from (Voisey, 2010) with permission from Elsevier.

1.2.2 Epichloé asexual and sexual life cycles

The symbiotic interaction between the host plant and endophyte can be placed
anywhere on the continuum of mutualistic to antagonistic depending on the
endophyte strain. The placement of a specific strain is dictated by the ratio of the rate
of vertical/asexual (through the seed) transmission to horizontal/sexual (through
ascospore production) transmission, with the mode regulated at each tiller and ratio

fixed for each strain. Given that asexual strains of Epichloé cannot undergo horizontal

transmission, all strains therefore form a mutualistic interaction e.g. E. festucae var

11
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lolii AR37. While sexual species of Epichloé can be placed anywhere on the continuum,
e.g. E. festucae Fl1 rarely undergoes horizontal transmission and therefore forms a
mutualistic interaction, E. alumni undergoes horizontal transmission frequently and
therefore forms an intermediate mutualistic-antagonistic interaction (Schardl et al.,
2004), and E. typhina almost always undergoes horizontal transmission and therefore
forms an antagonistic interaction (Chung & Schardl, 1997). Both the sexual and asexual
reproductive processes coincide with the reproductive process of the host plant

(Schardl et al., 2004).

For asexual reproduction, the endophyte infects the ovary and ovules of each floret by
growing from the vegetative apex into the inflorescence. Directly after fertilisation, the
endophyte enters the embryonic sac, where during embryogenesis, it will infect both
the embryo and surrounding structures. Finally, the endophyte colonises the shoot
apex during germination, resulting in a systemic infection of the aerial tissue (Figure

1.5) (Philipson & Christey, 1986, Scott et al., 2012).

For sexual reproduction to occur, a switch from restrictive growth to proliferative
growth is required. This is dependent on the physiological state of both the grass and
endophyte (Scott et al., 2012). Sexual reproduction of the endophyte takes place
during the development of the inflorescence. The immature inflorescence is initially
covered by the leaf sheath. This leaf sheath is infected by the endophyte which results
in the inflorescence failing to emerge, and instead, a stroma develops (Schardl et al.,
2004, Scott et al., 2012, Johnson et al., 2013a). For the development of ascospores
from the stroma, cross-fertilisation between stroma of different mating types is
required. This occurs via the female Botanophila fly that acts as a pollinator
(Kohlmeyer & Kohlmeyer, 1974). Volatiles produced by the plant attract the fly to feed
and oviposit. The fungal spores are then carried in the gut of the fly and fertilise the
stroma of an opposite mating type upon excretion. This is a co-dependent relationship
as the fly larva in turn requires the fertilised stroma as a food source. Once the stroma
is fertilised, fruiting bodies (perithecia) develop with multiple sacs (asci) each
containing 8 ascospores. These ascospores are then ejected into the air and infect

neighbouring plants (Figure 1.5) (Schardl et al., 2004, Chung & Schardl|, 1997).
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Figure 1.5: Diagram of both asexual and sexual life cycles of Epichloé species, taken
from (Johnson, 2013a) with permission from Springer.

1.2.3 Establishment and maintenance of the Epichloé-host symbiosis

The evolutionary formation of the interaction that exists between endophytes and
grasses is characterised by two key aspects: the ability of the endophyte to exist in
harmony within the grass, and the evolutionary advantage that the endophyte
provides to the grass. The use of both genetic and “omic” (transcriptomic and
metabolomic) techniques, using E. festucae FI1 and E2368 in ryegrass as a model
system, has provided important insights into how this interaction is established and

maintained (Scott et al., 2012).

Through forward and reverse genetics, genes involved in the control of reactive oxygen
species (ROS) (noxA, noxR, bemA, and cdc24)(Takemoto et al., 2012, Scott et al., 2012,
Takemoto et al., 2006, Tanaka et al., 2006), iron up-take (sidN) (Johnson, 2008,
Johnson et al., 2007, Johnson et al., 2013a, Johnson et al., 2013b, Forester, 2014),
hyphal anastomosis (so) (Charlton et al., 2012), and response to environmental cues
(sakA and mpkA) (Eaton et al., 2010, Becker et al., 2015, Eaton et al., 2008, Qi & Elion,
2005, Scott & Eaton, 2008), have been identified as key components of this
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interaction. Individual deletions of these genes resulted in in planta phenotypes
associated with an antagonistic interaction i.e. the endophyte had increased hyphal
branching, and hyphal proliferation, while the plant was stunted, had increased

tillering, and underwent premature senescence.

The production of alkaloids by the endophyte provides a positive evolutionary
selection pressure in favour of the interaction as these SMs provide bioprotection to
the plant from both mammals and insects. These alkaloids were first identified by
chromatography, and subsequently characterised by nuclear magnetic resonance
(NMR) and mass spectrometry (MS) (Ball et al., 1997, Casabuono & Pomilio, 1997,
Gallagher et al., 1984). The biosynthetic pathway for each alkaloid was then
characterised by knocking out or expressing the genes of interest and observing
resultant end and intermediate products using MS (Tanaka et al., 2005, Young et al.,
2005, Young et al., 2006, Fleetwood et al., 2007, Schardl et al., 2006, Spiering et al.,
2002). The distribution of genes associated with alkaloid production has been
characterised in a range of Epichloé species through PCR amplification and genomic
sequencing. In addition, the corresponding alkaloid products of each gene has been
confirmed through detection of the alkaloid in endophyte infected plant material by
liguid chromatography combined with mass spectrometry (LCMS) (Takach & Young,
2014, Young et al., 2005, Young et al., 2009).

1.2.4 Fungal secondary metabolite gene clusters

SMs are widely distributed throughout the kingdoms with diverse range of
functionalities and can be defined in both the molecular and ecological perspective.
SMs are low molecular weight compounds with restrictive taxonomic distribution that
are dispensable to the host, and are produced at specific times during the organism’s
life cycle usually at low concentrations (Brakhage, 2013). However most importantly,
SMs serve as survival functions for the producing organisms either by out-competing
other organisms, scavenging for important nutrients, establishing and maintaining
symbiotic associations, being sexual hormones or being differentiation effectors
(Demain & Fang, 2000). This diverse range of functionalities of SMs makes these

compounds of great interest to the scientific community especially in medicine and

14



Chapter one: Introduction

agriculture. For example, antibiotics e.g. penicillin (Fleming, 1943),
immunosuppression drugs e.g. cyclosporine (Freed et al., 1987), cholesterol reducing
drugs e.g. lovastatin (Downs et al., 1998) and anti-insect e.g. bassianolide (Xu et al.,
2009). However, not all SMs are beneficial for humans, for example some are toxins
e.g. aflatoxin from Aspergillus (Mishra & Das, 2003), and fumonisins from Fusarium
(Scott, 2012), while others cause contact dermatitis e.g. urushiols from Toxicodendron

radicans (Kalish & Johnson, 1990).

The focus of in this study is to identify SMs produced by the endophyte in planta that
either have insect deterrent or toxic bioactivity. This is because only endophyte
infected plants gain the ability to protect the host from the insects of interest
therefore the SMs of interest are endophyte rather than plant derived. Identifying

insect bioactive SMs will allow for exploitation of the activity in agriculture.

Genes that are involved in the same SM pathway in fungi e.g. synthesis, post-
translational modification, transportation, and regulation, are generally organised into
gene clusters, with each gene under the control of its own promoter. The formation of
these gene clusters makes synchronised regulation more effective due to the close
proximity of the related genes. This arrangement is different to the arrangement of
related genes in bacteria where the genes involved in the same pathway are controlled
under one operon and are synthesised from a polysistronic mRNA (Keller et al., 2005).
These SM gene clusters are commonly located close to the telomeres i.e. sub-
telomeric, where DNA is frequently manipulated, promoting the gain, loss or
modification of the SM producing genes. This can result in the production of new
bioactive compounds and/or bioactive combinations that may have either a positive,

neutral, or negative impact on the host species.

1.2.5 Regulation of fungal secondary metabolites
SM synthesis requires the synchronised regulation of genes in the correct tissue at a
specific stage of the organism’s life cycle under a specific set of environmental

conditions. This requires both general regulation mechanisms e.g. global transcription
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factors, and chromatin remodelling, as well as specific regulation mechanisms e.g.

pathway specific transcription factors.

Global transcription factors are able to target genes either directly or indirectly upon
activation by a specific stimulus. PacC is a fungal global transcription factor that targets
a range of genes including SM genes. It is activated upon acidification i.e. pH stimuli
causing multiple conformation changes which in turn result in activated PacC binding
directly to target gene promoters (Luo et al., 2017). AreA is another example of a
fungal global transcription factor that binds directly to the target genes but in response
to nitrogen levels (Mihlan et al., 2003). CreA is a global transcription factor that targets
a range of genes including those involved in the production of SMs but is specific to
filamentous fungi. This global transcription factor is activated in response to carbon
levels, and binds to regulatory elements at the promoters of target genes to repress
transcription (Cepeda-Garcia et al., 2014). LaeA is a global transcription factor
specifically for fungal SMs. In Aspergillus nidulans, LaeA connects light, sexual
development, and SMs through the formation of a protein complex with VelB
(expressed during sexual development) and VelA (up regulated in the dark) which in
turn is proposed to block chromatin binding factors resulting in chromatin remodelling

(Bayram et al., 2008).

Some global regulators which also target SMs are species specific e.g. Tri6 is a global
regulator of Fusarium graminearum (Nasmith et al., 2011). For many SM gene clusters,
the transcription factor which regulates the cluster is found within the cluster and is
activated by a global transcription factor before binding to the promoters of each
target gene e.g. afIR in the aflatoxin pathway (Yu et al., 2004). However, in some cases,
this transcription factor is not within the cluster e.g. PENR1 in the penicillin pathway

(Litzka et al., 1998).

Regulation of SM genes can also occur through chromatin remodelling either directly
or indirectly. In the filamentous fungi Fusarium fujikuroi SM genes are directly
regulated by the histone deacetylases, FfHdal and FfHda2 (Studt et al., 2013), while as

mentioned earlier LaeA indirectly regulates histones through interaction with
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chromatin binding factors (Bayram et al., 2008). So far no global transcriptional factors
or pathway specific transcription factors (within or outside the clusters) have been
identified that target (positive or negative) the SM pathways currently linked to
bioactivity in Epichloé (refer to section 1.2.6). A LaeA gene has been shown to be
present in Epichloé but deletion of the gene has no effect on these pathways
(Rahnama, 2016). However, histone modification has been directly linked to alkaloid

regulation in planta (Chujo & Scott, 2014, Lukito, 2017).

1.2.6 Epichloé in planta induced bioactive alkaloids

The mammalian and insect bioactivities observed in Epichloé infected grasses has been
linked to the presence of alkaloids produced by the endophyte such as lolitrem B (IDT
alkaloid), ergovaline (ergot alkaloid), loline (1-aminopyrrolizidines), and peramine
(pyrrolopyrazines) (Johnson et al., 2013a). The biochemical pathways involved in the
production of these key alkaloids have been proposed and annotated with the genes

associated with each step (Figure 1.6).

Apart from lolines which have been detected at low levels in cultures of some E.
uncinata strains (Blankenship et al., 2001), these alkaloids are only produced in planta
(Chujo & Scott, 2014), and are regulated by both the plant e.g. genotype (Faeth et al.,
2002) and hormones (Bastias et al., 2017) as well as the environment e.g. light and

temperature (Lane et al., 2000, Hennessy et al., 2016).
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Figure 1.6: Simplified biochemical pathways that have been proposed for the
production of secondary metabolites produced by Epichloé species. (A) Loline
alkaloids. (B) Ergot alkaloids. (C) Peramine. (D) Indole-diterpenes. The corresponding
gene(s) for each step in the pathway is highlighted in colour. Adapted from (Schardl et
al., 2013a) with permission from Elsevier.
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1.2.6.1 Epichloé ergot alkaloids

Ergot alkaloids are produced by several fungi in the orders Hypocreales and Eurotiales
within the phylum Ascomycota and are discontinuously distributed (Panaccione, 2005).
They are classified into three groups of increasing complexity: clavines, ergoamides,
and ergopeptines (Schardl et al., 2009), with all groups containing a core ergoline ring.
Ergot alkaloids are toxic to bacteria, nematodes, insects, and mammals. In mammals,
these compounds are able to interact with receptors in either an agonistic or

antagonistic manner (Schardl et al., 2012, Gerhards et al., 2014).

In Epichloé, the ergopeptine ergovaline has been identified as the metabolite
responsible for summer slump and fescue foot in cattle grazing on endophyte infected
pastures (Blythe et al., 2007). The toxicities of compounds produced earlier in the
ergovaline pathway are unknown, but other ergopeptines as well as ergoamides and
clavines have been linked to insect bioprotection in endophyte infected plants without
causing mammalian toxicity (Tor-Agbidye et al., 2001, Schardl et al., 2006). Ergovaline
is synthesised by enzymes encoded in the sub-telomeric EAS gene cluster, which is
comprised of 11 genes organised into three clusters separated by transposon relics
and miniature inverted-repeat transposable elements (MITEs) (Figure 1.7) (Fleetwood

etal., 2007, Fleetwood et al., 2011, Tanaka et al., 2012, Schardl et al., 2013b).

EAS: Ergot alkaloids

E2368 Supercontig613 35kb 40 70 75 95 100 105 kb
1 1 ] ] 1 1 1 1 ] ] ] ] 1 1 1 ] Iyl ] ] 1 1 1 1 1 ] Iyl 1 ] 1 1 1 ] ] ] 1 1 1 1
T T T T T T T T T T T T T T T T 7/T T T T T T T T T 7/71 T T T T T T T T T T T T
C T Aa [ o s o | — —m — I 1
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Figure 1.7: Ergot alkaloid (EAS) gene cluster in Epichloé festucae E2368. IpsA and lpsB
((ALa) AMPylation domain binding lysergic acid, (Aa) AMPylation domain binding
alanine, (Av) AMPylation domain binding valine, (Ap) AMPylation domain binding
proline, (T) thiolation domain, (C) condensation domain, and (C¢yc) cyclization
condensation domain), adapted from (Schardl et al., 2012) with permission from
Elsevier.

1.2.6.2 Epichloé 1-Aminopyrrolizidines
1-Aminopyrrolizidines, commonly referred to as lolines, are a group of SM consisting of

a saturated exo-1-amino pyrrolizidine with an unusual oxygen bridge between C(2) and
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C(7), and variation of the R groups linked to N(1) (Schardl et al., 2012). Lolines are
produced by a small number of endophytes that infect some grasses in the Pooideae
subfamily i.e. lolines are not generally produced by Epichloé species that infect
ryegrass but there are a few exceptions e.g. E. occultans, but are produced by Epichloé
species that infect fescue e.g. E. coenophiala, E. festucae, and E. uncinata (Popay et al.,
2009, Leuchtmann et al., 2000). These compounds have a broad range of insect
deterrence and toxic activities, but are not toxic or tremorgenic to mammals (Schardl
et al., 2009). Some of the insect species affected by lolines are: aphids (Rhopalosiphum
padi), Japanese beetle larvae (Popillia japonica), large milkweed (Oncopeltus faciatus),
army worm (Spodoptera frugiperda), and corn borer (Ostrinia nubilalis)(Schardl et al.,
2007). In Epichloé, lolines are produced by a series of enzymes encoded by genes in
the LOL gene cluster, which contains 11 genes grouped into three clusters interspersed

with MITEs (Figure 1.8) (Spiering et al., 2005, Fleetwood et al., 2011, Tanaka et al.,
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Figure 1.8: Loline (LOL) gene cluster in Epichloé festucae E2368, adapted from (Schardl
et al., 2012) with permission from Elsevier.

1.2.6.3 Epichloé pyrrolopyrazines

Peramine, the only known Epichloé produced pyrrolopyrazine, is responsible for
deterring both larval and adult ASW from feeding on ryegrass. Peramine is synthesised
by a single bimodular non-ribosomal peptide synthase (NRPS) encoded by the non
subtelomeric gene perA (Tanaka et al., 2005, Schardl et al., 2012). The proposed amino
acid substrates are 1-pyrroline-5-carboxylate, which binds to the first adenylation
domain, and arginine, which binds to the second adenylation domain and is then
methylated. There are no additional supporting genes associated with peramine
synthesis e.g. transcription factors, post-transcriptional modifying enzymes, or

transporters (Figure 1.9) (Berry et al., 2015).
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Figure 1.9: The structure of peramine (A) and the corresponding perA gene in Epichloé
festucae FI1 (B), adapted from (Schardl et al., 2012) and (Berry et al., 2015) with
permission from Elsevier and American Society for Microbiology.

1.2.6.4 Epichloé indole-diterpenes

Lolitrem B is an IDT and the main metabolite responsible for ryegrass staggers
(Gallagher et al., 1981). It is synthesised through a complex metabolic network
controlled by the LTM/IDT gene cluster which contains 11 genes split into three sub-
telomeric clusters by transposon relics (Figure 1.10) (Young et al., 2005, Young et al.,

2006, Schardl et al., 2012). IDT are reviewed comprehensively in section 1.3.

LTM: Indole-diterpenes
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Figure 1.10: Indole diterpene (IDT/LTM) gene cluster in Epichloé festucae FI1, adapted
from (Schardl et al., 2012) with permission from Elsevier.

1.3 Penicillium and Epichlo€ indole-diterpene characterisation

IDTs are produced by Penicillium, Aspergillus, Claviceps, and Epichloé fungi from the
phylum Ascomycota (Saikia et al., 2008). Structural diversity is brought about through
different patterns of prenylation, hydroxylation, epoxidation, methylation, and
oxidation, as well as differences in the stereochemistry of the IDT ring. IDTs can be
grouped into paxilline-like compounds or non-paxilline-like compounds (Parker &
Scott, 2004). Many of these compounds have either anti-mammalian or anti-insect
activity and act by inhibiting calcium activated potassium channels (maxi-K) (Knaus et
al., 1994), or activating glutamate-gated chloride channels (GluCl) (Smith et al., 2000)

respectively. Penicillium paxilli is commonly used as a model system for studying IDT

21



Chapter one: Introduction

synthesis due to its rapid growth rate, production of large quantities of IDT compounds

in culture, and easy genetic manipulation (Young et al., 2001)

1.3.1 Penicillium indole-diterpenes

Synthesis of the IDT compound paxilline by P. paxilli was first investigated through the
analysis of the chemical components of the pathway using, chromatography, MS,
synthetic chemical synthesis, crystallography, and NMR (Smith Il & Mewshaw, 1985,
Munday-Finch et al., 1996, Mantle & Weedon, 1994, Weedon & Mantle, 1987, Miles et
al., 1992). The genetic component of the paxilline pathway was then investigated using
plasmid insertional mutagenesis, chromosomal walking, and bioinformatics. Paxilline
biosynthesis was linked to a 50 kb region on chromosome Va that contained 21
putative genes. Genes of interest were: a GGPP synthase (paxG), two FAD-dependent
monooxygenases (paxM and paxN), a prenyltransfase (paxC), two cytochrome P450
monooxygenases (paxP and paxQ), a dimethylallyltryptophan synthase (paxD), two
transcription factors (paxR and paxS), a dehydrogenase (paxH), a metabolite
transporter (paxT), and an oxidoreductase (paxO). Deletion of paxG resulted in
abolishment of paxilline production. The detection of paxG expression in P. paxilli wild
type (WT) cultures along with this deletion provided evidence for the involvement of

this cluster in paxilline synthesis (Young et al., 2001).

The first stable intermediate in the proposed paxilline pathway is paspaline which was
successfully synthesised using a construct expressing paxG, paxC, paxM, and paxB in a
Pax P. paxilli strain (Saikia et al., 2006). The roles of paxP and paxQ in the conversion
of paspaline to paxilline were confirmed through individual gene deletions that
resulted in the accumulation of paspaline and 13-desoxypaxalline respectively as well
as intermediate compound feeding assays (McMillan et al., 2003, Saikia et al., 2007).
The paxilline pathway therefore consists of the early pathway genes paxG, paxc,
paxM, and paxB that together produce paspaline, which is then converted by the late
pathway genes paxP and paxQ to 13-desoxypaxalline and paxilline respectively.
Paxilline and associated intermediate compounds from the proposed biosynthetic
scheme were successfully synthesised in Aspergillus oryzae by introducing different

combinations of the above 6 genes into the host genome (Tagami et al., 2013).
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The current paxilline pathway has PaxG synthesising geranylgeranyl pyrophosphate
(GGPP) from isopentenyl diphosphate (IPP) and/or dimethylallyl pyrophosphate
(DMAPP) and/or geranyl pyrophosphate (GPP) and/or farnesyl pyrophosphate (FPP).
GGPP then undergoes a condensation reaction with indole-3-glycerol phosphate (IGP)
by PaxC to produce 3-geranylgeranyl indole (3-GGl). This compound is then converted
to paspaline through two consecutive rounds of epoxidation by PaxM and cyclisation
by PaxB. Paspaline is then converted to 13-desoxypaxilline by PaxP, through multiple
oxidation steps, and finally to paxilline through multiple oxidation steps by PaxQ

(Figure 1.11).
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Figure 1.11: Simplified proposed paxilline biosynthetic pathway in Penicillium paxilli
adapted from (Saikia et al., 2006, Saikia et al., 2007) with permission from John Wiley
and Sons. The compounds are labelled below the corresponding chemical structure
with genes responsible for the synthesis in red above the corresponding arrow.
Isopentenyl diphosphate (IPP). Dimethylallyl pyrophosphate (DMAPP). Geranylgeranyl
pyrophosphate (GGPP). Indole-3-glycerol phosphate (IGP). 3-geranylgeranyl indole (3-
GGI).
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1.3.2 Epichloé indole-diterpenes

Epichloé can synthesise the paxilline-like compounds lolitrems, terpendoles, and
janthitrems. Lolitrem B/A/C/F, lolitriol, janthitrems, paspaline, paxilline and terpendole
C/M have been linked to mammalian tremorgenicity, through the inhibition of calcium
activated potassium channels (Parker & Scott, 2004, Saikia et al., 2008, Imlach et al.,
2011) while epoxy-janthitrems have been linked to insect deterrence (Jensen & Popay,
2004, Popay & Gerard, 2007). Initially the Epichloé IDT gene naming convention was
Itm for lolitrem B synthesis genes given lolitrem B is the final product of the pathway.
But the current naming convention is now idt for indole-diterpene given that a range

of IDT compounds can be produced dependent on the functional gene combination.

One IDT of agricultural importance is lolitrem B, a transient mammalian neurotoxin,
which has been linked to ryegrass staggers (Gallagher et al., 1981). The biosynthetic
pathway of lolitrem B was first modelled using the paxilline biosynthetic pathway from
P. paxilli. PCR amplification of two conserved regions of the gene paxG followed by
chromosomal walking identified paxG and paxM homologues in Epichloé (idtG and
idtM), as well as an Epichloé specific PA50 monooxygenase idtK. The genes were linked
to lolitrem synthesis through deletion of idtM which abolished production and
detection of both mRNA and proteins from idtM, idtG, and idtK genes in Epichloé WT

infected ryegrass (Young et al., 2005).

Due to the large AT-rich regions either side of this cluster suppression subtraction
hybridization libraries followed by Southern blotting and sequencing rather than
chromosome walking was used to identify other possible lolitrem genes.
Bioinformatics analysis of this region identified homologous genes to paxP, paxQ,
paxB, and paxC in Epichloé (idtP, idtQ, idtB, and idtC) along with the Epichloé specific
prenyl transferase genes idtF and idtE, and another P450 monooxygenase idtJ). These
genes are organized into 3 clusters with cluster 1 containing idtG, idtM, and idtK,
cluster 2 containing idtP, idtQ, idtF, idtC, and idtB, and cluster 3 containing idtE and
idt). RT-gPCR showed that all 10 genes are all up-regulated in planta but not expressed
in culture suggesting that the genes are symbiotically regulated. No conserved

consensus sequence was identified across all 10 genes that might explain universal up-
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regulation through a transcription factor. Finally idtC and idtM were identified as paxC
and paxM homologues through complementation into the respective P. paxilli ApaxC

and ApaxM strains that restored paxilline synthesis (Figure 1.12) (Young et al., 2006).

Genome sequencing of sexual, asexual, and hybrid strains identified that this SM gene
cluster is sub-telomeric, and that the three clusters are separated by non-conserved
AT-rich retro-transposable elements and MITE’s (Young et al., 2009). A novel gene,
idtS, was identified through genome sequencing and is most similar to paxA. Both
genes have unknown functions but are linked to IDT synthesis (Figure 1.12) (Schardl et

al., 2012, Schardl et al., 2013c).

The lolitrem gene profile of 44 Epichloé isolates through PCR and Southern blotting
identified three distinct groups; strains with all 10 genes, strains missing idtE and idtJ,
and strains either missing at least one of the core genes (idtG, idtM, idtB, and idtC) or
all of the genes. These profiles along with the corresponding chemical profiles were
used to propose a biosynthetic pathway for lolitrem B production (Young et al., 2009).
This pathway was further investigated through individual gene deletions (idtP, idtQ,
idtF, idtK, idtE, and idtJ) as well as recombinant gene expression (idtP and idtQ)
followed by feeding assays and complementation of paxP and paxQ with idtP and idtQ,

respectively (Saikia et al., 2012).
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Figure 1.12: Indole diterpene (IDT/LTM) gene cluster in Epichloé festucae FI1 strain
adapted from (Schardl et al., 2013c) with permission from PLOS. IDT genes as
red/blue/purple arrows, transposable elements in blue boxes with corresponding
name or size, and GC content below

The pathway is that IdtG, IdtC, IdtM, and IdtB catalyse the same steps as their
corresponding Pax enzymes to produce paspaline (Introduction 1.3.1). Both IdtP and
IdtQ are then able to bind paspaline creating a fork in the pathway. Typically, IdtQ will

act first thereby directing the pathway down the main branch into lolitrem B synthesis,
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but in some situations IdtP will act first and shunt the pathway down the minor branch
into paxilline synthesis. Both pathways involve multiple oxidation steps catalysed by
first 1dtQ then IdtP for lolitrem B synthesis or first IdtP and then IdtQ for paxilline
synthesis (the exact pathway is unknown). For lolitrem synthesis, terpendole | is then
modified by IdtK and IdtF, which form the | ring structure, and/or IdtE and IdtJ, which
form the A and B ring structures. These two pairs act independently. This results in a
grid like biosynthetic pathway rather than a linear pathway resulting in a wide range of
IDT produced through different terpendole | modifications. If any of these later
pathway genes (idtK, idtF, idtE, and idtJ) are absent or non-functional then the minor

branch towards paxilline synthesis is enhanced (Figure 1.13) (Saikia et al., 2012).
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Figure 1.13: Proposed lolitrem B biosynthetic pathway in Epichloé festucae FI1 strain
from (Saikia et al., 2012) with permission from John Wiley and Sons. The compounds
are labelled below the corresponding chemical structure with genes responsible for
the synthesis above the corresponding arrow. To note: /tm genes are the old
nomenclature and are now referred to as idt genes e.g. ItmP is the same gene as idtP.
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1.4 Makes caterpillars floppy (Mcf) as a possible Epichloé insect bioactive

The development of commercialised Epichloé strains has successfully arisen from
understanding the biosynthesis, bioactivity, and distribution of the four SM pathways
discussed above (Introduction 1.1 and 1.2). However, these pathways can only account
for a proportion of the observed bioactivities. Research is therefore now focusing on
the identification of new sources of bioactive molecules to explain new insect
bioactivities. One newly identified gene of interest is a gene in the Epichloé genome
called “makes caterpillars floppy” (mcf) identified by Ambrose in 2014. This gene is
homologous to a bacterial gene that confers insecticidal activity and therefore has the
potential to explain AR48 new bioactivity (Figure 1.14).
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Figure 1.14: Comparison of makes caterpillars floppy (Mcf)-like proteins adapted from
(Dowling & Waterfield, 2007), with permission from Elsevier. PFL_2983 (fitD from
Pseudomonas fluorescens). Mcf2 (mcf2 from Photorhabdus luminescens). Mcfl (mcf1
from Photorhabdus luminescens). Pfl orf4315 (P. fluorescens insect toxin (fitD) from
Pseudomonas fluorescens). Toxin “TcdB” (tcdB from Clostridium difficile).

1.4.1 Photorhabdus luminescens Mcf

Photorhabdus luminescens is a Gram-negative Enterobacteriaceae bacterium that is
both a symbiont of entomopathogenic nematodes from the Heterorhabditidae genus
and a pathogen to the nematode’s target insects. P. luminescens lives in the gut of the

nematode, and upon infection of the target insect by the nematode, is released from

the gut into the midgut of the insect. P. luminescens then secretes both
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immunosuppressing compounds as well as toxins resulting in persistence of infection
and death of the insect allowing both the nematode and bacteria to use the insect as a
reservoir for breeding. The juvenile nematodes are reinfected with the bacterium
before emerging from the insect corpse. This three-way interaction is used to study
the switch between symbiotic and pathogenic life stages, and is regularly compared to

E. coli which has a single symbiotic life stage (Forst et al., 1997).

One of the many toxin genes identified from P. luminescens is one mcf. This gene was
identified through screening a P. luminescens cosmid library using the tobacco
hornworm caterpillar (Manduca sexta) as a model insect system. Normally, E. coli
when injected into M. sexta is rapidly cleared from the insect, but when E. coli is
expressing the correct toxin from the cosmid library, the bacteria persists in the insect
and kills it. Using this screening method, a 33 kb cosmid was identified, and insertional
mutagenesis showed that an 8.8 kb gene (mcf) within the cosmid was responsible for
both the persistence and toxicity activities. The 324 kDa protein product from this
gene is predicted to contain a N-terminal BH3 (Bcl2 homology domain 3) domain which
is found in pro-apoptotic Blc-2 (B-cell lymphoma 2) proteins, a central transmembrane
domain (TMD) from Clostridium difficile TcdA/TcdB, a RTX-like (Repeat-in-toxin) toxin
repetitive region from Actinobacillus pleuropneumoniae, and a C-terminal RTX-like

toxin repetitive region (Figure 1.14) (Daborn et al., 2002).

E. coli expressing mcf has been shown to cause apoptosis in mammalian cell lines,
haemocytes, and insect midgut through characteristic membrane blebbing, chromatin
condensation, DNA fragmentation, and changes in biomarkers (Dowling et al., 2004).
Finally, the BH3 domain was shown to be important for this insect activity as
mutations in this domain dramatically reduced bioactivity. Cells exposed to the Mcf
BH3 domain have changes in mitochondrial membrane potential and release
cytochrome c into the cytoplasm, showing that the toxin works by activating apoptosis

via the mitochondrial pathway (Dowling et al., 2007).

Further screening of the cosmid library identified a mcf gene allelic variant to mcf(1)

called mcf2. This gene when expressed by E. coli and injected into M. sexta also results
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in insect death. The 262 kDa protein product is predicted to contain the same central
TMD and RTX-like toxin repetitive region. However, rather than a BH3 domain, it has
an N-terminal HrmA domain, which is a type-lll secreted effector from the plant
pathogen Pseudomonas syringae and no C-terminal domain (Dowling et al., 2004). All
Photorhabdus strains studied, contain both mcf genes with mcf1 in different genomic
regions and sometimes next to a type IV exporter, and mcf2 in the same genomic

region and always next to a type | exporter (Figure 1.14) (Dowling & Waterfield, 2007).

1.4.2 Pseudomonas fluorescens FitD

A mcf class protein was identified in Pseudomonas fluorescens, a Gram-negative
bacterial species that forms a beneficial relationship with plants by colonizing the root
system and producing bioactive compounds. Bioinformatics analysis of the genome
sequence identified a mcf class gene, which is part of a cluster comprised of eight
genes labelled fitA to fitH, with the mcf gene labelled fitD. The fitD gene is present as
two allelic variants with a N-terminal glycosyltransferase-like domain or a BH3 domain,
a central TMD, and no RTX-like domains. The genes that cluster around fitD are
involved in the transport (fitA, fitB, and fitC) and regulation (fitE, fitF, and fitG) of the
toxin. This cluster is not present in all Pseudomonas strains and there is syntony within
but not outside the cluster. When P. fluorescens strains containing the Fit (Fluorescens
Insect Toxin) cluster were injected into Galleria mellonella (wax moth) or M. sexta
(tobacco hornworm moth) caterpillars the insects died in a similar manner and rate as
P. luminescens mcf treated insects, while P. fluorescens strains without the cluster had
minimal deaths. In addition, E. coli expressing fitD injected into the two above insect
models resulted in death, and P. fluorescens infection of Drosophila melanogaster also
results in death (Figure 1.14) (Dowling et al., 2007, Péchy - Tarr et al., 2008, Olcott et
al., 2010).

1.4.3 Epichloé Mcf

In 2014, a paper published by Ambrose et al (2014) suggested that mcf had been
horizontally transferred (HGT) from P. luminescens into the Epichloé genus. At that
time, the gene had only been identified in bacterial species from the Photorhabdus

and Pseudomonus genera, and in the fungal genus Epichloé. However, a subsequent
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paper in 2017 (Dupont & Cox) identified mcf in other fungal species; Aspergillus flavus
(Eurotiomycetes), Metarhizium species (Sordariomycetes), Neonectria ditissima
(Sordariomycetes) and Phlebiopsis gigantean so the HGT event of mcf into Epichloé has

been retracted (Tian et al., 2017).

Annotation of all 13 Epichloé species analysed identified two conserved introns (a
variably present 5’ intron and a conserved 3’ intron). The mcf mRNA from E. typhina
subsp. Poae Ps1 was extracted and sequenced. This confirmed the presence and
location of both annotated introns. This cDNA sequence was then expressed in E. coli,
and the transgenic E. coli injected into CC. This resulted in death of the caterpillar
within 24 to 48 hours, while caterpillars injected with E. coli expressing empty vector

or just water survived (Ambrose et al., 2014).

1.5 AR48 infected Lolium perenne insect bioactivity

Ryegrass infected with Epichloé festucae var lolii AR48 confers new bioactivity towards
the SBF (Cerodontha australis) and CC (Agrotis ipsilon) (Introduction 1.1.3). Currently,
both these insects are minor pests to New Zealand agriculture however, identification
of the bioactive/s responsible for these bioactivities will future proof the industry
when or if these species become major pests. Also, the identified bioactive/s could
possibly be applied on other agricultural insect pests depending on the bioactive/s

insect target range.

1.5.1 Agromyzidae characterisation

The Agromyzidae family is within the true or two-winged fly order Diptera, and
contains flies of 0.9 mm to 6.0 mm in length that are morphologically similar. These
flies differ mainly in varying colour combinations of black and yellow, and occasionally
green, grey, and blue as well. Worldwide approximately 2,500 species have been
identified which are usually restricted to a single geographical location (Spencer,
2012). The Agromyzidae target a large range of dicots and monocot plants, in
particular ornamentals, fruit, vegetables, and cereals, with most species restricted to a
single family or genera, though true polyphagia has been identified in 13 species. The

majority of the Agromyzidae target the leaf, which is why the flies are commonly
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referred to as leaf mining flies despite approximately 25% of species feeding on
alternative structures such as the root, stem, seed head, pod, twig, or flower (Spencer,

1973).

1.5.1.1 Agromyzidae life cycle

The life cycle for each Agromyzidae species varies with the length being host as well as
temperature dependent. In general, the complete life cycle takes 21-28 days under
favourable conditions, although it can as much as double that under unfavourable
conditions. There are multiple cycles per season, with the number dependent on the
temperature i.e. the hotter the summer the shorter the cycle and the more cycles per
season. The female ovipositor punctures the plant tissue creating wound sites for both
feeding (80%) as well as for laying eggs (20%). A single female will lay approximately
500 eggs just under the tissue surface, one egg per wound, over its two-week long life
span. The egg, which is initially clear, will become creamy white over time and hatch 3
days later. The emerging 1 mm long transparent larva will start to burrow into the
plant tissue creating an enclosed transparent “mine” scattered with black excrement,
avoiding any dead or potentially hazardous regions along the way. The larva will
undergo three instars and grow to 1.9 mm over the next 4-6 days, finally forming a
pupa containing the third instar. Pupation may occur either inside the plant tissue at
the base of the mine or the larva will emerge from the tissue and develop just outside
the plant or just below the soil surface. The pupa is initially yellow and will become
brown over time with black pupa normally indicating parasitism. The adult fly will
emerge approximately 9 days later and as SBF are considered “moderate” fliers the
flies usually remain near the hatched location, although wind can aid in long distance
dispersal. Outside the breeding season, there are few flies present and most
Agromyzidae enter diapause over winter in the pupal stage (Jovicich, 2009, Georgia,

2018, Blancard, 2012).

1.5.1.2 Distribution of Agromyzidae New Zealand
Three extensive studies on Agromyzidae population composition and distribution have
been conducted in New Zealand: Watt (1924) identified 12 new species, Harrison

(1976) identified a further 4 species, and Spencer (1976) discovered a further 21 new
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species. Currently 41 species of Agromyzidae have been identified in New Zealand and
other sub-Antarctic Islands, of which 34 species are endemic and are thought to have
arrived via 16 immigration events from Australia and 1 from South America. These
species are from the following genera; Melanagromyza (1 spp.), Hexomyza (1 spp.),
Cerodontha (sub-genera Ictermyza (1 spp.)), Cerodontha (3 spp.), Liriomyza (22 spp.),
Phytoliriomyza (7 spp.), and Phytomyza (6 spp.) (Spencer, 1976).

The establishment of these particular species is most likely due to wind dispersal of
flies from neighbouring countries or human introduction, alongside the establishment
of the corresponding specific host plant. Australia has twice as many genera and three
times as many species compared to New Zealand, and the two countries have only 7
Agromyzidae species in common. Distribution of this family within New Zealand is
uneven but is wide spread throughout the North and South Islands. Plant hosts have
been confirmed for 26/41 species as well as an additional 3 species with reasonable
certainty. Other Agromyzidae hosts are present in New Zealand but the corresponding
Agromyzidae are absent, supporting the randomness of the immigration events

(Spencer, 1976).

1.5.1.3 Cerodontha australis characterisation

The most common and widely distributed Agromyzidae species in New Zealand is
Cerodontha australis, also known as the wheat sheath miner or SBF. This species is
identified by a grey thorax, yellow legs, yellow frons, and the shape of the third
antennal segment. New Zealand also has three other less common Cerodontha
species, C. sylvesterensis (yellow notoplural, darker femur, and different aedeagus i.e.
male sex organs), C. angustipennis (black thorax, and yellow notopleural), and
Icteromyza triplicate (extended yellow lunule, and wide rounded antenna) (Figure 1.15
and 1.16). C. australis is present in meadows and the road side of both the North
Island, South Island, and some sub-Antarctic Islands. Sydney Australia is the only
location outside New Zealand that has been reported to have C. australis. Cerodontha
species target cereal and pasture grasses such as Hordeum vulgare (Barley), Lolium
perenne (Ryegrass), Triticum aestivum (Wheat), Dactylus glomerata (Cocksfoot), and

the endemic New Zealand grass Poa anceps (Spencer, 1976). In New Zealand, the
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breeding season peaks between December to January and slows down between

February to March.

1.5.1.4 Economic impact and control management of Agromyzidae

Apart from the damage caused by the genus Liriomyza, which contains the top three
Agromyzidae pests (globally invasive polyphagous leaf miners i.e. L. huidobrensis, L.
sativa, and L. trifolii) all of which are not present in New Zealand (Spencer, 1973),
damage to host plants from Agromyzidae insects most of the time remains just below
the economic threshold. Damage from Agromyzidae depends on the host range, the
host type, how the larvae feed, what part of the plant is affected, the stage of plant
growth, and the size of the insect population. The presence of the mine can resultin a
loss of tissue function i.e. reduced photosynthetic capacity of the plant, and the
puncture wounds are thought to increase secondary bacterial and fungal infections

(Spencer, 1973).

However, these flies do have the potential to become pests under some conditions. In
nature the Agromyzidae are controlled by very host specific parasitoid wasps from the
Eulophidae and Braconidae families (Jovicich, 2009). This control can occasionally be
lost due to an unsynchronised emergence of wasps and flies or a reduced number of
wasps due to disease or climate change. This type of outbreak is, however, short
lasting and minor. More serious and long term outbreaks occur due to direct or
indirect long term extensive and misused insecticide application, which in some cases
targets the Agromyzidae but more commonly the associated parasitoid (Spencer,
1973). This has led to varying degrees of resistant populations of Agromyzidae and/or
the associated parasitoid compounding the detrimental effect of these species on the
economy. Alternative control methods are other Agromyzidae targeting insects,
border control, trapping, resistant crops cultivars, and dynamic environments have
worked to varying degrees (Weintraub et al., 2017, Hondo et al., 2006, Huang et al.,
2009).
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Figure 1.15: Schematic diagram of the morphology of Diptera, with key areas and
structures labelled, adapted from (Wikipedia, 2018).

Figure 1.16: Ceradontha australis (stem boring fly-SBF). A) Top view. B). Side view C)
Male (left) and female (right)
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1.5.2 Noctuidae characterisation

The Noctuidae family “owlet moths”, within the Lepidoptera order (moths and
butterflies), contains moths that have “owl-like eye” patterns on the top of the
forewings that reflect light. Currently, Noctuidae is the largest Lepidoptera family
containing over 20,000 species, however this family is commonly re-classified due to
the diverse range of characteristics. In general, the moths are nocturnal ranging from
10 mm to 170 mm in length, are brown with lighter and/or darker patches, and have
wings that are held upright to form a “roof” at rest. Many exceptions are found with
some species being diurnal, and/or colourful, and/or having flat rested wings.
Noctuidae are found worldwide with the exception of Antarctic regions. The moths
feed on nectar and are important pollinators, while the larva feed on the leaves,
flowers, fruits, and stems of the plant, inflicting enough damage to cause significant
economic loss. The target plants and distribution of each species can range from broad
to very specific (CSIRO, 2018, BAMONA, 2018). New Zealand has approximately 160
Noctuidae species, which is a relatively low number given the size of family, of which
139 are species endemic to New Zealand. Although the family has been identified as
being important, it is not well studied in New Zealand, and many species have either
not yet been discovered or correctly identified. Furthermore the corresponding host

plants are commonly unknown (Landcare, 2018).

1.5.2.1 Agrotis ipsilon characterisation

Agrotis ipsilon (previously known Agrotis ypsilon), commonly known as the black
cutworm or greasy cutworm or dark sword moth or CC, is classified as belonging to the
Noctuidae family. Although this moth is found worldwide, it is absent in some tropical
and cold regions, and is more prevalent in the northern compared to the southern
hemisphere. In America, A. ipsilon has been observed to migrate north in the spring

and south in the fall to evade undesirable temperatures (Capinera, 2015).

Adult A. ipsilon are between 35 mm to 50 mm long with long thin forewings that are a
mottled dark-brown colour, and at rest the wings sit flat and rectangular. The first two
thirds of the forewing is dark-brown and the remaining third pale-brown to grey, with

black ‘dagger’ shaped markings along the outer edge. The hind wing is white to light
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grey but the veins stand out as dark markings. There is a distinct “Y” pattern on the
forewings that gives the moth the name “ipsilon” (the Greek symbol for Y). The
females are darker than the males, and have filiform rather than feathered antenna

(Figure 1.17) (CABI, 2018, Taranaki Educational Resource: Research, 2018).

A. ipsilon larvae target approximately 50 plant species including but not limited to
vegetables, maize, sweet corn, cereals, grasses, lucerne, white clover, plantain, and
weeds such as dock (Khattab & Azazy, 2013). New Zealand currently has five Agrotis
species; A. admirationis, A. infusa, A. innominate, A. ipsilon, and A. munda, with A.

ipsilon being endemic and distributed throughout the country (Landcare, 2018).

1.5.2.2 Agrotis ipsilon life cycle

The breeding season for A. ipsilon in New Zealand is October to April and peaks
between February to March, with 2-3 life cycles occurring each summer depending on
the temperature. The complete life cycle takes between 7 to 12 weeks. The female
moth can lay between 600-800 eggs over its lifetime, with eggs ovideposited on to the
surface of low lying leaves or leaf debris as a single egg or clusters of up to 3 eggs. The
egg is 0.45 mm in diameter and changes from white to brown upon maturing, with the
larva emerging 3-5 days later to reside on the soil surface. The emerging larva is light-
grey with stripes and dark spots along the sides and head. The larva will darken to
light-brown/almost black over 5-8 instars over the next 4-6 weeks. Upon moulting to
the fourth instar, the larva will build a burrow in the soil where it will hide during the
day and emerge at night to feed on plant material brought into the burrow. At
maturity the larva will be approximately 50 mm long and weigh about 150 mg, and will
then form a 17 mm to 25 mm long red-brown pupa under the soil, which will darken
over the 2-3 weeks before the adult moth emerges. Females are able to lay fertile eggs
3-5 days after emerging. A. ipsilon are found as either a late stage larva or pupa during
the winter months, with only a few moths in existence (Allan, 1984, Agpest, 2018,

CABI, 2018, Capinera, 2015, Harris et al., 1962).

36



Chapter one: Introduction

Figure 1.17: Agrotis ipsilon (cutworm moth (CM) and cutworm moth caterpillar (CC)).
A) Male. B) Female. C) Top view resting male. D) Larva, adapted from (Landcare, 2018)
and (Taranaki Educational Resource: Research, 2018).

1.5.2.3 Economic impact and control management of Agrotis ipsilon

Damage inflicted by A. ipsilon only occurs during the larval stage of the life cycle. Each
larva on average consumes a total of 400 cm? of foliage during development; 10%
during the second to last instar and 80% during the last instar. This is due to the
quantity of plant material required to sustain the larvae as well as the technique of
feeding, which involves severing the tiller at the base killing the whole leaf, even if the
detached tiller is not completely consumed by the larva (Capinera, 2015).
Alternatively, the larva may only damage the meristematic tissue rather than severing
the stem, but this also results in leaf death. Damage tends to be observed in patches,
as the larva will kill off one plant before moving to neighbouring plants. This means
younger plants that have few leaves are more susceptible to infestation by this pest

then mature plants (Jackson, 2013).

A. ipsilon outbreaks tend to occur after floods as moist conditions promote breeding.

Outbreaks also occur if there is a large weed infestation in or near young crops as the
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weeds act as reservoir for larvae that can then migrate to the crop. In general, yield
loss ranges from 20%-80%, of plants before the two leaf stage with populations of 3
caterpillars/100 plants. When plants are at the two to four leaf stage an infestation of
6 caterpillars/100 plants results in a loss of 10,000 plants/ha (Agpest, 2018). The
likelihood of an outbreak is hard to predict as it depends on the dynamic interaction
between the crop (type, size, and stage of development), the A. ipsilon population (size
and stage of development), and the environmental conditions (humidity, temperature,

and wind).

Populations of A. ipsilon are controlled by crop management, insecticides and natural
predators. Crop management techniques include not planting in or near fields
previously infested with A. ipsilon, eliminating weeds or other host plants within and
around the crop site, keeping the crop site well drained, monitoring for presence of
larva, using light or pheromone trapping of moths, and burning/burying plant waste.
Natural predators of A. ipsilon are viruses, bacteria, fungi, protozoa, nematodes, birds,
mammals, and insects. Mixing A. ipsilon resistant Kentucky bluegrass with endophyte
infected ryegrass was shown to reduce the insect population (Richmond & Shetlar,

2001)
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1.6 Aims

The overall aim of this project is to identify the bioactive compound or compounds
present in E. festucae var lolii strain AR48 infected ryegrass that have stem boring fly
(Cerodontha australis) and cutworm moth caterpillar (Agrotis ipsilon) bioactivity. This
is to be achieved by bioinformatics to identify the candidate genes followed by an
analysis for bioactivity using reverse genetics in the model E. festucae strain Fgl

experimental system followed by insect bioactivity trials.

Aim 1: Analyse the bioactive secondary metabolite pathways in Epichloé festucae var
lolii AR48 and Epichloé festucae Fgl.
Objective 1.1: Sequence the genome of in Epichloé festucae var lolii AR48 and
Epichloé festucae Fgl.
Objective 1.2: Analyse the functionality and presence of the bioactive
secondary metabolite genes in the genome of in Epichloé festucae var lolii AR48
and Epichloé festucae Fgl through bioinformatics.
Objective 1.3: Detect the presence of the bioactive secondary metabolite
compounds in in Epichloé festucae var lolii AR48 and Epichloé festucae Fgl
infected ryegrass through mass spectrometry.
Objective 1.4: Analyse the structure of any newly identified compounds

through mass spectrometry.

Aim 2: Investigate “makes caterpillars floppy” (Mcf) as a potential bioactive for the
new bioactivities observed in Epichloé festucae var lolii AR48 infected ryegrass.
Objective 2.1: Analyse the distribution and functionality of the mcf gene in the
Epichloé using bioinformatics.
Objective 2.2: Analyse the potential bioactivity of Mcf through reverse

genetics.
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Aim 3: Test the insect bioactivity capabilities of Epichloé festucae var lolii AR48 and
Epichloé festucae Fgl infected ryegrass.
Objective 3.1: Design and perform a stem boring fly (Cerodontha australis)
bioactivity trial on a range of wild type and a Amcf mutant Epichloé-infected
ryegrass.
Objective 3.2: Design and perform a cutworm moth caterpillar (Agrotis ipsilon)
bioactivity trial on a range of wild type and a Amcf mutant Epichloé-infected
ryegrass.
Objective 3.3: Design and perform a porina caterpillar (Wiseana spp) bioactivity
trial on a range of wild type and a Amcf mutant Epichloé infected ryegrass.
Objective 3.4: Design and perform a light brown apple moth caterpillar
(Epiphyas postvittana) bioactivity trial on a range of wild type and a Amcf

mutant Epichloé-infected ryegrass.
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2.1 Molecular and biological materials

2.1.1 Details of strains used in this study

Strain Relevant Source or reference Comment
characteristics

E. festucae

AR48 AR48 Wild type AgResearch Wild type

AR1 AR1 Wild type AgResearch Wild type

AR37 AR37 Wild type AgResearch Wild type

PN3203 | Fgl Wild type Massey University Wild type

PN2278 | FI1 Wild type Massey University Wild type

Fgl Fg1l/pTMO5 This study Amcf mutant

#117

P. paxilli

PN2013 | Wild type Itoh (1994) Complete paxilline
pathway

PN2258 | PN2031/pLM12 Massey University ApaxP

McMillan (2003)
PN2259 | PN2031/pRC3 Massey University ApaxQ
McMillan (2003)

P.P-T1 PN2258/TM06 This study ApaxP AR48 idtP
complementation

P.P-T2 PN2258/TM06 This study ApaxP AR48 idtP
complementation

P.P-T3 PN2258/TM06 This study ApaxP AR48 idtP
complementation

P.P-T4 PN2258/TM06 This study ApaxP AR48 idtP
complementation

P.P-T5 PN2258/TMO06 This study ApaxP AR48 idtP
complementation

P.Q-T1 PN2259/TMO07 This study ApaxQ AR4S8 idtQ
complementation

P.Q-T2 PN2259/TMO07 This study ApaxQ ARA4S8 idtQ
complementation

P.Q-T3 PN2259/TM07 This study ApaxQ AR48 idtQ
complementation

P.Q-T4 PN2259/TM07 This study ApaxQ AR48 idtQ
complementation

P.Q-T5 PN2259/TM07 This study ApaxQ AR48 idtQ
complementation

P.P-T6 PN2258/S51 This study ApaxP P. paxilli paxP
complementation

P.P-T7 PN2258/S51 This study ApaxP P. paxilli paxP
complementation
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P.P-T8 PN2258/pSS1 This study ApaxP P. paxilli paxP
complementation
P.P-T9 PN2258/pSS1 This study ApaxP P. paxilli paxP
complementation
P.P-T10 | PN2258/pSS1 This study ApaxP P. paxilli paxP
complementation
P.Q-T6 PN2259/pSS2 This study ApaxQ P. paxilli paxQ
complementation
P.Q-T7 PN2259/pSS2 This study ApaxQ P. paxilli paxQ
complementation
P.Q-T8 PN2259/pSS2 This study ApaxQ P. paxilli paxQ
complementation
P.Q-T9 PN2259/pSS2 This study ApaxQ P. paxilli paxQ
complementation
P.Q-T10 | PN2259/pSS2 This study ApaxQ P. paxilli paxQ
complementation
P.P-T11 | PN2258/pSS56 This study ApaxP FI1 idtP
complementation
P.P-T12 | PN2258/pSS56 This study ApaxP FI1 idtP
complementation
P.P-T13 | PN2258/pSS56 This study ApaxP FI1 idtP
complementation
P.P-T14 | PN2258/pSS56 This study ApaxP FI1 idtP
complementation
P.P-T15 | PN2258/pSS56 This study ApaxP FI1 idtP
complementation
P.Q-T11 | PN2259/pSS58 This study ApaxQ FI1 idtQ
complementation
P.Q-T12 | PN2259/pSS58 This study ApaxQ FI1 idtQ
complementation
P.Q-T13 | PN2259/pSS58 This study ApaxQ FI1 idtQ
complementation
P.Q-T14 | PN2259/pSS58 This study ApaxQ FI1 idtQ
complementation
P.Q-T15 | PN2259/pSS58 This study ApaxQ FI1 idtQ
complementation
E.coli
DH5a F- ®80/acZAM15 ThermoFisher Cell line
A(lacZYA-argF) U169 | Scientific
recAl endAl hsdR16
(rk-, mk+)
phoAsupE44A-thi-1
gyrA96 relAl
XL 1- recAl endAl1 gyrA96 | ThermoFisher Cell line
Blue thi-1 hsdR17 supE44 | Scientific

relAl lac [F proAB
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laclqlacZAM15 Tn10
(Tet?)]
TMO3 DH5a/pTMO03 This study Fgl mcf whole gene KO
TM04 DH5a/pTMO04 This study AR48 mcf
complementation
TMO05 DH5a/pTMO05 This study Fgl mcf 5' gene KO
TMO6 DH5a/pTMO06 This study AR48 idtP COMP
TMO7 DH5a/pTMO07 This study AR48 idtQ COMP
PN1375 | XL-1/pAN7-1 Massey University Backbone
DBO5 DH5a/pDB05 Massey University P.paxilli heterologous
Berry (2016) expression Fl1 perA
PN4299 | DH5a/pDB48 Massey University Hyg resistant
Berry (2016)
DB49 DH5a/pDB49 Massey University Gen resistant
Berry (2016)
PN1994 | XL 1-Blue/pSS1 Massey University paxP COMP
Saikia (2007)
PN1995 | XL 1-Blue/pSS2 Massey University paxQ COMP
Saikia (2007)
PN4078 | DH5a/pSS56 Massey University FI1 idtP COMP
Saikia (2007)
PN4079 | DH5a/pSS58 Massey University FI1 idtQ COMP
Saikia (2007)
L. perenne
A13520 | AR48 wild type/ Margo Forde Seeds
Samson ryegrass Germplasm centre
A11751 | AR47 wild type/ Margo Forde Seeds
Samson ryegrass Germplasm centre
A16825 | AR1 wild type/ Margo Forde Seeds
Samson ryegrass Germplasm centre
A17345 | AR37 wild type/ Margo Forde Seeds
Samson ryegrass Germplasm centre
A25872 | Common toxic/ Margo Forde Seeds
Samson ryegrass Germplasm centre
A11104 | Endophyte negative/ | Margo Forde Seeds

Samson ryegrass

Germplasm centre
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2.1.2 Details of plasmids used in this study

Plasmids Relevant characteristics Source or reference Comment
pTMO03 mcf RB-PtrpC-hph-TtrpC-mcf LB; This study Fgl mcf whole
HygR/AmpR gene knock-out
(KO)
pTMO04 mcf promoter-mcfORF-mcf This study AR48 mcf whole
terminater;AmpR gene
complementation
(COMP)
pTMO05 mcf RB-PtrpC-hph-TtrpC-mcf LB; This study Fgl mcf 5' gene
Hyg®/AmpR KO
pTMO06 nptll-PpaxM-ARA48 idtP-TpaxM,; This study ARA48 jdtP COMP
Gen®/AmpR
pTMO7 nptll-PpaxM-AR48 idtQ-TpaxM; This study AR438 jdtQ COMP
GenR/AmpR
pAN7-1 | PtrpC-hph-TtrpC; HygR/AmpR Massey University Backbone
pDBO5 PpaxM-perA-TpaxM; AmpR Massey University P. paxilli
Berry (2016) heterologous
expression Fl1
perA
pDB48 PtrpC-hph-TtrpC; HygR/Amp®R Massey University Hyg resistant
Berry (2016)
pDB49 PtrpC-nptll-TtrpC; Gen®/AmpR Massey University Gen resistant
Berry (2016)
pSS1 paxP-PtrpC-nptll-TtrpC; Gen®/AmpR | Massey University paxP COMP
Saikia (2007)
pSS2 paxQ-PtrpC-nptll-TtrpC; Massey University paxQ COMP
GenR/AmpR Saikia (2007)
pSS56 nptll-PpaxM-FI1 idtP-TpaxM, Massey University FI1 idtP COMP
Gen®/AmpR Saikia (2007)
pSS58 nptll-PpaxM-FI1 idtQ-TpaxM,; Massey University FI1 idtQ COMP

Gen®/AmpR

Saikia (2007)
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2.1.3 Details of primers used in this study

Primers Sequence 5’ to 3’ Comments Pt"oduct
size bp
pTMO3
AGCTTGGAACTGATATTGAA . .
Hyg F GG Hygromycin F/ sequencing .
oDB33.7 éAGGTCGAGTGGAGATGTG Hygromycin R
pRS425 F | GCTGTTTCCTGTGTGAAATTG | pAN7.1 F/ sequencing 5591
pRS425_R | GTCGTGACTGGGAAAACCC | pAN7.1 R/ sequencing
GTAACGCCAGGGTTTTCCCA
TMA49 GTCACGACCCGGGCAAAGGT Ixﬂirl;z:é TMO4 F/
CTCTTCTCGTGGC 1428
CCACTCCACATCTCCACTCGA
TM50 CCTGGCAACCCGAGAGAGA | TMO3 LBR
ACC
ATGCTCCTTCAATATCAGTTC
TM51 CAAGCTGGTTATGCTCGGCT | TMO3 RB F
ATTGAC
GCGGATAACAATTTCACACA 1394
TM52 GGAAACAGCCCGGGCGGAG Ixzi:c?nr\’g/ TMO4 R/
TTGGGGGGCATTAT
TM55 CGTCTTTGGCACACAGTTGG | TMO3 mcf screening F 1743
TM56 TATCGCCGCATCGATATCGG | TMO3 mcf screening R
pTMO04
TM115 AGACGCATTGGGTCAACAGT | TMO4 Screening LB F
TM116 GTTGAAGACGAGGTGCGGT | TMO4 Screening LBR 1237
A
T™M117 CGGCTTTGCGAAGTGATAGC | TMO04 Screening RB F 1049
TM118 TTGGAGCGAACGACCTACAC | TMO4 Screening RBR
pTMO05
TM70 GTAACGCCAGGGTTTTCCCA | TMO5 LB F
GTCACGACCCGGGCACCATT
TCGCAGTCGTAGC 1911
T™M71 CCACTCCACATCTCCACTCGA | TMO5 LBR
CCTGAGCAAAGGACTAGGCC
AACC
TM72 ATGCTCCTTCAATATCAGTTC | TMO5RBF
CAAGCTCTTCGTCGCATTGAC
TTGGC 2095
TM73 GCGGATAACAATTTCACACA | TMOS5 RBR
GGAAACAGCCCGGGATGTC
GGCCTGTACAGAACG
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TM86

ATGTAGCGCTTCTCTGCAGG

TMOS5 hph screening F

TM87 ATGGGTCTTGAAGCCTCTGC | TMOS hph screening R 2669
TM109 TACCGGGTTGATCGTGATGC | TMOS LB screen F 259
TM89 ACTGAGGAATCCGCTCTTGG | TMOS LB screen R >28
TM90 ATGTCCTCGTTCCTGTCTGC | TMOS5 RB screen F 5
TM110 CGTTGGGTTTGCAGATGAGC | TMO5 RB screen R 674
T™™M111 TTTGGCTGCTCAGACTTGGG | TMO5S Deleted region screen
Sl 1099
T™M112 CACGGTTCGCCTAACAAACC | TMO5 Deleted region screen
1#R
T™™M113 GGCCTAATCCTTTGCTTCCG | TMO5 Deleted region screen
24 F 1442
™™114 AGTGACACCAACTCCTGTGC | TMO5 Deleted region screen
2#R
pTMO06
TM74 GATCGCCCTTCCCAACAGTT | TMO6 pDB49-PpaxM(pDBO5) F
GCGCAGTTGTTGGCATGGGA
GTAGG 1278
TM75 TAAGACAGCATGCAACATAA | TMO6 idtP-PpaxM(pDBO05) R
ACATGGTTTCTGAATCTTAAA
GATACATG
TM76 TGTATCTTTAAGATTCAGAAA | TMO06 PpaxM (pDBO5)-idtP
CCATGTTTATGTTGCATGCTG | F/Screening
TCTTAGC 1907
T™M77 GAAAACCAAAAATTGCTCCA | TMO6 TpaxM(pDBO5)-idtP
ATGGTTCATGTCCTATCACTC | R/Screening
CTGTCG
TM78 AAACGACAGGAGTGATAGG | TMO6 idtP-TpaxM(pDBO5) F
ACATGAACCATTGGAGCAAT
TTTTGG 1322
TM79 GCGTCGCGCCATTCGCCATT | TMO6 pDB49-TpaxM(pDBO05) R
CAGGCCGAATTGAGAAGCTG
ATTTGC
TM80 GACAGCAAATCAGCTTCTCA | TMO6 TpaxM(pDBO05)-pDB49 F
ATTCGGCCTGAATGGCGAAT
GGCGC 7508
TM81 TCCATCCTACTCCCATGCCAA | TMO6 PpaxM(pDBO05)-pDB49 R
CAACTGCGCAACTGTTGGGA
AGGG
pTMO07
TM74 GATCGCCCTTCCCAACAGTT | TMO6 pDB49-PpaxM F
GCGCAGTTGTTGGCATGGGA 1278
GTAGG
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TM82 AAAGTCAAAACGCTCTGTTA | TMO7 idtQ-PpaxM R
ACATGGTTTCTGAATCTTAAA
GATACATG
TM83 ATGTATCTTTAAGATTCAGAA | TMO7 PpaxM-idtQ F/Screening
ACCATGTTAACAGAGCGTTT
TGACTTTC 2060
TM84 GAAAACCAAAAATTGCTCCA | TMO7 TpaxM-idtQ R/Screening
ATGGTTCACAGATCCTTCATC
CTAGCTC
TM85 AAGAGCTAGGATGAAGGAT | TMO7 idtQ-TpaxM F/Screening
CTGTGAACCATTGGAGCAAT
TTTTGGT 1322
T™M79 GCGTCGCGCCATTCGCCATT | TMO6 pDB49-TpaxM R
CAGGCCGAATTGAGAAGCTG
ATTTGC
TM80 GACAGCAAATCAGCTTCTCA | TMO6 TpaxM-pDB49 F
ATTCGGCCTGAATGGCGAAT
GGCGC 7508
TM81 TCCATCCTACTCCCATGCCAA | TMO6 PpaxM-pDB49 R
CAACTGCGCAACTGTTGGGA
AGGG
P. paxilli transformation screening
TM92 TTGATGAGGATGGGCGTTGC | P. paxilli paxP screen F (pSS1)
TM93 CCGATTTCCACATCTCAACAC | P. paxilli paxP screen R (pSS1) 1871
C
TM94 AACCACAGCTTTCATGTCAG | P. paxilli paxQ screen F (pSS2)
G 2037
TM95 AGCCTTACAGAGAGATTCGT | P. paxilli paxQ screen R (pSS2)
GG
TM125 TAATGTTGCACGCTGTCCCA | FI1 idtP screen F (pSS56)
TM126 TTCAACATACGGTAACTGTCT | FI1 idtP screen R (pSS56) 1826
TCTCC
T™M127 GGAGATGTTAACAGAGCATT | FI1 idtQ screen F (pSS58)
TTGACT 2012
TM128 TCACAGATTCTTCTCCCCAGC | FI1 idtQ screen R (pSS58)
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2.2 Sterile conditions

Unless stated otherwise, all media and reagents were prepared using Mill-Q (MQ)
water (Barnstead NANOpure water purification system-Thermo Scientific™
Barnstead™) and sterilised by autoclaving (20 mins at 121°C). All equipment involved
with E. coli and Epichloé were sterilised by autoclaving, and all experiments were
carried out under sterile conditions within a UV sterilised laminar flow hood. All
equipment involved with P. paxilli were sterilised by autoclaving, and all experiments

were carried out under sterile conditions within a UV sterilised biohazard hood.

2.3 Analyse the bioactive secondary metabolite pathways in Epichloé

festucae var lolii AR48 and Epichloé festucae Fgl

2.3.1 Epichloé festucae growth conditions

Colonies were maintained on Potato dextrose (PD) (2.4% (w/v) PD at pH 6.5) as a liquid
medium or on media solidified using 1.5% (w/v) agar, with or without selection, at
22°C for 5-7 days for E. festucae strains, and for 14-30 days for E. festucae var lolii

strains.

2.3.2 Penicillium paxilli growth conditions

Colonies were maintained on Czapek Dox Yeast extract (CDYE) (3.34% (w/v) CD, 0.5%
(w/v) YE, and 5% (v/v) of trace element mix) as a liquid medium or with 1.5 % (w/v)
agar, with or without selection, at 22°C for 7 days. The trace element mix contained
1.7 mM FeS04.7H;0, 1.73 mM ZnS04. 7H,0, 0.59 mM MnS04.H,0, 0.2 mM CuSOas.
5H,0, and 0.17 mM CoCl;. 6H,0.

2.3.3 Epichloé festucae genomic DNA extraction

Mycelia from 50 mL of liquid culture (Method 2.3.1) grown for 4 days was filtered
through a nappy liner and washed with 250 mL of MQ water. The mycelia were frozen
at -80°C for at least 2 hours, lyophilised overnight, and then ground to a fine powder
under liquid nitrogen using a mortar and pestle. The macerated mycelia were then
transferred into 2 mL Eppendorf tubes in 15-20 mg aliquots, with excess mycelia

stored in Nunc tubes at -20°C. 800 puL of extraction buffer (150 mM EDTA, 50 mM Tris-
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HCI, at pH 8.0) was added to the tubes and mixed before addition of DNase-free RNase
(final concentration of 10 mg/mL). The samples were incubated for 30 mins at 37°C
after which proteinase K (final concentration of 2 mg/mL) was added and samples
incubated for a further 30 mins at 37°C. Insoluble material was removed by
centrifugation at 17,000 g for 15 mins and the top transparent aqueous solution
transferred into a fresh Eppendorf tube containing a % volume of phenol and a %
volume of chloroform, the tube was then mixed, and centrifuged at 17,000 g for 15
mins. This phenol and chloroform step was repeated 2 more times. The final
transparent aqueous solution was then transferred into a fresh Eppendorf containing 1
volume of chloroform and centrifuged at 17,000 g for 15 mins. The transparent
aqueous layer was then transferred into a fresh Eppendorf containing 1 volume of
isopropanol and precipitated overnight at -20°C. DNA was then pelleted by
centrifugation at 17,000 g for 15 mins after which the aqueous solution discarded. If a
polysaccharide pellet was visible, 800 pL of 1M NaCl was added to the tube, and the
mixture incubated at room temperature for 10 mins before centrifuging at 17,000 g for
10 mins. The aqueous solution was then transferred into a fresh Eppendorf containing
1 volume of isopropanol and precipitated for 10 mins at room temperature before the
DNA was pelleted by centrifugation at 17,000 g for 10 mins. After the supernatant was
removed, the pellet was washed with 70% (v/v) ethanol, before being left to air-dry.

The DNA was then resuspended in MQ and stored at 4°C (Byrd et al., 1990).

2.3.4 Epichloé festucae crude DNA extraction

Approximately 1 cm? of mycelia from a 5-7 day old solid culture (Method 2.3.1) was
macerated in a 1.5 mL Eppendorf tube using a pestle. 150 uL of lysis buffer (100 mM
Tris-HCL, 100 mM EDTA, 1% SDS at pH 8.0) was added to the Eppendorf tube, mixed,
and the sample incubated at 70°C for 30 mins. Next, 150 uL of 5 M CH3CO2K was added
to the tube, which was then incubated on ice for 10 mins and then centrifuged for 20
mins at 17,000 g. The supernatant was transferred to a new Eppendorf tube containing
140 uL of isopropanol and incubated at -20°C overnight to precipitate the DNA. The
sample was then centrifuged for 20 mins at 17,000 g, and the isopropanol removed,
and the pellet washed with 70% (v/v) ethanol. The DNA was repelleted by

centrifugation 17,000 g for a further 5 mins, the ethanol removed, and the pellet air-
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dried at 37°C. The pellet was then resuspended in 50 pL of MQ, heated at 70°C for 10
mins, and centrifuged for 10 mins at 17,000 g to remove any insoluble material. The
supernatant was carefully removed, then aliquoted in to a 96 well plate, and stored at

-20°C until required.

2.3.5 Penicillium paxilli crude DNA extraction

In a 2 mL screw cap tube 200 uL of spore stock (Method 2.3.10) was added to
approximately 50 pL of 0.5 mm glass beads. A Fastprep machine (ThermoSavant
FP120) set at 20 secs at 4 m/s was then used to disrupt the spores, which were then
placed on ice. Next, the samples were centrifuged for 20 mins at 30,000 g at 4°C and
placed back on ice. The top 50 uL of the supernatant was removed, and transferred to

a 96 well plate, and used immediately or kept at -20°C.

2.3.6 Epichloé festucae glycerol stocks

Into a Nunc tube, 2 mL of PD liquid culture containing 5-day-old mycelia (with or
without selection) (Method 2.3.1) was mixed with 2.5 mL 30% (v/v) glycerol and stored
at -80°C.

2.3.7 Penicillium paxilli glycerol stocks
Into a Nunc tube, 800 pL of spore stock (Method 2.3.10) was mixed with 200 uL of 50%

(v/v) glycerol and stored at -80°C.

2.3.8 Penicillium paxilli protoplast preparation

For each strain, 25 mL 30 hour old liquid culture (Method 2.3.2) was filtered through a
sterile funnel containing a nappy liner. The collected mycelia were initially washed
with 200-300 mL of MQ water, then equilibrated using 50-100 mL of OM buffer (1.2 M
MgSO4 and 10 mM NaHPO4 at pH 5.8 using NaH2PQa.) and dried with paper towels. Into
pre-weight flasks, 4 g lots of wet mycelia were added along with 40 mL of twice syringe
filtered (0.2 um Ahlstrom Relia Perp) lysing enzyme (10 g/ml, Trichoderma harzianum,
Sigma L1412), and incubated at 30°C overnight with shaking at 80 rpm. The next day,
the presence of the protoplasts were checked under the microscope using a

haemocytometer. The protoplasts from identical flasks were then collectively filtered
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through a funnel containing a nappy liner and collected in a 200 mL Schott bottle.
Next, 5 mL aliquots of the protoplast solution were transferred into 15 mL Falcon
tubes, and carefully overlayed with 2 mL of ST buffer (0.6 M sorbitol, and 100 mM Tris-
HCL, at pH 8.0). The tubes were then centrifuged at 20,000 g for 5 mins at 4°C. The
protoplasts (white layer) were removed from the interface along with the top
colourless layer and transferred to 15 mL Falcon tubes containing 5 mL STC buffer (1 M
sorbitol, 50 mM Tris-HCL, and 50 mM CaCl,, at pH 8.0). The two solutions were mixed,
and centrifuged for 5 mins at 20,000 g at 4 °C. The STC buffer rinse step was repeated
3 more times with tubes pooled until the protoplasts were in a single tube. The
protoplasts were then resuspended in 500 pL of STC buffer, and the concentration
calculated using a haemocytometer. To make stocks, the protoplasts were diluted to
1.25 x 108 protoplasts/mL in STC buffer, and 80 pL of this protoplast solution was
added to 20 plL 40% (v/v) PEG aliquots, which were stored at -80°C.

2.3.9 Penicillium paxilli protoplast transformation

For each transformation, 50 pL of the appropriate protoplast (Method 2.3.8) was
defrosted on ice. To the protoplasts, 2 pL of spermidine (7.11 mg/mL) and 5 uL of
heparin (5 mg/mL) were added alongside 1.0-2.5 pg of DNA (in no more than 30 pL),
mixed by pipetting, and incubated on ice for 30 mins. To the mixture, 900 uL of 40%
(v/v) PEG was added, mixed by pipetting, and incubated back on ice for 20 mins. Then,
300 pL of this mixture was added to 3 mL of 0.8% (w/v) RG (2.4% PD (w/v), 0.8 M
sucrose, and 0.8% (w/v) agar, at pH 6.5) previously heated to 50°C, mixed by pipetting,
and poured onto plates containing 1.5% (w/v) RG (2.4% PD (w/v), 0.8 M sucrose, and
1.5% (w/v) agar, at pH 6.5). The plates were incubated overnight at 22°C, and then
overlayed with 5 mL of 0.8% (w/v) RG containing the antibiotic of choice. For this
project, hygromycin at 150 pg/mL and geneticin at 100 pg/mL. The plates were then
incubated for a further 4-6 days at 22°C, and 20 tranformants picked and streaked out
onto individual CDYE plates containing the antibiotic of choice. A single spore colony
was then picked from each transformant and re-plated out onto individual CDYE plates
containing the antibiotic of choice, with four identical colonies per plate. These were

then incubated at 22°C for 7 days.
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2.3.10 Penicillium paxilli spore stocks

P. paxilli was grown on CDYE plates (with or without selection) as 4 separate colonies
for 5-7 days (Method 2.3.2). Using a scalpel, 1 cm? sections of each centre of the 4
colonies were cut out of the plate and placed into a universal glass bottle containing 3
mL of 0.01% (v/v) triton X-100. The spores were then washed off the colonies by gently
shaking the bottle. This solution was then transferred into 2 mL Eppendorf tubes, and

stored at 4°C for up to 6 months.

2.3.11 Bioinformatics analysis of Epichloé festucae insect bioactive genes

FASTA formatted genome sequences (AR48, Fg1, AR1, AR37, AR5, and E2368) were
imported into Geneious as individual BLAST databases. FI1 gene models for ergot
alkaloid, peramine, and indole-diterpene (IDTs) biosynthetic genes together with
E2368 gene models for loline biosynthetic genes were used as queries to interrogate
each of the genome databases using BLASTn. Gene homologues were manually
annotated, spliced, and virtually translated to generate encoded protein products.
Pairwise and multiple sequence alignments of gene or protein sequences were
generated using the global alignment tool within Geneious allowing for free end gaps
and 65% similarity. IdtP and 1dtQ substrate binding site and catalytic amino acids were

predicted using Phyre2 advanced analysis.

2.3.12 Lolium perenne seed accession

The plants required for the insect assay trials were grown from seeds sourced from the
Margot Forde Germplasm Centre (Palmerston North, New Zealand) where each seed
harvest is associated with a seed accession number. AR48 in Samson ryegrass
(A13520), AR47 in Samson ryegrass (A11751), AR1 in Samson ryegrass (A16825), AR37
in Samson ryegrass (A17345), CT in Samson ryegrass (A25872), and nil in Samson
ryegrass (A11104).

2.3.13 Lolium perenne seed DNA extraction
For each extraction, 0.1 g of seed (Method 2.3.12) was distributed into 6 seeds
(maximum) per 2 mL micro tube (Sestet) containing one ceramic bead. The seeds were

disrupted using FastPrep-24 tissue homogenizer for 20 secs at speed 6.5. The tubes
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were then centrifuged for 30 secs at 20,000 g, and the beads removed. Next, 160 pL of
NaOH (0.133 mM) was added to each tube, and the un-capped tubes microwaved at
low power (10% of 1100W) for 1 min, alongside a small beaker of water. Then, 600 pL
of 1x TE (1M Tris-HCL, 0.1M EDTA, pH 8.0) solution was added, and mixed by vortexing.
The tubes were incubated at 4°C overnight, then centrifuge at 20,000 g for 5 mins, and

supernatant transferred to a 96 well plate.

2.3.14 Simple sequence repeat (SSR) polymerase chain reaction (PCR)

Each SSR PCR reaction contained 10 pL PCR reaction (1x TE buffer (1M Tris-HCL, 0.1M
EDTA, pH 8.0), 1.5 mM MgCl;, 50 uM dNTPS, 1 U Taq polymerase, 0.2 uM of each
primer (B11 or ans014), 4 uL of 30 fold diluted seed extract (Method 2.3.13), and 4 uL
MQ), with the following conditions used: 1 cycle at 94°C for 4 min, 35 cycles at 94°C for

30 secs, 60°C for 30 secs, 72°C for 30 secs, and a final extension of 72°C for 7 min.

2.3.15 SSR genotyping

Into each well of a PCR 96 well plate, 2 uL of SSR PCR product (Method 2.3.14) was
added to 9 pL of Hi-Di containing 1.5% (v/v) Genes (500LIZ) as a size marker, and
denatured under the following conditions: 1 cycle of 94°C for 5 min, and 1 cycle of 4°C
for 5 min. The PCR products were then analysed on an ABI 3100 Genetic Analyser
(Applied Biosystems), with the resultant electropherograms analysed using ABI Prism

GeneScan (v 3.7, Applied Biosystems).

2.3.16 DNA sequencing

PCR (Method 2.4.21), plasmid (Method 2.4.3), and genomic DNA (Method 2.3.3) were
sequenced by New Zealand Genomics Limited (NZGL) as instructed by the company.
Genomic DNA was sequenced in a single lane of 250 bp paired-end generated on an
[llumina MiSeq run by NZGL to give 14.8 million high quality reads (200x genome
coverage). The reads were dynamically trimmed using the SolexaQA package to their
longest fragment such that the base call error rates did not exceed a P value of 0.05,
and paired end reads of less than 100 bp discarded. De novo assembly was performed

using ABYSS version 2.0.0 with default parameters and a k-mer length of 95 bp.
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2.3.17 Indole-diterpene extraction from Epichloé festucae herbage and seed

50 mg of milled freeze-dried pseudostem tissue (Method 2.3.1) or milled seed
(Method 2.3.12) was mixed with 1 mL of extraction buffer 1 (80% (v/v) acetonitrile, 1%
(v/v) acetic acid, and 0.99 ug/mL of N-benzyl-1, 8-naphthaleneimide as internal
standard) and mixed by end-over-end rotation in the dark for 1 hour. Samples were
centrifuged at 21,000 g for 5 mins, and the supernatant collected. 600 pL of this
supernatant was then diluted with 4.6 mL of 1% (v/v) acetic acid before loading onto
an Isolute C18 spin column, which was previously prepared by washing with 2 mL of
50% (v/v) methanol, and then 2 mL of 1% (v/v) acetic acid. The column was then
washed with 2 mL of 1% (v/v) acetic acid, and then 1 mL of 50% (v/v) methanol. The
IDT fraction was eluted from the column using by washing with 1 ml of methanol

containing 1% (v/v) ammonia and syringe filtered.

2.3.18 Indole-diterpene extraction from Penicillium paxilli cultures

Approximately 50 mg of milled freeze-dried culture (Method 2.3.2) was mixed by end-
over-end rotation in the dark for 1 hour with 1 mL of extraction buffer 1 (80% (v/v)
acetonitrile, 1% (v/v) acetic acid, and 0.99 pg/mL of N-benzyl-1, 8-naphthaleneimide as
internal standard). Samples were centrifuged at 21,000 g for 5 mins, the supernatant

collected and syringe filtered.

2.3.19 Chromatography of indole-diterpene extracts for triple quadrupole (TSQ)
analyses

IDT compounds in the extracts (Method 2.3.17 and 2.3.19) were separated by high
performance liquid chromatography (HPLC) prior to mass spectrometry (MS) analysis
using an Accela 1250 pump and a Kinetix C18 2.6p; 150x2.1 mm column set to a flow
rate of 0.3 mL/min. For each sample the liner gradient was as follows using elutent A
(100% water with 0.1% foric acid) and eluent B (100% acetonitrile, 0.1% formic acid):

To90% A, Te 40% A, T17 0% A, T19 0% A, T20 50% A, T25 90% A.
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2.3.20 Chromatography of indole-diterpene extracts for triple quadrupole (TSQ)
analyses

IDT compounds extracts (Method 2.3.17 and 2.3.18) were separated by HPLC prior to
MS analysis using an Accela 1250 pump and a Gemini-NX 3u C18 110A; 150x2.0 mm
column set to a flow rate of 0.2 mL/min. For each sample the liner gradient was as
follows using elutent A (100% water with 0.1% foric acid) and eluent B (100%
acetonitrile, 0.1% formic acid): To 50% A, T20 30% A, Tao 0% A, Taz 0% A, Taa 50% A, Tso
50% A.

2.3.21 Mass spectrometry analysis TSQ of indole-diterpenes from Epichloé festucae
HPLC separated IDT compounds (Method 2.3.19) were then analysed using a Thermo
TSQ Quantum mass spectrometer. The mass spectrometer was set to scan selected
MRMs with Q1 and Q3 isolation widths of 0.7 amu (Table 2.1). The data was processed

using LCQuan software for quantification.

2.3.22 Mass spectrometry analysis LTQxI of indole-diterpenes from Epichloé festucae
HPLC separated IDT compounds (Method 2.3.20) were then analysed using a Thermo
LTQ XL mass spectrometer. The mass spectrometer was set to scan MS?* (180 — 800
m/z) and collect MS? of selected parent ions in each of the four method segments,
with the isolation width for MS? precursor ions set to +1 amu (Table 2.2). The data was

processed using LCQuan software for quantification

Table 2.1: Indole-diterpenes analysis by triple quadrupole (TSQ) selected reaction
monitoring the following chromatogram segments

Parent ion Fragment ion Collision energy Tube lens
420.3 130.1 20 80
402.2 5 80
422.3 130.1 20 80
404.2 5 80
436.3 130.1 20 83
418.2 5 83
438.3 130.1 20 85
420.2 5 85
454.3 130.1 20 80
436.2 5 80
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Table 2.2: Indole-diterpenes analysis by linear ion trap (LTQxI) selected reaction
monitoring the following chromatogram segments.

Segment 1 (Time 0-13.5 min)

Analyte Retention MS1 precursor ion (m /z) MS2 filterions (m /z ) time (min)
lolitrem N 620.4 562.4 9.0
lolitriol 620.4 562.4 10.8

Segment 2 (Time 13.5-22.0 min)

Analyte Retention MS1 precursor ion (m /z) MS2 filterions (m /z ) time (min)

Paxitriol 438.3 420.3 13.0
Paspaline B 436.3 420.3 15.4
Paxilline 436.3 420.2 16.2
Terpendole E 438.3 422.2 16.7
Lolitrem K 602.3 544.4 16.8
Lolitrem M 604.3 546.4 15.5
Lollicine 604.3 546.4 18.6
Lolitrem J 662.4 604.4 15.0

Segment 3 (Time 22.0-28.6 min)

Analyte Retention MS1 precursor ion (m /z) MS2 filterions (m /z ) time (min)
13-desoxypaxilline 420.3 402.2,405.2 22.8
Lolitrem A 702.4 644.3 25.7

Segment 4 (Time 28.6—40.0 min)

Analyte Retention MS1 precursorion(m /z) MS2 filterions (m /z ) time (min)
Paspalline 422.3 130.2, 406.3 33.9
Terpendole C 520.3 504.3 28.4
Lolitrem B 686.4 628.3 29.8
Lolitrem E 688.4 630.3 313

2.3.23 Mass spectrometry analysis LTQxI of indole-diterpenes from Penicillium paxilli
HPLC separated IDT (Method 2.3.20) were then analysed using a Thermo LTQ XL mass
spectrometer with an insolation width of 2.00 m/z, normalised collision energy of
35.00%, and an isolation window of 400 m/z to 600 m/z. The MS2was collected in a
data dependent manner by selecting the most intense ion from the parent list of
406.20 m/z. 418.20 m/z, 420.20 m/z, 422.20 m/z, 438.20 m/z, 452.20 m/z, 454.20 m/z,
474.30 m/z, 488.30 m/z, 490.30 m/z, 504.30 m/z, 506.30 m/z, 522.30 m/z, 542.30 m/z,
554.30 m/z, 556.30 m/z, 572.30 m/z, 574.30 m/z, 588.30 m/z, and 590.30 m/z, using
dynamic exclusion of repeat count 3, repeat duration of 10 secs, exclusion list size of
50 masses, and exclusion duration of 10 secs. Where a parent ion was not detected,

the most dominant peak in the MS? spectrum was fragmented.

58



Chapter two: Materials and Methods

2.3.24 Fragmentation in tree generation for Epichloé festucae indole-diterpenes
HPLC separated IDT compounds (Method 2.3.20) were then analysed using a Thermo
LTQ XL mass spectrometer with an insolation width of 2.00 m/z, normalised collision
energy of 35.00%, and an isolation window of 400 m/z to 600 m/z. Spectra collected
were (MS! 420.30 m/z -> MS? 404.30 m/z), (MS* 422.30 m/z -> MS? 406.30 m/z), (MS?
436.30 m/z -> MS? 418.30 m/z -> MS® 346.30 m/z), (MS* 438.30 m/z -> MS? 420.30
m/z), (MS! 436.30 m/z -> MS? 418.30 m/z -> MS? 400.30 m/z) and (MS? 436.30 m/z ->
MS? 360.30 m/z).

2.4 Investigate “makes caterpillars floppy” (Mcf) as a potential bioactive
for the new bioactivities observed in Epichloé festucae var lolii AR48

infected ryegrass

2.4.1 Bioinformatics analysis of makes caterpillars floppy (mcf)

FASTA formatted genome sequences (AR48, FI1, Fg1, AR1, AR37, AR5, and E2368) were
imported to Geneious as individual BLAST databases. The E. typhina subsp Poae Ps1
mcf gene (Ambrose et al., 2014) was used as a query sequence to interrogate each of
the genome databases using BLASTn. Pairwise and multiple sequence alignments were
generated using the global alignment tool within Geneious allowing for free end gaps
and 65% similarity. Additional genomes from the Kentucky Endophyte Genome
database (Schardl et al., 2013c) were searched, using the BLASTn search engine
provided, with the same E. typhina subsp Poae Psimcf gene. All gene homologues
were manually annotated, spliced, and virtually translated to generate encoded
protein products. Domains were annotated from a selection of these manually
annotated Mcf protein sequences as well as literature Mcf protein sequences (Dowling
& Waterfield, 2007) using a range of online tools: BLASTp, InterPro Scan, Phyre2, and
Hhpred. The Epichloé mcf gene location was annotated using the completely
assembled E. festucae FI1 genome sequence (Winter et al., 2018) annotated with
E2368 gene models (EfM3.0) and RNA sequencing data (Schardl et al., 2013c). The
selected genes were then either searched in other Epichloé genomes using the BLASTn

search engine provided by the Kentucky Endophyte Genome database or the FASTA
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formatted genome sequence (AR48, Fgl, AR1, and AR37) databases on Geneious using
the BLASTn function.

2.4.2 Escherichia coli growth conditions
Colonies were maintained on Luria Broth (LB) (1% (w/v) tryptone, 0.5% (w/v) yeast
extract, and 86 mM NacCl) as a liquid medium or with 1.5% (w/v) agar, with or without

selection, at 22°C overnight.

2.4.3 Escherichia coli plasmid extraction
Plasmids from 1 day old liquid cultures (Method 2.4.2) were extracted using the High

Pure Plasmid Isolation Kit (Roch) as instructed by the manufacturer.

2.4.4 Chemically competent Escherichia coli DH5a cells

A 24-hour-old streaked plate (Method 2.4.2) was used to inoculate a single colony into
50 mL of SOB medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, and 2.5 mM KCl)
in a 500 mL flask. The culture was grown at 18°C at 150-250 rpm for 19-50 hours until
the Asoo was between 0.4-0.8. The flask was immediately put on ice and incubated for
10 mins. The culture was then transferred into GSA bottles, centrifuged at 10,000 g for
15 mins at 4°C, and supernatant discarded. The pellet was resuspended in 17 mL (1/3
volume of the SOB medium) of ice-chilled transformation buffer (TB) (10 mM PIPES, 15
mM CacCl,.2H;0, ad 250 mM KCI) and incubated on ice for 10 mins. Next, the solution
was centrifuged at 10,000 g for 15 mins at 4°C, and the supernatant discarded. The
pellet was then resuspended in 4 mL (1/12.5 volume of the SOB medium) of ice-chilled
TB, 300 uL of DMSO (final concentration 7% (v/v)) added and incubated on ice for 10
mins. The chemically competent E. coli cells were then transferred into 1.5 mL

Eppendorf tubes in 0.1 mL aliquots, flash frozen in liquid nitrogen, and stored at -80°C.

2.4.5 Escherichia coli DH5a cell transformation

For each transformation, 50 uL of chemically competent E. coli cells (Method 2.4.4)
were thawed on ice. To the cells, 5 pL of Gibson assembly mixture (Method 2.4.23) or
1 ng DNA (Method 2.4.3) was added and incubated back on ice for 30 mins. The cells

were then heat shocked for 30 secs at 42°C and placed back on ice for 2 mins. To the
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cells, 900 uL of SOC stock (2% tryptone, 0.5% yeast extract, 10 mM NacCl, 2.5 mM KCl,
10mM MgClz, 10 mM MgS04.7H,0, and 20 mM Glucose) was added, and incubated at
37°C with shaking at 225 rpm for 1 hour. Typically, the cells were plated out as 30 plL
and 270 pl aliquots onto LB with 150 ug/mL ampicillin or kanamycin (Method 2.4.2).

2.4.6 Escherichia coli glycerol stocks

A single colony was spread out across a LB plate (with or without antibiotic selection)
so that a lawn of bacterial growth can establish (Method 2.4.2). To the plate, 5 mL of
50% (v/v) glycerol was added, and colonies scrapped off the plate surface using a glass
rod. The glycerol solution containing the suspended cells was then collected using a

pipette, transferred into Nunc tubes, and stored at -80°C.

2.4.7 Escherichia coli plasmid design
Plasmids were designed in silico using the MacVector software system, with primers
designed using the in-software application (Length: 18-25 bp, GC%: 45-55 %, and Tm:

55-80°C, 2 bp GC clamp, and maximum Tm difference between primers of 4°C)

2.4.8 Epichloé festucae protoplast preparation

For each strain, 50 mL of a 4-6 day old mycelia in liquid culture (Method 2.3.1) was
filtered through a funnel containing a nappy liner. The collected mycelia was initially
washed with 200-300 mL of MQ water, then equilibrated using 50-100 mL of OM
buffer (1.2 M MgS0O4 and 10 mM NaHPOQg, at pH 5.8 using NaH,PO4), and dried with
paper towels. Into pre-weighed flasks, 4 g lots of wet mycelia was added along with 40
mL of twice syringe filtered (0.2 um Ahlstrom Relia Perp) lysing enzyme (10 mg/ml,
Trichoderma harzianum, Sigma L1412), and incubated at 22°C overnight with shaking
at 80 rpm. The next day, the presence of the protoplasts were checked under the
microscope using a haemocytometer. The protoplasts from identical flasks were then
collectively filtered through a funnel containing a nappy liner and collected in a 200 mL
Schott bottle. Next, 5 mL aliquots of the protoplast solution were transferred into 15
mL Falcon tubes, and carefully overlayed with 2 mL of ST buffer (0.6 M sorbitol, and
100 mM Tris-HCL, at pH 8.0). The tubes were then centrifuged at 20,000 g for 5 mins at

4°C. The protoplasts (white layer) were removed from the interface along with the top
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transparent layer, and transferred to 15 mL Falcon tubes containing 5 mL STC buffer (1
M sorbitol, 50 mM Tris-HCL, and 50 mM CaCly, at pH 8.0). The two solutions were
mixed, and centrifuged for 5 mins at 20,000 g at 4°C. The STC buffer rinse step was
repeated 3 more times with tubes pooled until the protoplasts were in a single tube.
The protoplasts were then resuspended in 500 pL of STC buffer, and the concentration
calculated using a haemocytometer. To make stocks, the protoplasts were diluted to
1.25 x 108 protoplast/mL in STC buffer, and 80 pL of this protoplast solution was added
to 20 plL 40% (v/v) PEG aliquots, which were kept at -80°C.

2.4.9 Epichloé festucae protoplast transformation

For each transformation, 50 uL of the appropriate protoplasts (Method 2.4.8) were
defrosted on ice. To the protoplasts, 2 pL of spermidine (7.11 mg/mL) and 5 pL of
heparin (5 mg/mL) were added along with 1.0-2.5 pug of DNA (in no more than 30 puL),
mixed by pipetting, and incubated on ice for 30 mins. To the mixture, 900 uL of 40%
(v/v) PEG was added, mixed by pipetting, and incubated back on ice for 20 mins. Then,
50 pL of this mixture was added to 3 mL of 0.8% (w/v) regeneration medium (RG)
(2.4% PD (w/v), 0.8 M sucrose, and 0.8% (w/v) agar, at pH 6.5) previously heated to
50°C, mixed by pipetting, and poured on to plates containing 1.5% (w/v) RG (2.4% PD
(w/v), 0.8 M sucrose, and 1.5% (w/v) agar, at pH 6.5). The plates were incubated
overnight at 22°C, and then overlayed with 5 mL of 0.8% (w/v) RG containing the
antibiotic of choice. Transformants were selected on final concentrations of
hygromycin at 150 pg/mL and geneticin at 100 pg/mL. The plates were then incubated
for a further 7-14 days at 22°C, with 100-200 transformants picked onto PD agar plates
containing the antibiotic over this time period. Each transformant was nuclear purified

three times.

2.4.10 Epichloé festucae spore isolation

E. festucae was subcultured onto PD plates, with each plate containing 5 colonies, and
grown until the colonies were 1.5-2 cm in diameter i.e. approximately 10 days (Method
2.3.1). Next, 2 mL of PD broth was added to the plate and scrubbed with a glass rod.
This PD spore suspension was washed over the colonies, and scrubbed several times to

increase the spore concentration, before being removed, and filtered through a 1 mL
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tip containing glass wool into a 1.5 mL Eppendorf tube. The spore stock was then

plated out on to PD plates to obtain single spore purified colonies (Method 2.3.1).

2.4.11 Lolium perenne growth conditions

Wild type (WT) endophyte infected ryegrass seeds (Method 2.3.12) were germinated
in seedling trays containing non-fungicidal soil (provided by AgResearch) in a PC1
glasshouse. Ryegrass seedlings infected with mutant endophyte strains (Method
2.4.13) were planted to root trainers containing non-fungicidal soil (provided by
AgResearch) in a PC2 glasshouse. All seedlings were top watered until a root system
was established and then bottom watered. The presence of the endophyte was

detected by immunoblotting (Method 2.4.14).

2.4.12 Lolium perenne seed sterilisation

Uninfected Samson L. perenne seeds (Method 2.3.12) were soaked in 50% (v/v) H2S04
for 30 mins and rinsed 3 times with MQ water. The seeds were then soaked in 50%
(v/v) chlorine bleach for 30 mins and rinsed 3 times with MQ water. The seeds were
then spread onto filter paper lined petri dishes and air-dried in a laminar flow cabinet.
The seeds were then kept in these containers at 4°C until require for plant inoculations

(Method 2.4.13).

2.4.13 Lolium perenne seedling inoculation

Sterilised uninfected Samson L. perenne seeds (Method 2.4.12) were placed right side
up and with the shoot end of the seed pointing upwards onto 3% (w/v) WA plates. The
plates were placed in a light tight container and positioned so that the seed shoot end
was upwards and incubated in the dark at 22°C for 7 days. The meristems of the
seedlings were then inoculated with 7-day old endophyte mycelia from PD agar plates
(without selection) (Method 2.4.11), by making an incision into the meristem with a
staple blade under a dissection microscope and inserting mycelia into the cut. The
seedlings were then placed back into the light tight container and incubated for a
further 7 days, again with the seeds positioned with shoot upright. The seedlings were
then exposed to light for a further 7 days before being planted into root trainers

(Method 2.4.11).
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2.4.14 Epichloé festucae infected Lolium perenne plant immunoblotting
Immunoblotting (Simpson et al., 2012) was performed on plants from inoculated
seedlings (Method 2.4.13) or plants from endophyte infected seeds (Method 2.3.12
and 2.4.11). Each tiller was cut with a scalpel horizontally at the base, as close to the
soil as possible without contaminating the newly exposed surface. The freshly cut
detached tiller end was then blotted onto a nitrocellulose membrane (0.45 um). The
membrane was then incubated in milk protein blocking solution (BS) (20 mM Tris
(hydroxymethyl) methylamine, 50 mM NaCl, 0.5% (w/v) non-fat milk powder, pH 7.5)
to coat any non-protein bound areas, for at least 2 hours on an orbital shaker at room
temperature. The BS was then removed, and the membrane was rinsed twice with
fresh BS. Primary antibody (polyclonal rabbit anti-endophyte produced at AgResearch
in conjunction with Massey University’s Small Animal Production Unit) (25 ml in 25 ml
BS) was then incubated with the membrane on an orbital shaker overnight at 4°C. The
antibody solution was removed, and the membrane washed twice with BS. Secondary
antibody (goat anti-rabbit IgG-AP, sc-2034, Santa Cruz Biotechnology, USA) (6.25 mL in
25 ml BS) was then incubated with the membrane on an orbital shaker for at least 2
hours at room temperature. The antibody solution was removed, and the membrane
washed twice with BS. Chromogens were prepared as manufacturer’s instructions
(SIGMAFAST™ Fast Red TR/Naphthol AS-MX). The chromogen solution was then
incubated with the membrane on an orbital shaker for 15 mins or until red colour
developed on control positive blot, at room temperature. Development was then

stopped by rinsing the membrane three times in MQ water.

2.4.15 Epichloé festucae infected Lolium perenne plant macroscopy
Mycelia plugs were gown on PD plates next to each other at 22°C for 7 days (Method

2.3.1), with colony morphology compared in size, shape, colour, and texture.

2.4.16 Epichloé festucae infected Lolium perenne plant microscopy

Microscopy slides were placed onto 1.5% (w/v) water agar (WA) plates and then
overlayed with 1.5% (w/v) WA. Mycelia plugs of E. festucae grown on 3% (w/v) WA
plates for 5-7 days at 22°C were placed on these pre-prepared plates so that the

mycelia were on the surface of the agar directly above the edge of the embedded

64



Chapter two: Materials and Methods

slide, and grown for 5-7 days at 22°C. A block of the newly formed mycelia was cut and
place on a new slide, stained with 4-5 pL of Calcofluor white (3 mg/mL) (fluorescent
Brighter 28; Sigma), and covered with a cover slip. The slide was imaged using an Epi-
fluorescence microscopy (Olympus IX83) under 40x oil immersion objective lens,
NA=0.075, outfitted with U-MWUS filter tubes for Calcofluor white. Images were
captured with Retiga 600M (QImaging) camera using a Bin2X2. Images were produced

with Image) software (NIH).

2.4.17 DNA gel extraction
DNA was extracted from agarose gel electrophoresis (Method 2.4.22) using the Wizard

SV Gel and PCR Clean-up System (Promega) as instructed by the manufacturer.

2.4.18 DNA column purification
DNA was purified from PCR solutions (Method 2.4.21) using the QlAquick PCR

Purification Kit (Qiagen) as instructed by the manufacturer

2.4.19 DNA Qubit

DNA was quantified using the Qubit 2.0 Fluorometer (Thermo Fisher Scientific). For
each sample, 199 uL or 190 pL of working solution (1 pL broad range double stranded
DNA reagent and 199 pl of corresponding buffer) was added to 1 uL of DNA solution
or 10 uL of either standard 1 or 2 (used for calibration) respectively, and incubated at
room temperature for 2 minutes, before being measured on the Qubit using the

correct settings for the chosen reagent.

2.4.20 DNA Nanophotometer

For each DNA sample, 3.5 pL of DNA solution was analysed using lid factor 10 (for
concentrations between 15-800 ng/uL) and factor 50 (for double stranded DNA).
Readings of 260/280 and 260/230 were taken along with the concentration (ng/uL).
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2.4.21 PCR
Taq DNA polymerase (Roch) or Q5 ® DNA polymerase (New England Biolabs, inc.)
reaction mixture were used as instructed by the manufacturer, with the addition of 2%

(v/v) DMSO when required.

2.4.22 DNA agarose gel electrophoresis

Gels were prepared using 0.8% or 1.5% (w/v) agarose in 1x TBE buffer (89 mM Tris, 89
mM boric acid, 2 mM Na;EDTA) were loaded with DNA samples pre-mixed with 5:1 of
DNA loading dye (20% (w/v) sucrose, 5 mM EDTA, 1% (w/v) SDS, and 2% (w/v)
bromophenol blue) alongside 1 Kb plus ladder (Thermo Fisher Scientific). The samples
were then run using a Molecular Imager® Gel Doc™ XR + System, stained in ethidium
bromide (1 pg/mL) solution for 15-30 mins, and de-stained in MQ for 10-15 mins

before imaging using a UV transilluminator Gel Documentation System (Bio-Rad).

2.4.23 Gibson assembly

For each assembly, 10 pL 2x Gibson assembly master mix (4 plL of 5x Isothermal buffer,
0.08 pL of T5 exonuclease, 0.25 pL of Phusion polymerase, 2 uL Taq ligase, and 3.67 uL
MQ water) was thawed on ice. To this, 50-100 ng of linear vector backbone along with
3-fold excess of each insert fragment, using the relative molar concentrations, was
added, and made up to 20 pL with MQ water. The fragments were designed to have a
15 bp overlap between neighbouring fragments with 100% bp matching and were
generated using PCR (Method 2.4.21) followed by column purification (Method
2.4.18). This mixture was incubated at 50°C for 60 mins in a thermo cycler. The mixture
can be used straight away or stored at 4°C. The Gibson assembly mixture is then

transformed into E. coli (Method 2.4.5)

2.4.24 Clone checker

Single colonies from the Gibson assembly mixture transformed E. coli plates (Method
2.4.5) were picked, and resuspended in individual PCR tubes containing 6 pL of LB.
Next, 3 plL of this suspension was transferred to PCR tubes containing 8 pL of green
clone checker solution and heated to 100°C for 30 secs using a thermo cycler. Once the

tube had cooled, 1 L of the restriction enzyme, chosen based on the plasmid in silico
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restriction map (Method 2.4.7), and 1 pL of the corresponding restriction enzyme
buffer was added to the tube, and incubated at the appropriate restriction enzyme
temperature for 30 mins. The samples were then analysed using gel electrophoresis
(Method 2.4.22). The remaining 3 uL of LB suspension can be used to start cultures

(Method 2.4.2) for plasmid extractions (Method 2.4.3).

2.4.25 Restriction analysis

The amount of enzyme used depended on the amount of DNA digested and was
calculated based on the assumption that 1 enzyme unit can digest 1 ug of DNA in 1
hour in 50 uL therefore. The enzyme was chosen based on the restriction map

(Method 2.4.7) with the buffer type and temperature recommended by manufacturer.

2.4.26 Epichloé festucae Fg1 mcf whole gene replacement construct

For the generation (Method 2.4.7) of mcf whole gene replacement construct (pTMO03,
appendix 23), mcf left-boarder (LB) (TM40/TM50) and mcf right-boarder (RB)
(TM51/TM52) were amplified (Method 2.4.21) from Fgl WT genomic DNA (Method
2.3.3), and the hph cassette (hph_F/DB33.7) and backbone (pRS426_F/pRS426-R)
amplified from pAN7-1 (Appendix 25 and Method 2.4.3). All the products (RB 1428 bp,
LB 1394 bp, hph 2185 bp, and backbone 2591 bp) were purified (Method 2.4.17),
assembled using Gibson assembly (Method 2.4.23), and sequenced (Method 2.3.16).

2.4.27 Epichloé festucae Fgl mcf 5’ gene replacement construct

For the generation (Method 2.4.7) of mcf 5’ gene replacement construct (pTMO5,
appendix 24), mcf LB (TM70/TM71) and mcf RB (TM72/TM73) were amplified (Method
2.4.21) from Fgl WT genomic DNA (Method 2.3.3), and the hph cassette
(hph_F/DB33.7) and backbone (pRS426_F/pRS426-R) amplified from pAN7-1
(Appendix 25 and Method 2.4.3). All the products (RB 1911 bp, LB 2095 bp, hph 2185
bp, and backbone 2591 bp) were purified (Method 2.4.17), assembled using Gibson
assembly (Method 2.4.23), and sequenced (Method 2.3.16).
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2.4.28 Epichloé festucae var lolii AR48 mcf gene complementation construct

For the generation (Method 2.4.7) of mcf gene complementation construct (pTMO04,
appendix 27), AR48 mcf open reading frame (ORF) (TM49/TM52) was amplified
(Method 2.4.21) from AR48 WT genomic DNA (Method 2.3.3), and backbone
(pRS426_F/pRS426-R) amplified from pAN7-1 (Appendix 25 and Method 2.4.3). All the
products (AR49 mcf ORF 11786 bp and backbone 2591 bp) were purified (Method
2.4.17), assembled using Gibson assembly (Method 2.4.23), and sequenced (Method
2.3.16).

2.4.29 Epichloé festucae var lolii AR48 idtP gene complementation construct

For the generation (Method 2.4.7) of idtP gene complementation construct (pTMO06,
appendix 10); idtP (TM76/TM77) was amplified (Method 2.4.21) from AR48 WT
genomic DNA (Method 2.3.3), PpaxM (TM74/TM75) and TpaxM (TM78/TM79) from
pDBO5 (Appendix 16 and Method 2.4.3) and backbone (TM80/TM81) from pDB49
(Appendix 12 and Method 2.4.3). All the products (idtP 1907 bp, PpaxM 1278 bp,
TpaxM 1322 bp, and backbone 7508 bp) were purified (Method 2.4.17), assembled
using Gibson assembly (Method 2.4.23), and sequenced (Method 2.3.16).

2.4.30 Epichloé festucae var lolii AR48 idtQ gene complementation construct

For the generation (Method 2.4.7) of idtQ gene complementation construct (pTMO07,
appendix 14); idtQ (TM83/TM84) was amplified (Method 2.4.21) from AR48 WT
genomic DNA (Method 2.3.3), PpaxM (TM74/TM82) and TpaxM (TM85/TM79) from
pDBO5 (Appendix 16 and Method 2.4.3) and backbone (TM80/TM81) from pDB49
(Appendix 12 and Method 2.4.3). All the products (idtQ 2060 bp, PpaxM 1278 bp,
TpaxM 1322 bp, and backbone 7508 bp) were purified (Method 2.4.17), assembled
using Gibson assembly (Method 2.4.23), and sequenced (Method 2.3.16).

2.4.31 DIG probe preparation for Southern blotting

DNA was prepared by purifying 1 ug of linearized DNA produced either by PCR
(Method 2.4.21 and 2.4.18) or restriction digest of a plasmid (Method 2.4.25. 2.4.22,
and 2.4.17). The volume was adjusted to 16 puL with MQ water and the DNA denatured
by heating at 100°C for 5 mins and cooled on ice. Then, 4 uL of DIG-High Prime (DIG
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High Prime DNA Labelling and Detection Starter Kit-Roch) was added, and the mixture
incubated overnight at 37°C. The reaction was stopped by adding EDTA (final
concentration 20 mM pH 8.0) and heated at 65°C for 10 mins. This resulted in

approximately 100 ng/uL of DIG labelled DNA probe.

2.4.32 Genomic DNA preparation for Southern blotting

Genomic DNA was extracted from E. festucae mycelia using the small scale Byrd
method (Method 2.3.3), and the concentration quantified using the Qubit (Method
2.4.19). For each restriction digest of each sample, 1 ug of this genomic DNA was
added to a 1.5 mL Eppendorf tube along with 20 U restriction enzyme (chosen based
on the plasmid and gene in silico restriction map (Method 2.4.7)), 1x restriction buffer
(recommended by the manufacturer), 10 ug of Rnase A, and MQ water up to 100 pL.
The tube was then incubated at the appropriate temperature for the chosen
restriction enzyme (recommended by the manufacturer) overnight. Before stopping
the reaction, 5 pL of the reaction was analysed using gel electrophoresis (Method
2.4.22) to check the extent of the DNA digestion. Once satisfied the reaction was
complete, the restriction reaction was stopped by adding 0.3 mM NaOAc (pH 5.2) and
2.5% (v/v) of 100%(v/v) ethanol and incubated at 25°C for at least 3 hours or
overnight. The DNA was pelleted by centrifuging at 17,000 g for 15 mins at 4°C, and
supernatant discarded. The DNA was then washed with 300 pL 70% (v/v) ethanol,
centrifuging at 17,000 g for 5 mins, air dried, and re-suspended in a mixture of 16 uL of

MQ water and 4 uL SDS loading dye.

2.4.33 Gel electrophoresis for Southern blotting

A 0.8% (w/v) agarose gel was loaded with prepared DNA (Method 2.4.32) alongside 20
uL of 1 Kb plus ladder (Thermo Fisher Scientific). The gel was then run at 80 V for 3-5
mins or until the samples had entered the gel, and then 30 V overnight. With the gel
kept in the cast, the gel was stained with ethidium bromide, washed in MQ water, and

image taken with and without a ruler as a sizing reference (Method 2.4.22).

69



Chapter two: Materials and Methods

2.4.34 DNA blotting for Southern blotting

The gel (Method 2.4.33) was washed by agitation in solution 1 (0.25 M HClI) for 15
mins, and the solution removed. Then the gel was washed in solution 2 (0.5 NaOH and
0.5 M NacCl) by agitation for 45 mins, and the solution removed. Next, the gel was
washed in solution 3 (0.5 M Tris pH 7.4, and 2 M NaCl) with agitation for 60 mins, and
solution removed. Finally, the gel was washed in 2x SSC (0.3 M NaCl, and 30 mM Na
citrate) with agitation for 2 mins. The blot was then set up as follows: into the gel
stand 20x SSC (3 M NacCl, and 0.3 mM Na citrate) buffer was placed into the two side
wells, a 3MM Whatman (MM) sheets placed on top (cut slightly larger than the
blotting stand so that the MM sides dipped into each well), and gladwrap added over
the wells but not the gel blotting stand. The gel was then placed onto the blotting
stand, 2x SSC wetted nylon membrane (cut to gel size and marked for orientation)
placed on top, then 2 sheets of 2x SSC wetted MM sheets (cut to gel size) on top of the
membrane, then 2 dry MM sheets (cut to gel size) on top of the two wetted MM
sheets, and lastly a stack of paper towels weighted down with 1 L bottle filled with
water. This was left at room temperature overnight to transfer that DNA from the gel
to membrane through capillary action. The membrane was then dried between MM
sheets, and DNA linked to the nylon membrane by UV irradiation for 2 min using CEX-
800 UV cross-linker.

2.4.35 Hybridization of the probe for Southern blotting

The DIG Easy Hyb machine was pre-heated to the appropriate temperature, calculated
by Tm =49.82 + 0.41 x (% G + C) — (600 / I) with | = length of probe in bp. Topt =Tm —
25. The probe (Method 2.4.31) was denatured by heating at 100°C for 5 mins and
cooled on ice. The membrane (Method 2.4.34), washed in 10 mL prehybridisation
solution (3 fold dilution of DIG Easy Hyb Granules at 37°C-DIG High Prime DNA
Labelling and Detection Starter Kit-Roch) for 1 hour with gentle agitation in a PYRX™
hybridization tube in the DIG Easy Hyb machine, and solution removed. To the PYRX™
hybirdisation tube containing the membrane, 0.06% (v/v) denatured probe
(prehybridisation solution DIG High Prime DNA Labelling and Detection Starter Kit-
Roch) was added and incubated overnight with gentle agitation in the DIG Easy Hyb

machine.
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2.4.36 Stringency washes for Southern blotting

The membrane (Method 2.4.35) was incubated in 250 mL of 2x SSC (50 mL 20x SCC (3
M NaCl, and 0.3 mM Na citrate), 5 mL 10% (w/v) SDS, and 445 mL MQ water) for 5
mins with gentle agitation. This step was repeated. The membrane was then incubated
in 250 mL of 0.5x SSC (12.5 mL 20x SCC (3 M NacCl, and 0.3 mM Na citrate), 5 mL 10%
(w/v) SDS, and 482.5 mL MQ water pre-heated to 70°C) for 15 mins with gentle

agitation. This step was repeated.

2.4.37 Immunological detection for Southern blotting

The membrane (Method 24.36) was incubated in 100 mL washing buffer (100 mL
maleic acid buffer (0.1 M maleic acid, and 0.15 M NaCl, pH 7.5), and 1.5 mL Tween 20)
with agitation for 5 mins, and solution removed. Then the membrane was incubated in
50 mL blocking solution (5 mL blocking solution, and 45 mL maleic acid buffer) with
agitation for 30 mins, and solution removed. Next, the membrane was incubated in 10
mL antibody solution (2 uL Anti-Digoxigenin-AP (DIG High Prime DNA Labelling and
Detection Starter Kit-Roch), and 10 mL blocking solution) with agitation for 30 mins,
and solution removed. Finally, the membrane was incubated in 200 mL washing buffer
solution with agitation for 15 mins two times, followed by 100 mL of detection buffer
(0.1 M Tris, and 0.1 NaCl, pH 9.5) with agitation for 5 mins. The membrane is then
developed without agitation using 10 mL colour substrate solution (100 uL NBT/BCIP
stock solution (DIG High Prime DNA Labelling and Detection Starter Kit-Roch), and 5 mL
detection buffer) in the dark. Typically, bands can be seen within 6 hours, and stopped

using 100 mL MQ water. The membrane was air dried and stored in a dry dark place.

2.5 Test the insect bioactivity capabilities of Epichloé festucae var lolii

AR48 and Epichloé festucae Fgl infected ryegrass

2.5.1 Stem boring fly whole plant choice trial plant preparation

Seeds from the Margot Forde Germplasm Centre (Method 2.3.12) infected with a
range of endophyte strains were germinated (Method 2.4.11) and then at 6 weeks
immunoblotted to check for the presence of endophytes (Method 2.4.14). In

preparation for the insect trial, 20 replications worth of plants were selected, with
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each replication containing one ryegrass plant infected with AR48, AR47, AR1, AR37,
CT, or nil endophytes, and tillers trimmed to a maximum height of 15 cm. Both the
position of each plant in each replication and the position of each replication within

the glasshouse were randomised.

2.5.2 Stem boring fly preparation

Stem boring fly preparation (SBF-Cerodontha australis) were collected from ryegrass
fields at Grasslands AgResearch by sweeping the grass surface with a net and
transferring the insects into containers. At Massey University Palmerston North, CO;
gas was used to sedate the insects and, using a dissection microscope, the SBF were
sorted out. SBF were identified by their grey thorax, yellow legs, yellow frons, black
notopleura, and 3rd antennae segment (Introduction 1.5.1). The SBF were re-sedated
and sorted into groups of 20 females (x 20) and 20 males (x 20) SBF and transferred
into Eppendorf tubes. Females SBF were identified by the lower abdomen being larger,

pointier, and black (Figure 1.15 and 1.16).

2.5.3 Stem boring fly whole plant choice trial

Two Eppendorf tubes (one containing female SBF and one containing male SBF)
(Method 2.5.2) were added to the plants (now covered by a fine nylon mesh bag)
(Method 2.5.1), tubes open, and bags tied closed. The adult SBF are therefore not
naive, though most likely exposed to ryegrass as a major food source, but the eggs,
larva, and, pupa are naive and only exposed to ryegrass. The plants were then bottom
watered for 6 weeks. At the end of the trial the number of mines, presence of a pupa,
and resultant fly emergence was recorded for each plant. One-way analysis of variance
(ANOVA) was carried out on average mines per tiller (%), average pupa per mine (%),
and average fly per pupa (%) to examine the significance of endophyte differences. The

analyses were conducted using GenStat 17th edition (VSN International).

2.5.4 Cutworm moth caterpillar whole plant choice trial plant preparation
Seeds from the Margot Forde Germplasm Centre (Method 2.3.12) infected with a
range of endophyte strains were germinated (Method 2.4.11) and then at 6 weeks

immunoblotted to check for the presence of endophytes (Method 2.4.14).
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Alternatively, endophytes were inoculated in to ryegrass seedlings (Method 2.4.13),
which were then planted (Method 2.4.11), and at 6 weeks plant tissue was analysed by
immunoblot to check for the presence of endophytes (Method 2.4.14). In preparation
for the insect trial, 20 replications worth of plants were selected, with each replication
containing one ryegrass plant infected with AR48, AR47, AR1, AR37, FI1, Fgl, CT, or nil
endophytes, and tillers trimmed to a maximum height of 15 cm and tillers counted.
Both the position of each plant in each replication and the position of each replication

within the glasshouse were randomised

2.5.5 Cutworm moth caterpillar preparation

Cutworm moth (CM-Agrotis ipsilon) were caught using a light trap, placed in a
container containing dock leaves and moist paper towels, and left to lay eggs over 1-2
weeks. Once hatched, the cutworm moth caterpillar (CC-Agrotis ipsilon) were kept in
these containers, and the detached dock leaves were replaced every 2-3 days or when
needed. After 1 week, the caterpillars were moved to new containers containing
detached dock leaves and bark and fed on detached dock leaves for 2-3 weeks or until
the star of the CWPC trial. The containers were kept in a shaded area in the same

glasshouse as the ryegrass plants at AgResearch.

2.5.6 Cutworm moth caterpillar whole plant choice trial

In to each replication, 40 caterpillars (Method 2.5.5) were added to the plants
(Method 2.5.4) and covered by a fine nylon bag. The CC are therefore not naive as the
initial food source was dock leaves (Method 3.5.5) rather than the tested plant source
which was ryegrass. The plants were then bottom watered for 2 weeks. At the end
period the number of tillers, and score (5= No damage, 4= 25% damage, 3= 50%
damage, 2= 75% damage, and 1= Dead) was recorded for each plant. One-way analysis
of variance (ANOVA) was carried out on average difference in tiller number and
average plant visual score using GenStat 17th edition (VSN International) to examine

the significance of endophyte differences.
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2.5.7 Cutworm moth or porina caterpillar detached tiller no choice trial plant
preparation

Seeds from the Margot Forde Germplasm Centre (Method 2.3.12) infected with a
range of endophyte strains were germinated (Method 2.4.11) and then at 6 weeks
immunoblotted to check for the presence of endophytes (Method 2.4.14).
Alternatively, endophytes were inoculated in to ryegrass seedlings (Method 2.4.13),
which were then planted (Method 2.4.11), and at 6 weeks plant tissue was analysed by

immunoblot to check for the presence of endophytes (Method 2.4.14).

2.5.8 Porina caterpillar preparation

Porina moths (PM-Wiseana spp) were caught using a light trap, placed in a container
containing artificial diet (2.5% (w/v) agar, and 1% (w/v) freeze-dried endophyte free
ryegrass up to 1 L carrot juice) and moist paper towels, and left to lay eggs over 1-2
weeks. Once hatched, the porina caterpillars (PC-Wiseana spp) were kept in these
containers, and the artificial diet was replaced every 2-3 days or when needed. After 1
week, the caterpillars were moved to new containers containing artificial diet and
bark, where the caterpillars remained for 2-3 weeks or until the start of the PDTN trial.
The artificial diet was made fresh every week and stored at 4 °C during the week. The
containers were kept in a temperature controlled cabinet at 18°C. The CC (Method
2.5.5) or PC were weighed before being placed into separate yellow screw top
containers that were filled % of the way with bark. After being ranked by weight, the
caterpillars to be used for the trial were selected so that there was the smallest weight
difference between the lightest and heaviest. Selected caterpillars were then assigned
an endophyte strain in a repeating order so that each endophyte was assigned
caterpillars from each weight range. These were then randomly distributed based on
endophyte label in an air-conditioned laboratory (with light) for the CDTN or an 18°C

incubator (without light) for the PDTN and starved overnight.

2.5.9 Cutworm moth or porina caterpillar detached tiller no choice trial
The CC are not naive as the initial food source was dock leaves (Method 3.5.5) rather
than the tested plant source which was ryegrass. The PC are also not naive as the

initial food source though contained ryegrass also contained agar and carrot juice
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(Method 3.5.8) rather than the tested plant source which was only ryegrass. Each day,
the caterpillars were weighed, and fed the pre-weighed ryegrass tiller. Any uneaten
tillers were removed and weighed. This was done until 8 tillers (CC) or 10 tillers (PC)
had been added and removed from the containers. One-way analysis of variance
(ANOVA) and repeated measurements linear mixed model was carried out on CC/PC
survival and CC/PC weight using GenStat 17th edition (VSN International) to examine

the significance of endophyte differences.

2.5.10 Light brown apple moth caterpillar artificial diet no choice trial plant
preparation

Seeds from the Margot Forde Germplasm Centre (Method 2.3.12) infected with a
range of endophyte strains were germinated (Method 2.4.11) and then at 6 weeks
immunoblotted to check for the presence of endophytes (Method 2.4.14).
Alternatively, endophytes were inoculated in to ryegrass seedlings (Method 2.4.13),
which were then planted (Method 2.4.11), and at 6 weeks plant tissue was analysed by
immunoblot to check for the presence of endophytes (Method 2.4.14). The grass was
then harvested, freeze-dried, and milled before being added to the artificial diet (2.5%
(w/v) agar, and 1% (w/v) freeze-dried endophyte infected or free ryegrassupto 1 L

carrot juice).

2.5.11 Light brown apple moth caterpillar preparation

The light brown apple moth caterpillars (LBAM- Epiphyas postvittana) were ordered
from Plant and Food New Zealand a week before the start of the trial. Day old LBAM
were added to separate yellow screw top containers and assigned an endophyte
strain. The caterpillars were then randomly distributed based on endophyte label in an

18°C incubator (without light).

2.5.12 Light brown apple moth caterpillar artificial diet no choice trial

On day one of each week, artificial diet (2.5% (w/v) agar, and 1% (w/v) freeze-dried
endophyte infected or free ryegrass up to 1 L carrot juice) was added to the containers
(Method 2.5.11) and on day 4 of each week the diet was replaced. The LBAM are

therefore naive as they are only exposed to the tested food source. At the start of each
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week the artificial diet was made fresh and stored at 4°C during the week. LBMA

establishment (production of silk cocoon), and moulting times (head colour and size
change) were recorded over this time period. One-way analysis of variance (ANOVA)
was carried out on caterpillar establishment times and moulting times using GenStat

17th edition (VSN International) to examine the significance of endophyte differences
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3.1 Analyse the bioactive secondary metabolite pathways in Epichloé

festucae var lolii AR48 and Epichloé festucae Fgl

Secondary metabolites (SMs) are the main source of bioprotective compounds
produced by fungi. In Epichloé, four SM pathways have been identified as producing
bioactive compounds that target insects; lolitrem B, ergovaline, loline, and peramine
(Introduction 1.2.6). These pathways were analysed in the E. festucae var lolii asexual
strain AR48 that has two new insect bioactivities against the stem boring fly (SBF-
Cerodontha australis) and cutworm moth caterpillar (CC-Agrotis ipsilon) (Introduction
1.1.3). During this analysis the E. festucae strain Fgl was identified as being AR48-like,
and important as a model system for genetic manipulation, therefore this strain was

also analysed

3.1.1 Analysing the functionality and presence of the bioactive secondary metabolite
genes in the genome of AR48 and Fg1 through bioinformatics.

The genome of AR48 was sequenced (Method 2.3.16) to gain an insight into which
known bioactive SM pathways were present. The final assembly consisted of 1580
scaffolds containing 36 million bp with a GC content of 43%. The average scaffold
length was 22,900 bp, with the largest scaffold 238,100 bp, and a scaffold Nso of
46,100 bp (Table 3.1).

Table 3.1: Genome assemble statistics of AR48 and Fgl

Statistics AR48 Fg1
Number of reads 21 million 14 million
Genome assembly size 36 Mbp 35 Mbp
Fold coverage of 127 fold 250 fold
sequence

Scaffold number 1580 3769
Scaffold Nso* 46,100 bp 70,535 bp
Contig number 4,618 11,141
Contig Nsp* 15,710 bp 19,839 bp
GC% 43% 44%

* The contig/scaffold length at which 50% of the contig lengths are longer
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An analysis of the genome sequence of AR48 identified all eleven indole-diterpene
(IDT) genes involved in lolitrem B synthesis (Figure 3.1 and Method 2.3.11). However,
both idtF and idtK each had single base deletions that would result in premature
translational termination of the transcripts thereby rendering the genes non-functional
(Figure 3.2). For the remaining known alkaloid pathways, no genes were identified
from either the ergovaline or loline pathways, though the single gene responsible for
peramine production perA was identified. Analysis of this gene showed that it
contained a 230 bp deletion identical to the perA allele in the E. festucae sexual strain
Fgl (Figure 3.3). The presence of the same null allele suggests that AR48 and Fgl have

a close ancestry.

To further investigate this ancestry the genome of Fgl was sequenced (Method
2.3.16). The final assembly consisted of 3769 scaffolds containing 35 million bp with a
GC content of 44%. The average scaffold length was 9458 bp, with the largest scaffold
400,034 bp, and a scaffold Nso of 70,535 bp (Table 3.1).

The genome of Fgl was also analysed for the presence of known bioactive SM genes
(Method 2.3.11). As expected, no genes involved in ergovaline synthesis or loline
synthesis were identified, but all eleven IDT genes involved in lolitrem B synthesis were
present (Figure 3.1). Again idtF and idtK each had single base deletions, with idtF
sharing an identical change to AR48, and idtK having an alternative deletion closer to
the 5’ end of the gene (Figure 3.2). The phylogenetic relationship between AR48 and
Fgl was investigated through simple sequence repeat (SSR) analysis using 23 loci
(Method 2.3.15). Fg1 and AR48 share a common ancestor that is unique to the AR48
clade, which supports the alkaloid bioinformatics analysis that these strains are closely

related (Figure 3.4).
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Figure 3.1: Organisation of indole-diterpene (IDT) genes in different Epichloé festucae strains. Contigs from strains FlI1, AR48, and Fgl
were annotated in Geneious for genes involved in indole-diterpenes synthesis: cluster 1 contains idtG, idtS, idtM, and idtK, cluster 2
contains idtQ, idtF, idtC, and idtB, and cluster 3 contains idtE, and idtJ. While idtP was on a separate contig it is likely to be linked to
cluster 2 based on the known organization of these genes in strain FI1. Contigs are represented by horizontal black lines. Genes are
represented by black arrows, introns as white boxes and the gene name directly below. Double slashed lines represent large genomic
regions of repetitive DNA sequence, with the approximate size of the region shown above.
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A)
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aas it
STOP
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Fg1 idtF
STOP
FIT1 idtF TGCGTCAGATATTGCTGGGAGATTCTAG
AR48 idtF TGCGTCAGATATTGCTGGGAGATTCTAG
100 bp Fg] idtF TGCGTCAGATATTGCTGGGAGATTCTAG
|
B)
FIT idtk

A deletion

AR48 idtK
STOP.
T insertion \

Fgl idtK

STOP

AR48 idtl CTTA-TTGTGCCTCCAAGATATTTGGATG

FI1 idtK CTT TGTGCCTCCAAGATATTTGGATG
Fg1 idtK CTTATTTGTGCCTCCAAGATATTTGGATGA

FI1idtK G CATCAARTACGCTACTACGGATARATCTCACCTGCATTTTGGCTACGGAACCTGGGCCTGTCCAGGCCGCTTCTTGGCCTCTGATATGTTAR
AR48 idtk c ATCAATACGCTACTACGGATAAATCTCACCTGCATTTTGGCTACGGAACCTGGGCCTGTCCAGGCCGCTTCTTGGCCTCTGATATGTTAA
Fglidtk G CATCAATACGCTACTACGGATAAATCTCACCTGCATTTTGGCTACGGAACCTGGGCCTGTCCAGGCCGCTTCTTGGCCTCTGATATGTTAR
100 bp
]

Figure 3.2: Indole-diterpene (IDT) /dtF and idtK gene alignment in different Epichloé
festucae strains. Gene sequences of idtF (A) or idtK (B) from FI1, AR48, and Fgl were
aligned using Geneious global alignment tool with free end gaps and 65% similarity.
Genes are represented by thin black horizontal lines. The transcripts are represented
by black arrows, with introns as gaps. The region around the deletion is enlarged, with
the missing base represented by a dash, and the deletion highlighted by a red box and
the premature stop codon highlighted in red text.
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Fh AACATGTCGTCGGCAGAGGACTTGGAACAGATTTGGCAGTGGAACGAGAGAGTTCCCGAACCAGTGAATCGATGTATCCACGACCTACTCGCCGACCAAGTCCAAGCCCGGCCAGACAGTCCTG
AR48 : GCAGAGGACTTGGAACAGATTTGGCAGTGGAACGAGAGAGTTCCCGAACCAGTGAATCGATGTATCCACGACCTACTCGCCGACCAAGTCCAAGCCCGGCCAGACAGTCCTG
Fgi GCAGAGGACTTGGAACAGATTTGGCAGTGGAACGAGAGAGTTCCCGAACCAGTGAATCGATGTATCCACGACCTACTCGCCGACCAAGTCCAAGCCCGGCCAGACAGTCCTG
i CCATTTGCGCATGGGATGGAGAGCTGACGTACCGCAAGCTGGACGAACTTTCGACCAGGTTGTCACACTCACTACTGCAGCTTGGTGCCGGCTTCCATAA
AR48 CCATTTGCGCATGGGATGGAGAGCTGACGTACCGCAAGCTGGACGAACTTTCGACCAGGTTGTCACACTCACTACTGCAGCTTGGTGCCGGCTTCCATAR
Fo1 CCATTTGCGCATGGGATGGAGAGCTGACGTACCGCAAGCTGGACGAACTTTCGACCAGGTTGTCACACTCACTACTGCAGCTTGGTGCCGGCTTCCATAA
1kb
—

Figure 3.3: PerA gene alignment for different Epichloé festucae strains. Gene sequences of perA from FI1, AR48, and Fgl where aligned
and translated using Geneious global alignment tool with free end gaps and 65% similarity. Genes are represented by thin black
horizontal lines. Transcripts are represented by black arrows, with introns as gaps. The deleted region is enlarged, with missing bases
represented by a dash, the deleted region highlighted by a red box and the premature stop codon highlighted in red text
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Figure 3.4: Simple sequence repeat (SSR) dendrogram of Epichloé festucae strains
using 23 loci. Only the key strains used in this study are shown.

The genomes from the E. festucae strains E2368, AR1, AR37, and AR5 also contain idt
genes but are missing idtE and idtJ, and in addition E2368 does not contain idtG, idtS,
idtM, and idtK (Method 2.3.11). The encoded Idt proteins from these genomes when
aligned to the corresponding proteins from AR48 and Fgl all had high sequence
identity ranging from 99.1%-100%, with the exception of IdtP and IdtQ which dropped
to 92.6% and 90.3% respectively. However, the protein sequences of IdtP and IdtQ
from AR48 and Fg1 share sequence identity of 99.8% and 99.1% respectively (Figures
3.5, 3.6, and Appendix 1).

The amino acid changes for IdtP and IdtQ for both AR48 and Fgl sequences were
compared to the remaining E. festucae corresponding genes (Method 2.3.11). For IdtP
there were 34 changes in total, with one non- conservative change specific to Fgl i.e.
S226P. Of these shared changes 14/34 (41%) were identified as being non-
conservative, and of these non-conservative changes 10/14 (71%) were from polar or
charged amino acids to hydrophobic or uncharged amino acids. One of the changes

removes a cysteine (C12W), which could affect the tertiary structure of the protein.
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E2368 was the only other strain that shared changes with AR48 and Fgl, with 3 of the
changes conservative and 3 other changes non-conservative. Many of the changes are
located in or near P450 predicted pockets e.g. 1191H, S208F, and K395I, with most of
these changes to more hydrophobic amino acids (Figure 3.5, Appendix 2 and 3, and

Method 2.3.11).

For 1dtQ, there were 53 changes in total, with two specific to Fgl i.e. S162F (non-
conservative) and R532M (conservative) and two specific to AR48 i.e. 1177S (non-
conservative) and T2171 (non-conservative). Of these shared changes 27/49 (55%)
were identified as being non-conservative, and of these non-conservative changes
8/27 (29%) were from polar or charged amino acids to hydrophobic or uncharged
amino acids, however 8/27 (22%) were from hydrophobic or uncharged to polar or
charged amino acids. In contrast to IdtP, one of the changes adds a cysteine i.e. C306R,
which could affect the tertiary structure of the protein. There was some variability
between the remaining E. festucae strains but all are conservative amino acid
substitutions. E2368 again shared some changes with AR48 and Fg1, with three of the
changes conservative and one change non-conservative. Again, many of the changes
are located in or near P450 predicted pockets e.g. H62Y, T470l, and E484A, with
approximately equal balance of polar/charged and hydrophobic/aromatic changes

(Figure 3.6, Appendix 2 and 4, and Method 2.3.11).
For both AR48 and Fgl IdtP and IdtQ the haem binding site that is required for

catalytic activity has no amino acid changes in the key positions. Also, the key amino

acids in Helices |, J, and K are conserved (Figure 3.5 and 3.6) (McMillan et al., 2003).
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Figure 3.5: Amino acid sequence alignment of indole-diterpene (IDT) IdtP in Epichloé
festucae strains AR48, Fgl, FI1, E2368, AR1, AR37, and AR5 using Geneious. The amino
acids are colour coded by similarity to the amino acid in the corresponding position in
the remaining sequences, with dark purple as most similar and white as least similar.
The amino acid number is labelled either side of the sequence. The sequences within
the yellow box are a conserved motif found in Helix | (E/H(T/S)(T/S)(S/T/A)). The
sequences within the orange box are conserved amino acids found in Helix J (PE). The
cyan box contains conserved sequence motifs found in Helix K (ExxR). The red box
contains sequences comprising the haem-binding site (F(G/S)xGx(H/Y)xCxGxx(l/L/F)A)
where x represents any amino acid.
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Figure 3.6: Amino acid sequence alignment of indole-diterpene (IDT) IdtQ in Epichloé
festucae strains AR48, Fgl, FI1, E2368, AR1, AR37, and AR5 using Geneious. The amino
acids are colour coded by similarity to the amino acid in the corresponding position in
the remaining sequences, with dark purple as most similar and white as least similar.
The amino acid number is labelled either side of the sequence. The sequences within
the yellow box are a conserved motif found in Helix | (E/H(T/S)(T/S)(S/T/A)). The
sequences within the orange box are conserved amino acids found in Helix J (PE). The
cyan box contains conserved sequence motifs found in Helix K (ExxR). The red box
contains sequences comprising the haem-binding site (F(G/S)xGx(H/Y)xCxGxx(l/L/F)A)
where x represents any amino acid.
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3.1.2 Detection of the bioactive secondary metabolite compounds in AR48 and Fg1
infected ryegrass through mass spectrometry

IDT compounds were extracted from pseudostem of ryegrass infected with AR48, Fgl,
AR1, AR37, and FI1, and analysed by mass spectrometry (MS) (Method 2.3.17, 2.3.20
and 2.3.22). The control strain Fl1 in ryegrass contained all IDT compounds normally
observed in the lolitrem B synthetic pathway when using this protocol. This IDT profile
was mirrored in the common toxic (CT) infected plant material as expected from
previous analysis (unpublished data. Plant material infected with AR1 contained all
early- and mid- pathway compounds, e.g. paspaline B, terpendole E, terpendole F, 13-
desoxypaxilline, and paxitriol, but did not contain any IdtE and IdtJ derived late-
pathway IDT compounds e.g. lolitriol, lolitrem K, lolitrem J, and lolitrem B. This is due
to the absence of idtE and idt/ genes in the genome of AR1. However, IdtK, and IdtF
derived late-pathway IDT compounds were identified as expected due to the presence
of idtK and idtJ genes which are predicted to be functional e.g. terpendole M and
terpendole C. AR37 and AR1 infected plant materials have a very similar IDT profile
due to the absence of idtE and idtJ, and presence of functional idtK and idtF genes.
However, the presence of the additional functional janD gene enables AR37 to
produce epoxy-janthitrem IDT compounds (data not shown) (Table 3.2, Figure 3.11,
and Appendix 1). The gene janD (given the epoxy-janthitrem product) is orthologous to
paxD (prenyl transferase) and is located close to the known IDT cluster in AR37.
Additional genes hypothesized to be involved in epoxy-janthitrem synthesis have been

identified (Richard Johnson, AgResearch; personal communication).

Both AR48 and Fgl infected material contained all early- and mid- pathway
compounds confirming that the early- to mid- pathway enzymes IdtG, IdtM, IdtC, IdtB,
IdtP, and 1dtQ are functional supporting the bioinformatics analyses. Fgl infected plant
material contains terpendole K and lolitriol indicating that the late-pathway proteins
IdtE, and IdtJ, are functional as predicted by bioinformatics. However, AR48 infected
plant material, which also has idtE and idtJ genes predicted to be functional, does not
contain either these compounds or any other IdtE/Idt) derived IDT. Both Fgl and AR48
infected plant materials do not contain IdtK and IdtF derived IDT as predicted by the

bioinformatics analysis, which indicated that the genes responsible for the production
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of terpendole C, lolitrem E, and lolitrem B were non-functional. In addition, no epoxy-
janthitrem IDT compounds were identified as expected due to the absence of janD

from both genomes (data not shown) (Table 3.2, Figure 3.11, and Appendix 1.1).

3.1.3 Analysing the structure of any newly identified compounds through mass
spectrometry

During the routine IDT analysis (Method 2.3.20 and 2.3.22) four new IDT compound
peaks were identified only in extracts from the AR48 and Fgl infected plant material;
new IDT compound one which is terpendole E-like (438 m/z and 10.3 mins), new IDT
compound two which is 13-desoxypaxilline-like (420 m/z and 11.8 mins), new IDT
compound three which is paxitriol-like (438 m/z and 19.4 min), and new IDT
compound four which is terpendole I-like (454 m/z and 8.7 min). The new IDT
compound peaks one, two, and four have marginally different retention times then the
corresponding known IDT with the same m/z ratio i.e. no more than 0.3 min, while the
new IDT compound peak three has a large retention time difference than the
corresponding known IDT with the same m/z ratio i.e. 1 minute. Each peak showed the
characteristic MS? fragments of early- and mid-pathway IDTs (Table 3.5, and Appendix
5).

The new IDT compound three was further investigated (Method 2.3.19 and 2.3.21).
This analysis produced characteristic 130 m/z, 420 m/z, and 402 m/z daughter ions
confirming this peak was an IDT compound. By comparing the fragmentation patterns
of paxitriol and terpendole E whose structures are known and have the same multiple
reaction monitoring (MRMs) a tentative structure for this new IDT compound three
peak was proposed. The new IDT compound three is not a stereoisomer of either
paxitriol and terpendole E as though the MRMs is the same and retention times differ
(a characteristic of some stereoisomers) the fragmentation pattern differs (a
characteristic of a constitutional isomer) (Figure 3.8, 3.9, 3.10, and Appendix 6, 7, and

8)
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3.1.4 New indole-diterpene compound three synthesis through Penicillium paxilli
complementation

Bioinformatics analysis suggested that the genes idtP and idtQ from AR48 and Fgl
encode the proteins that are most likely to be responsible for the synthesis of the new
IDT compound three (Results 3.1.1). To understand this synthetic pathway, Penicillium
paxilli single gene knock-out strains ApaxP and ApaxQ (Saikia et al., 2007) were
transformed with either idtP from P. paxilli (pSS1) (Saikia et al., 2007), AR48 (pTMO06),
and FI1 (pSS56/pDB49) (Saikia et al., 2012) or P. paxilli (pSS2) (Saikia et al., 2007), idtQ
from AR48 (pTMO07), and FI1 (pSS58/pDB49) (Saikia et al., 2012) (Method 2.3.9, and
Appendix 9 to 15). Spore stocks of a representative number of these hygromycin or
geneticin transformants were prepared, and PCR screened for the presence of the
transformed gene for IDT analysis using MS (Method 2.3.5, 2.3.10, 2.3.18, 2.3.20,
2.3.22,4.2.21, and 2.4.22, and Appendix 17).

The IDT profiles of all the controls were as expected. For the P. paxilli WT control
paspaline, post paspaline products (paspaline B, paxitriol, PC-M6, and 13-
desoxypaxilline) and paxilline were detected. This IDT profile was mirrored for both the
paxP and paxQ complementation controls. For the AR48 idtP or FI1 idtP
complementations into P. paxilli ApaxP, paspaline accumulated therefore the paxilline
biosynthesis pathway was not restored. For the AR48 idtQ or FI1 idtQ
complementations into P. paxilli ApaxQ, 13-desoxypaxilline accumulated therefore the
paxilline biosynthesis pathway as not restored. In addition, no new IDT compound
three or other new IDT compounds were detected in extracts of only the AR48 idtP

and idtQ complementations (Table 3.3 and 3.4, Figure 3.11, and Appendix 17).
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Table 3.2: Mass spectrometry indole-diterpene (IDT) compound profiles of extracts from ryegrass pseudostem infected with different

Epichloé festucae strains (ppm).

AR48ENndFg1k
";‘;f:::::’é SamplemName T'::::;r:‘l’:)ﬁ Fl1 T AR1 AR37 AR48 Fgl
compond

Paspaline 108 B 63 | 157 @ 39| 1179 192 @
Terpendole® 7 . 3 s . 2 10 0

One Terpendole-like 10.3 0 0 0 0 5 1
Terpendole® 10.5 11 s 9 20 - 12 . 0 0
Paspaline@® 3] 2| 3] 2| 99 I 9l

Two 13-Desoxypaxilline-like 11.8 0 0 0 0 23 - 23 0
13-Desoxypaxilline 12.1 9l 5| 15 0 2| 130 . 30 @
Paxilline 2 2| 9l 2| 91 . 31

Three Paxitriol-like 11.9 NA NA NA NA NA NA
Paxitriol 10.0 7 7 12 . 11 2 11
Terpendoled 8.6 32 s 20 B 79 41 2 1

Four Terpendole@-like 8.7 0| 1] 210 1] 27 . 20
Terpendoled 4 4 . 4 2 - 0 0
Terpendole® 13 36 . 39 21 0 0
Terpendole®X 31 . 85 [ 90 1 0 0
TerpendolefM?) 74 85 106 9l 0 0
Terpendole®\d?) 23 s 25 31 9 N 0 0
TerpendoleN 186 276 N 521 5| 0 0
Lolilline 312 - 17 1 0 0 0 0
LolicineBA 11.1 117 - 36 N 0 0 0 0
Lolitrem@M 10.25 348 89 Il 0 0 0 0
Lolitriol 3856 N 365 0 0 0 0 18
LolitremX 160 50 W 0 0 0 410
LolitremE 211 . 75 0 0 0 0
Lolitrem® 901 I 1000 0 0 0 0
LolitremBA 194 - 83 I 0 0 0 0
Lolitrem@N 0 0 0 0 0 0
Lolitrem 43 s S50 0 0 0 0
Epoxy-Janthitriol 0 0 0 1704 S 0 0
Epoxy-Janthitrem 0 0 0 3 0 0
Epoxy-Janthitremdl 0 0 0 429 0 0
Epoxy-Janthitrem@ll 0 0 0 170 0 0
Epoxy-JanthitremV 0 0 0 169 I 0 0

Underlined name: unknown peak with different retention time but same m/s as known IDT. (?): compound without standard. NA: not assessed. The

stereochemistry of the compounds and standards are unknown.
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Figure 3.7: Liquid chromatography mass spectrometry (LC-MS) analysis of indole-
diterpenes (IDTs) from Epichloé festucae infected ryegrass. Single ion extracted (438
m/z) chromatograms of Fl1, AR48, and Fgl. Key ions are paxitriol (13.1 mins),
terpendole E (14.7 mins), and new IDT compound three (19.3 mins), with the
compound structure and name where known placed beside the corresponding peak.
The stereochemistry of the compounds and standards are unknown.
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Figure 3.8: Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis of
paxitriol from Epichloé festucae Fl1 infected ryegrass. Collision-inducted fragmentation
of the 438 m/z parent ion results in key ions 420 m/z (loss of H,0), 402 m/z (loss of
two H,0), 378 m/z (loss of CsHsO) and 130 m/z (core fragment for early- and mid-
pathway IDTs). Collision-inducted fragmentation of the 420 m/z MS? daughter ion
results in key ions 402 m/z (loss of second H,0), 384 m/z (loss of second and third

Collision-inducted fragmentation of the 402 m/z MS? daughter ion results in a third
H20 loss to afford the 384 m/z ion. The stereochemistry of the compounds and

standards are unknown.

93



Chapter three: Results

438

Figure 3.9: Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis of
terpendole E from Epichloé festucae Fl1 infected ryegrass. Collision-inducted
fragmentation of the 438 m/z parent ion results in key ions 420 m/z (loss of H,0), 402
m/z (loss of two H20) and 130 m/z (core fragment for early- and mid-pathway IDTs).
Collision-inducted fragmentation of the 420 m/z MS? daughter ion results in key ions
402 m/z (loss of second H;0), 350 m/z (loss of C4H¢O), 348 m/z (loss of C4HsO) and 130
m/z (core fragment). The stereochemistry of the compounds and standards are
unknown.
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Figure 3.10: Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis
of new indole-diterpene compound three from Epichloé festucae AR48 and Fgl
infected ryegrass. Collision-inducted fragmentation of the 438 m/z parent ion results in
key ions 420 m/z (loss of H,0), 402 m/z (loss of two H20), 366 m/z (loss of C4HgO), 348
m/z (loss of H,0 and C4HsO) and 130 m/z (core fragment for early- and mid-pathway
IDTs). Collision-inducted fragmentation of the 420 m/z MS? daughter results in key ions
402 m/z (loss of second H20), 384 m/z (loss of second and third H20), 348 m/z (loss of
C4Hs0) and 130 m/z (core fragment). Collision-inducted fragmentation spectrum of the
348 m/z MS3 daughter ion results in key ions of 330 m/z (loss of second H,0) and 130
m/z (core fragment). Collision-inducted fragmentation spectrum of the 402 m/z MS3
daughter ion results in key ions 384 m/z (loss of third H20), 316 m/z (loss of CsH100)
and 130 m/z (core fragment). The stereochemistry of the compounds and standards

are unknown.
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Table 3.3: Average intensity of indole-diterpene (IDT) compounds identified in Penicillium paxilli wild type, ApaxP (KO-knock-out), and

ApaxP complemented with paxP from Penicillium paxilli or idtP from Epichloé festucae strains AR48 or FI1 (ppm). The stereochemistry of
the compounds and standards are unknown.
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Table 3.4: Average intensity of indole-diterpene (IDT) compounds identified in Penicillium paxilli wild type, ApaxQ (KO-knock-out), and
ApaxQ complemented with paxQ from P. paxilli or idtQ from Epichloé festucae strains AR48 or FI1 (ppm). The stereochemistry of the
compounds and standards are unknown.
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Figure 3.11: Simplified lolitrem B pathway in Epichloé. Genes (single letter e.g. indole-diterpene (IDT) = idtP = P) next to associated
reaction. The section containing the end products of a strain is indicated. P/Q derived IDTs (black). E/J derived IDTs (red). F/K derived IDTs
(blue/red). Epoxy-janthitrem IDT (green).
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3.2 Investigate “makes caterpillars floppy” (Mcf) as a potential bioactive
for the new bioactivities observed in Epichloé festucae var lolii AR48

infected ryegrass

Only a set number of compounds from the known bioactive second metabolite (SM)
pathways currently identified in Epichloé (indole-diterpenes (IDTs), lolines, ergot
alkaloids and peramine) can explain the wide range of insect bioactivities observed in
infected plant material (Introduction 1.1 and 1.2). Understanding the genetic basis of
all these bioactivities i.e. new gene and/or compound identification is crucial for

development of the Epichloé commercialisation programme.

Ambrose et al. (2014) linked the presence of the makes caterpillars floppy (mcf) gene
to cutworm moth caterpillars (CC-Agrotis ipsilon) bioactivity by injecting E. coli
expressing the mcf gene from the sexual E. typhina subsp Poae Ps1 strain into CC
which resulted in death, most likely through activation of apoptosis via the
mitochondrial pathway (Introduction 1.4). The product of this gene is therefore a good
candidate for CC bioactivity observed in AR48 Infected ryegrass, which of the known
bioactive SM pathways only produces intermediate IDT from the lolitrem B pathway
(Results 3.1). The bioactivity of mcf might extend to stem boring fly (SBF-Cerodontha
australis) bioactivity depending on the host bioactivity range of the protein

(Introduction 1.1.3).

3.2.1 Analysing the distribution and functionality of the mcf gene within the Epichloé
festucae species through bioinformatics

A comparative analysis of the mcf gene across Epichloé was performed using
bioinformatics to understand both the distribution and functionality of the gene, and
how this might relate to CC bioactivity (Method 2.4.1). If the presence of a functional
mcf gene is found only in strains with CC bioactivity, and conversely the presence of a
non-functional gene or absence of the gene is found only in strains with no CC
bioactivity, this will provide further supporting evidence that Mcf could be responsible
for this insect bioactivity. The E. typhina subsp Poae Ps1 mcf, referred to as “E. typhina

mcf model”, from Ambrose et al. (2014) was used as the gene model and
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corresponding protein model as there is experimental evidence supporting both the
gene’s structure e.g. DNA and cDNA sequencing, as well as resultant protein

bioactivity, e.g. expression levels and artificial CC insect assay (Ambrose et al., 2014).

The initial analysis focused on strains from the species E. festucae as the CC bioactivity
status of most of these strains was known and the genomes had been sequenced
(Introduction 1.1.3). All strains analysed contained a single mcf gene. Only AR48 and
Fgl contained mcf genes with both the E. typhina mcf model gene introns as well as
the start and stop codons conserved. The remaining strains have either lost the E.
typhina mcf model gene start codon along with the first intron but have an in frame
start codon soon afterwards (FI1, E2368, and AR37) or contain an out of frame
premature stop codon due to acquisition of a mutation, e.g. 23-nucleotide deletion
(AR1). An alignment of all these genes identified that most of the variation in sequence

occurred at the 5’ end (Figure 3.12, and Appendix 18).

These gene annotations, identified through the bioinformatics analyses, were used to
predict the corresponding protein products (Method 2.4.1). Only AR48 and Fgl are
predicted to produce a protein product that is similar to the E. typhina Mcf model
protein. FI1, E2368, and AR37 are predicted to produce proteins without the N-
terminal region of the E. typhina Mcf model protein, and AR1 is predicted to produce a
protein without the C-terminal region of the E. typhina Mcf model protein. An
alignment of all these proteins identified that most of the variation in sequence

occurred at the C-terminal end (Figure 3.12, and Appendix 19).

3.2.2 Analysing the distribution and functionality of the mcf gene within the Epichloé
genus through bioinformatics

If mcf is responsible for CC bioactivity then understanding the distribution and
functionality of this gene not just within E. festucae species, but also within the
Epichloé genera could identify other strains of commercial interest. These newly
identified strains may have other bioactivities of interest that are not present in AR48,
therefore these strains could be more ideal for commercialisation and/or for the

commercialization of products with variable bioactivity ranges.
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In total, an additional 14 Epichloé strains were analysed from 11 Epichloé species
(Method 2.4.1). No hybrid strains were analysed. Again all strains contained a single
mcf gene. Both E. amarillans strains, E. aotearoae, E. brachyelytri, one E. bromicola
AL04262 strain, E. glyceriae, and E. mollis, had mcf genes with both introns of the E.
typhina mcf model gene as well as the start and stop codons conserved, i.e. 50% of the
strains. The remaining strains had either an out of frame premature stop codon due to
acquisition of a mutation (E. bromicola ALO434, E. elymi, E. gansuensis, and E. typhina
subsp. Poae E5819), had lost the E. typhina mcf model gene stop codon but had an in
frame stop codon soon afterwards (E. baconii) or lost the start codon corresponding to
the E. typhina mcf model gene along with the first intron but had an in frame start
codon soon afterwards (E. typhina ATC 200736). An alignment of all these genes

identified variation in sequence throughout the gene (Figure 3.13, and Appendix 20).

E. amarillans strains, E. aotearoae, E. brachyelytri, E. bromicola AL04262 strain, E.
glyceriae, and E. mollis, all contain genes annotated like the E. typhina mcf model gene
and therefore are predicted to produce proteins that are similar to the E. typhina Mcf
model protein. E. bromicola AL0434, E. elymi, E. gansuensis, and E. typhina subsp.
Poae E5819, are predicted to produce protein products with the N-terminal region of
the E. typhina Mcf model protein present but with varying degrees of the central and
C-terminal regions of the E. typhina Mcf model protein present. E. baconii is predicted
to produce a protein product that is very similar to the E. typhina Mcf model protein
but with a slight extension at the C-terminal end. Finally, E. typhina ATC 200736 is
predicted to produce a protein product without the N-terminal region of the E. typhina
Mcf model protein. Alignment of all these proteins identified that most of the variation
in sequence occurred at both the N- and C- terminal ends (Figure 3.13, and Appendix

21).
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Figure 3.12: Analysis of the predicted makes caterpillars floppy (mcf) gene structure in
a range of Epichloé festucae strains. The E. typhina gene model is highlighted in a red
box (Ambrose et al., 2014). The gene is represented by a solid line, with transcript
overlaid as an arrow with gaps as introns, black sections as translated regions and grey
sections as not translated regions. The brown boxes highlight sequences conserved
with intron 1 in E. typhina model gene but no longer function as an intron due to
mutations. Nucleotide changes are represented by circles, with the number as well as
insertion (+) or deletions (-) inside the shape. The start codons are annotated.
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Figure 3.13: Analysis of the predicted makes caterpillars floppy (mcf) gene structure in
a range of Epichloé species. The E. typhina gene model in highlighted in a red box
(Ambrose et al., 2014). The gene is represented by a solid line, with transcript overlaid
as an arrow with gaps as introns, black sections as translated regions and grey sections
as not translated regions. The brown boxes highlight sequences conserved with the
intron in E. typhina model gene but no longer functional as an intron due to mutations.
Nucleotide changes are represented by circles, with the number as well as insertion (+)
or deletions (-) inside the shape. The start codons are annotated.
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3.2.3 Analysing the location of the mcf gene within the Epichloé genus through
bioinformatics

The expression of only the E. typhina mcf model gene under an inducible promoter in
E. coli successfully established CC bioactivity (Ambrose et al., 2014). The bioactive is
therefore produced by a single gene i.e. does not require additional genes for
synthesis and/or is not modified by additional genes. This is also observed for the
bacterial Mcf proteins however these genes are associated/cluster with other genes
involved in transportation and/or transcription regulation (Daborn et al., 2002,

Péchy - Tarr et al., 2008, Waterfield et al., 2003). Bioinformatics analysis of the mcf
gene genomic location was therefore performed on all strains analysed in this study to
investigate whether the Epichloé mcf gene is within a cluster or associated with other

important genes (Method 2.4.1)

The completely assembled FI1 genome, which has been annotated using the E2368
version 3 gene models (EfM3.0) as well as RNA sequencing data from a range of wild
type (WT) and mutant strains, was used as the genome reference (Winter et al., 2018,
Schardl et al., 2013c). The BLASTx analysis provided by the online database (Schardl et
al., 2013c) was used to identify the genes surrounding mcf as encoding for a
cytokinesis inhibitor, tRNA methyltransferase, extracellular protein, cell wall protein,

tRNA release factor, and hypothetical protein respectively (Figure 3.14).

The location of these FI1 mcf surrounding genes was then analysed in the Epichloé
strains used in this study (Results 3.2.1 and 3.2.2). All strains contained all of the
surrounding genes, although in some genomes the genes were spread across up to
three scaffolds. This is due to fragmentation of the genome assemblies. Within each
scaffold the orientation and order was conserved. The predicted functionality of each

individual gene was not analysed (Figure 3.15).
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B) Gene Model number Size (bp) BLASTx
-3 EfM3.036480 3447 Putative cytokinesis inhibitor byrd4 [Metarhizium acridum COMa 102]
-2 EfM3.036470 2318 tRNA (cytosine-5-)-methyltransferase NCL1 [Metarhizium anisopliae ARSEF 23]
-1 EfM3.036460 1610 Extracellular protein [Glomerella graminicola M1.001]
0 EfM3.036450 5587 Mcf2 [Xenorhabdus nematophila ATCC 19061]
+1 EfM3.036440 1125 Cell wall protein [Metarhizium anisoplize ARSEF 23]
+2  EfM3.048950 1376 Mitochondrialtranslation release factor [Grosmannia clavigera kw1407]
+3  EfM3.048%40 1497 Hypothetical protein MAA_08063 [Metarhizium anisopliae ARSEF 23]

Figure 3.14: Identification of genes surrounding makes caterpillars floppy (mcf) within the Epichloé festucae FI1 genome of chromosome
7. A) Screenshot of a 50 kb genomic area around mcf EfM3.036450 (red box) with the following characteristics highlighted; GC content,
BLASTx genes, lllumina RNAseq reads, and M3 models. The genes selected for further analysis are -3 EfM3.036480, -2 EfM3.036470, -1

EfM 3.036460, +1 EfM3.036440, +2 EfM3.048950, and +3 EfM3.048940 (blue boxes). B) Table of the BLASTx hits and gene sizes of the

selected genes in (A).

106



Chapter three: Results

A)
B
Species Strain Chromosome/Contig/Scaffold (genes)
E. festucae Fl1 7(-3,-2,-1, 0,+1,+2,+3)
E. festucae EZ368 85(-3,-2,-1,0,+1) 132(+2,+43)
E. festucae Fgl 151918(-3,-2) 149961(-1, 0,41,+2,43)
E. festucae var lolli AR48 266(-3,-2,-1) 344(0,+1,+2,43)
E. festucae var lolli AR1 6(-3,-2,-1,0,+1,+2,+3)
E. festucae var lolli AR37 203244(-3,-2) 200652(-1,0) 200958(+1, +2,+3)
E. amarillans E57 80(-3,-2,-1,0,+1,+2,43)
E. gotearoae MYA-1229 147(-3,-2,-1) 267(+1,+2,+3)
E. baconii ATC 200745 34(-3,-2,-1,0,+1,+2,+43)
E. brachyelytri E4804 396(-3,-2,-1,0,+1) 570(+2,+3)
E. bromicola AL04262 242(-3,-2,-1) 237(0) 204(+1,+2,43)
E. elymi Atec 201551 187(-3,-2,-1) 187(-1, 0,+1,+2,+3)
E. gansuensis e7080 43(-1,-2,-3) 41(0,+1, +2,43)
E. glyceriae ATCC 2000747 43(-3,-2,-1,0,+1,+2,+3)
E. inebrians MTA-1228 350(-1,-2,-3) 361(0) 716(+1,42,43)
E. mollis AL9924 3(-3,-2,-1,0,+1,+2,+3)
E. typhina ATCC 200736  463(-1,-2,-3) 262(0,+1) 626(+2,+3)

Figure 3.15: Analysis of makes caterpillars floppy (mcf) syntony in Epichloé. A) Schematic of the gene structure around mcfin Epichloé
festucae FI1 genome of chromosome 7. B) Analysis of syntony from a range of Epichloé strains with chromosome/contig/scaffold
indicated followed by gene present and order in brackets with orientation indicated by bold genes being on the reverse strand. Genes (-3
EfM3.036480, -2 EfM3.036470, -1 EfM 3.036460, 0 EfM3.036450 (mcf), +1 EfM3.036440, +2 EfM3.048950, and +3 EfM3.048940)
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3.2.4 Analysing the distribution, functionality, and location of the mcf gene outside
the Epichloé genus through bioinformatics

Outside Epichloé, mcf/P. fluorescens insect toxin (fitD) is commonly identified in
bacterial species such as Photorhabdus, Xenorhabdus, and Pseudomonas (Ruffner et
al., 2015). To understand the full extent of the mcf gene distribution and functionality,
bioinformatics was used to identify and then predict the functionality of mcf gene/s

outside the Epichloé genus but within the fungal kingdom (Method 2.4.1).

NCBI searches using the model E. typhina mcf model gene and protein sequences did
not identify any mcf genes in fungal genomes apart from Epichloé. However, Dupont
(2017) identified four other fungal species with mcf genes: Aspergillus flavus,
Metarhizium species, Neonectria ditissima, and Phlebiopsis gigantean. Unfortunately,
the paper did not provide gene or genome reference identifiers and so the genes
where identified by repeating their methodology i.e. the listed species were searched
against the JGI MycoCom database to identify available strains, and then the E. typhina
Mcf model protein sequence was analysed by tBLASTn against these strains. Only N.
ditissima R0O905 (NCBI accession KPM41439.1), and P. gigantea 11061_1 CR5-6 (NCBI
accession KIP08609.1) genomes had mcf gene hits while A. flavus NRRL3357, M.
robertsii ARSEF 23 and M. acridum CQMa 102 searches did not result in an obvious mcf

gene hits (Figure 3.16).

These mcf genes from N. ditissima and P. gigantea were then annotated and
corresponding proteins predicted (Method 2.4.1). The N. ditissima mcf gene is slightly
larger than the E. typhina mcf model gene (6,145 bp) at 6,334 bp with one intron,
which is not conserved in E. typhina mcf model gene, and produces a 2,090 aa protein.
The P. gigantea mcf gene is also slightly larger than E. typhina mcf model gene (6,145
bp), though smaller than N. ditissima mcf gene (2,090 bp), at 6,264 bp with two
introns, which are both conserved in E. typhina mcf model gene, and produces a 2,048
aa protein. When the two mcf genes and predicted proteins were aligned to the E.
typhina mcf model gene and Mcf model protein sequences, P. gigantea and E. typhina
model had the highest gene and protein sequence identities (55.3% and 39.5%

respectively) then N. ditissima and E. typhina model (52.0% and 28.8% respectively).
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The N. ditissima gene and protein sequence was more similar to E. typhina model gene

then P. gigantea (Figure 3.16, and Appendix 22).

The same bioinformatics analysis was performed using the six genes that have been
identified surrounding mcf in the Epichloé to indicate if syntony has been conserved
outside Epichloé genus (Method 2.4.1, and Results 3.2.3). A. flavus and M. robertsii
both contained genes -3, -2, +2, and +3, with M. robertsii containing +1 in addition. The
coverage (%) and identity (%) for all of these identified genes were at least 94% for
both parameters, except for +2 A. flavus at 74% coverage and an E values of 0.0. For N.

ditissima and P. gigantean, searches did not result in any obvious gene hits (Table 3.5).
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Figure 3.16: Identification of other fungal makes caterpillars floppy (mcf) genes outside Epichloé. A) Gene annotated for exons (black
arrow) and introns (gaps) and translated protein (below) with domains predicted by InterPro scan (grey box). B) Pair wise alignments
between mcf and Mcf like sequences with identity (%). Black box is an alighment between the same gene and grey box is a repeat
alignment.
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Table 3.5: Location of makes caterpillars floppy (mcf) in the genomes of fungi outside the Epichloé genus using reference genes as

location markers

BLASTn(")/BLASTp{*)

Coverage |dentit
Strain Gene  5ize (bp) Location Orientation rag v E value
(%) (%)
5 2004 AAIH02000400.1 N/A Aspergillus flavus NRRL3357 oytokinesis regulator og 100 0.0
! ’ (Byrd), putative (AFLA_DD7210), partial mRNA ’
Aspergillus flavus NRRL3357 S-adenosylmethionine-
f-:« -2 2,256 AAIHOZ000035.1 M/A dependent methyltransferase superfamily domain- 100 100 0.0
E containing protein (AFLA_D24870), partial mANA
:E Aspergillus bombycis peptide chain release factor 1
+2 1597 AAIHDZ000334.1 M/A . 74 o3 0.0
(ABOM_011014), partial mRMNA
Aspergillus bombycis hypothetical protein
+3 1,157 AAIHDZ000344.1 M A . o1 o4 0.0
(ABOM_D09693), partial mRMNA
Metarhizium robertsii ARSEF 23 cytokinesis regulator
-3 3,086 ADMNID2000001.1 +ve 100 100 0.0
mRMNA
Metarhizium brunneum ARSEF 3297 tRMA (cytosine-5-
-2 1,280 ADMNID2000001.1 -ve . 100 o9 0.0
f__l J-methyltransferase NCL1 partial mRMNA
% Metarhizium robertsii ARSEF 23 cell wall
a +1 EBS ADMIO2000002.1 M A galactomannoprotein Mp2/allergen F17-like protein 100 100 0.0
= mRMA
+2 1253 ADNNZ000004.1 sve Metarhizium robertsii ARSEF 23 Peptide chain release 9 200 0.0
factor class I/class Il mRNA
Metarhizium robertsii ARSEF 23 hypothetical protein
+3 1,413 ADMNID2000004 .1 -ve o4 100 0.0
mRMNA
Makes caterpillars flo rotein [Epichloe typhina
M. ditissima * 0 2,080 - M A P PRV P [Ep tve 29 31 0.0
subsp. poae)
Makes caterpillars flo rotein [Epichloe typhina
P gigantea* O 2,048 . N/A P ey p [Ep tvp 97 a0 0.0

subsp. poae)

Note: Genes (-3 efM3.036480, -2 efM3.036470, -1 efM 3.036460, 0 efM3.036450 (mcf), +1 efM3.036440, +2 efM3.048950, and +3 efM3.048940)
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3.2.5 Analysing domain composition of Mcf/FitD proteins through bioinformatics
The mcf gene is present in all strains analysed throughout the Epichloé genera and in
two other fungal species N. ditissima and P. gigantean as well as the bacterial species
Photorhabdus, Xenorhabdus, and Pseudomonas (Results 3.2.1, 3.2.2, and 3.2.4)
(Dowling & Waterfield, 2007). However, there are slight variations in gene annotations
and therefore corresponding predicted protein products. To understand the
functionality of these Mcf proteins, the domain composition from a selection of
Epichloé strains as well as N. ditissima and P. gigantean were analysed using online
tools that utilize either the primary (Pfam or InterPro Scan) or secondary (Phyre2 or
Hhpred) protein structure (Method 2.4.1). In addition, a range of Mcf/FitD proteins

from literature were included in this analysis as controls (Table 3.6).

Table 3.6: Characteristics of published Mcf/FitD proteins

Species Bacteria (B)/ Protein Size (a.a) Domains Reference
Fungus (F)
Fungi
Epichloé festucae var lolii AR48 F Mcf 1,992 (‘Hﬁﬁ'; b2 This study
Epichloé festucae Fl1 F Mcf 1,844 CPb 1‘/(.1-‘1),2 This study
/TMD
Neonectria ditissima F Mcf 2,090 kb 1‘/(.1-‘1)3 This study
JTMD
Phlebiopsis gigantean F Mcf 2,048 CPD l‘f(.I-‘DZ This study
JTMD
(Ambrose,
Epichloé typhina subsp Poae Ps1 F Mcf 1,996 mvp  Koppenhof
eretal.
2014)
Bacteria
. (Dowling,
FPhotorhabdus luminescens B Mcfl 2,929 Bllij"ll‘)l;\-’le Waterfield
etal. 2007)
. (Waterfield
HRM/TMD
Photorhabdus luminescens B Mcf2 2,388 qu / , Daborn et
al. 2003)
(Péchyd T
Pseudomonas fluorescens B FitD 3,003 GT/TMD arr, Bruck
etal 2008)
_ (Agarwal,
Vibrio vulnificus B MCFlike 502 Cpp/TMD  Agarwal et
domain )
al. 2015)

GT: Glycosyltransferase domain; CPD1/2: Cysteine protease domain 1 or 2; TMD:
Transmembrane domain, Mcf: makes caterpillars floppy, and fitD; P. fluorescens insect toxin
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Pfam and InterPro scan both predicted the presence of a central transmembrane

domain (TMD) similar to the Clostridium difficile TcdA and TcdB TMD (pfam12920 and

IPR024769) for all Mcf/FitD protein sequences, and at similar locations between each

sequence and between tools. No other domains were predicted using either tool

(Table 3.7 and Figure 3.17).

Table 3.7: Makes caterpillars floppy (Mcf)/ P. fluorescens insect toxin (FitD) protein
domain predictions using online tools that predicts using primary protein structure.

Endophyte Protein Domain Range (a.a) Accession E value
Pfam

E. festucae var Mcf TcdA TcdB pore 703-1324  pfam12920 1.22E-174
lolii AR48

E. festucae Fl1 Mcf TcdA TcdB pore 555-1176  pfam12920 2.24E-173
E.typhina subsp  Mcf TcdA TcdB pore 701-1319 pfam12920 5.44E-151
Poae Psl

N. ditissima Mcf TcdA TcdB pore 707-1328 pfam12920 2.46E-179
P. gigantea Mcf TcdA_TcdB _pore 706-1346  pfam12920 1.56E-120
P. luminescens Mcf1l TcdA _TcdB pore 1616-2249 pfam12920 0.00E+00
P. luminescens Mcf2 TcdA _TcdB pore 1011-1648 pfam12920 0.00E+00
P. fluorescens FitD TcdA TcdB pore 1618-2250 pfam12920 0.00E+00
Interpro

E. festucae var Mcf TcdA TcdB pore 702-1353  IPR024769 N/A

lolii AR48

E. festucae Fl1 Mcf TcdA_TcdB pore 554-1205  IPR024769 N/A
E.typhina subsp  Mcf TcdA _TcdB pore 706-1357  IPR024769 N/A

Poae Ps1

N. ditissima Mcf TcdA_TcdB _pore 710-1383  IPR024769 N/A

P. gigantea Mcf TcdA_TcdB pore 705-1354  IPR024769 N/A

P. luminescens Mcf1 TcdA TcdB pore 1617-2276 [PR024769 N/A

P. luminescens Mcf2 TcdA TcdB pore 1012-1675 [PR024769 N/A

P. fluorescens FitD TcdA TcdB pore 1619-2277 IPR024769 N/A

Both Phyre2 and Hhpred predicted the presence of the same central TMD as Pfam and

InterPro Scan (c4r04A/4r04A) in all Mcf/FitD proteins, and at similar locations between

each sequence and between tools. In addition, Phyre2 also predicted the presence of

two N-terminal cysteine protease domains (CPD1 and CPD2) (d1hgOa and d1ukfa

respectively) for all proteins, except for E. festucae FI1 Mcf and P. fluorescens FitD

which did not have a CPD1 predicted to be present. These domains are in similar
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locations between each protein sequence. The only other domain predicted to be
present was a signalling domain (SD) (Epichloé: c3ilaG and Photorhabdus: c4rswB) that
was identified at the C-terminus for E. festucae AR48 Mcf, at the C-terminus for E.
typhina Mcf model, and at the N-terminus for P. luminescens Mcf2 (Table 3.8 and

Figure 3.17).

Only the TMD was predicted for the control strains; E. typhina Mcf model, P.
fluorescens, and P. luminescens. Literature also predicts BH3 (Bcl-2 domain three)
domain, HrmA domain, RTX-like domains (Repeat-in-toxin), and glycosyltransferase
domain for these proteins (Dowling & Waterfield, 2007). None of these domains were
predicted during this bioinformatics analysis. However, the CPD1 and CPD2 were
predicted to be present for these proteins and at a similar position as the literature
predicted domains, except for P. fluorescens which did not have the CPD1 predicted to

be present (Table 3.6, and 3.8, and Figure 3.17).
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Table 3.8: Makes caterpillars floppy (Mcf) and P. fluoresces insect toxin (FitD) protein domain predictions using online tools that predicts
using secondary protein structure.

Endophyte Protein Domain Range (a.a) Model number Confidence (%) Coverage( %) E value

Phyre2

E. festucae var  Mcf Clostridium difficile toxin a (tcda) 690-1597  c4r04A_ 100 N/A N/A

lolii AR48
Cysteine proteinases 546-632 diukfa_ 96.9 N/A N/A
CNF1/¥fiH-like putative cysteine hydrolases 14-137 d1hgODa_ 85.1 N/A N/A
Signaling protein 1945-1966 c3ilaG_ 486 N/A N/A

E. festucae Fi1 Mcf Clostridium difficile toxin a (tcda) 542-1449  c4r04A_ 100 N/A N/A
Cysteine proteinases 399-484 diukfa_ 96.8 N/A N/A

E.typhina subsp  Mcf Clostridium difficile toxin a (tcda) 688-1601  c4r04A_ 100 N/A N/A

Poae Ps1
Cysteine proteinases 551-643 diukfa_ 96.4 N/A N/A
CNF1/¥fiH-like putative cysteine hydrolases 34-136 d1hgODa_ 93.2 N/A N/A
Signaling protein 1949-1968 c3ilaG_ 56.7 N/A N/A

N. ditissima Mcf Clostridium difficile toxin a (tcda) 675-1642  c4r04A_ 100 N/A N/A
Cysteine proteinases 598-647 diukfa_ 95.6 N/A N/A
CNF1/¥fiH-like putative cysteine hydrolases 137-173 d1hgODa_ 66.9 N/A N/A

P. gigantea Mcf Clostridium difficile toxin a (tcda) 694-1598  c4r04A_ 100 N/A N/A
Cysteine proteinases 560-623 diukfa_ 96.3 N/A N/A
CNF1/¥fiH-like putative cysteine hydrolases 103-142 d1hgODa_ 89.2 N/A N/A

P. luminescens Mcf 1  Clostridium difficile toxin a (tcda) 1609-2532 c4rD4A_ 100 N/A N/A
Cysteine proteinases 1407-1551 dilukfa_ 91 N/A N/A
CNF1/¥fiH-like putative cysteine hydrolases 1011-1050 dihqgOa_ 67.3 N/A N/A

P. luminescens Mcf2  Clostridium difficile toxin a (tcda) 1004-1931 c4rD4A_ 100 N/A N/A
Signaling protein 44-204 clrswB_ 100 N/A N/A
Cysteine proteinases 801-946 diukfa_ 95.9 N/A N/A
CNF1/¥fiH-like putative cysteine hydrolases 405-444 d1hgODa_ 65.1 N/A N/A

P. fluorescens FitD Clostridium difficile toxin a (tcda) 1611-2537 c4ArD4A_ 100 N/A N/A
Cysteine proteinases 1465-1560 dilukfa_ 100 N/A N/A

Hhpred

E. festucaevar ~ Mcf Toxin A; Glucoslytransferase 438-1425 4R04_A N/A 100 1.10E-103

lolii AR48

E. festucae Fi1 Mcf Toxin A; Glucoslytransferase 290-1277 4R04_A N/A 100 1.60E-107

E.typhina subsp  Mcf Toxin A; Glucoslytransferase 442-1429  4R04_A N/A 100 2.30E-107

Poae Ps1

N. ditissima Mcf Toxin A; Glucoslytransferase 470-1459  4R04_A N/A 100 3.80E-114

P. gigantea Mcf Toxin A; Glucoslytransferase 439-1429  4R04_A N/A 100 1.30E-107

P. luminescens Mcf1  Toxin A; Glucoslytransferase 1285-2344 4R04_A N/A 100 6.30E-135

P. luminescens Mcf2  Toxin A; Glucoslytransferase 679-1743  4R04_A N/A 100 4.90E-110
HopAl; signaling protein 31-291 4RSW_A 99.9 5.30E-27

P. fluorescens FitD Toxin A; Glucoslytransferase 1287-2348 4R04_A N/A 100 2.10E-135
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E. festucae var lolii AR48 mcf

E. festucae FI1 mcf

E. typhina subsp Poae Ps1 mcf

N. ditissima mcf

P. gigantea mcf

P. luminescens mcf1

P. luminescens mcf2

P. fluorescens fitD

Figure 3.17: Domain analysis of makes caterpillars floppy (Mcf) and P. fluoresces insect toxin (FitD) proteins using online tools (Pfam,
InterPro Scan, Phyre2 or Hhpred) in a range of species. Black arrow is the protein. Red box is domain/s predictions identified by all online
tools. Orange box is domain/s predictions identified by some of the online tools. Yellow box is domain/s predictions identified by one
online tool. CPD1/2: Cysteine protease domain 1 or 2, TMD: transmembrane domain, S: Secretion signal.
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3.2.6 Analysing the potential bioactivity of Mcf through reverse genetics of Epichloé
festucae Fg1

From the bioinformatics analysis, both AR48 and Fgl appear to be the only E. festucae
strains analysed in this study that contain an equivalent E. typhina mcf model gene and
therefore produce an equivalent E. typhina Mcf model protein. This Epichloé allele will
be referred to as AR48 allele. The remaining analysed E. festucae strains have either an
allelic variant, this Epichloé allele will be referred to as FI1 allele, and/or a non-
functional mcf gene therefore the bioactivity potential of the produced Mcf protein is
unknown (Results 3.2.1). In addition, AR48 has confirmed presence of CC bioactivity,
while AR1 and AR37 have confirmed absence of CC bioactivity; these strains have AR48
possibly non-functional allele or FI1 possibly non-functional respectively (Introduction
1.1.3). There is therefore a correlation between the presence of a functional AR48 mcf
gene/Mcf protein and CC bioactivity. In addition, Mcf has been directly linked to CC

bioactivity through an artificial CC trial (Ambrose et al., 2014).

Biological activity is typically linked to specific genes by first deleting the gene of
interest (gene deletion, A), which should result in abolishment of bioactivity, and then
reintroducing the gene back into the A (complementation, COMP), which should result
in re-establishment of bioactivity (Scott et al., 2012). Although AR48 is the logical strain
of choice because of the demonstrated bioactivity against CC it is very slow growing
and intractable to genetic manipulation (Introduction 1.1.3). Therefore the fast
growing strain Fgl, which shares a close common ancestor to AR48 and has the same

alkaloid profile as AR48 was used (Results 3.1).

Two different plasmids were used in an attempt to delete the mcf gene in Fgl through
homologous recombination (Method 2.4.26 and 2.4.27). pTMO03 was designed to
delete the whole Fgl mcf gene i.e. approximately 6 kb. However mis-annotation of
AR48/Fgl mcf meant that the start of the gene was still present in the Fgl genome
after the recombination event i.e. the first few amino acids either side of the first
intron (Appendix 23). pTMO5 was designed to delete approximately 2 kb from the start
of the Fgl mcf gene removing the start of translation. This second plasmid was

designed as deletions of smaller regions typically occur at higher rates. In this second
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construct both the mis-annotated and gene model start sites will be deleted (Figure
3.19, and Appendix 24). Plasmid pTMO03 or pTMO5 was linearized with the restriction
enzyme Small and gel purified before being transformed in WT Fgl fungal protoplast.
Transformants were selected by plating the transformed protoplast mixture on
hygromycin. Hygromycin resistant colonies were subsequently nuclear purified to
generate homokaryons for molecular analysis. Gene deletions were identified from
ectopic integrations through PCR screening across the deleted region, which results in
difference in product size, typically a smaller WT ectopic band and a larger Amcf band.
Putative Amcf are then confirmed using Southern analysis (Method 2.3.4, 2.4.9, 2.4.17,
2.4.21,2.4.22,2.4.25, and 2.4.31 to 2.4.37).

For the pTMO3 transformation 86 transformants were screened using multiplex PCR as
the deleted region is much larger than the replacement resistance gene (Method
2.4.21). The first set of primers amplified outside and across the hygromycin resistance
gene and the second set of primers amplified within the deleted region. All
transformants produced both products indicating that the resistance gene was
ectopically integrated. For the pTMO5 transformation 323 transformants were
screened using PCR. This time the deleted region was small enough to distinguish Amcf
strains through amplification outside and across the hygromycin resistance gene

(Figure 3.18 and 3.19).

One heterokaryon transformant (Fgl TMO5 #117) was identified i.e. both smaller Amcf
and larger WT products produced. This transformant was purified through spore
purification (Method 2.4.10). PCR products were successfully amplified outside and
across both borders and no product was produced when amplified within the deleted
region. Finally, the transformant was confirmed as a knock-out (KO) through Southern
blotting. When the Fgl WT genomic DNA was digested using BamH1 and probed with
the digoxigenin (DIG)-11-dUTP labelled linearized pTMO5, a 6 kb band was observed.
The creation of the gene deletion adds a BamH1 cut site as well as increases the size of
this region. The #117 transformant is therefore a “true” Amcf strain as 5.2 kb and 1.1
kb bands were present as a result of the added cut site. The 6.3 kb band was present

as a result of incomplete digestion, however this could occur for both WT and Amcf
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digests. The 3.4 kb band was universal for both WT and Amcf as this region is not
affected by the homologous recombination event. The two additional bands between
sizes 2.7 kb and 2.8 kb are most likely ectopic integrations as the bands are not present
in the WT and are not larger than the inserted site e.g. 6.3 kb, which would result from

tandem integration (Figure 19 and 20, and Appendix 26).

The in culture morphologies were analysed for the Fgl Amcf at both the macroscopic
and microscopic (Method 2.4.15 and 2.4.16) level. The Fgl WT strain was used as the
control. For in culture macroscopic morphology, Fg1l WT and Fgl Amcf strains size and
morphology was comparable, with both strains forming rough white fluffy filamentous
colonies. For in culture microscopic morphology, Fgl WT and Fgl Amcf strains again
were comparable with both strains forming normal hyphal tips, forming branch points,

bundles, coils, and conidia (Figure 21).

3.2.7 Analysing the potential bioactivity of Mcf through reverse genetics in Epichloé
festucae var lolii AR1 and Epichloé festucae var lolii AR37

As an alternative approach, due to the complications in initially making an Fgl Amcf
strain, AR1 and AR37 were both transformed with a functional AR48 mcf gene
(Method 2.4.9, and Results 3.2.6). AR1 has an AR48 possibly non-functional allele while
AR37 has a FI1 possibly non-functional allele, and both have confirmed absence of CC
bioactivity (Introduction 1.1.3, and Results 3.2.1). The advantage of complementation
is that the plasmid integrates ectopically through non-homologous recombination that
occurs at a much higher rate than homologous recombination. However, the plasmid
integrates at random loci and multiple times. This affects the overall transformed gene

expression level and can cause disruption of other important genomic regions.

Protoplasts of AR1 and AR37 were transformed with pTMO04 using the same method
used to create gene deletions (Results 3.2.6). pTM04 was designed to contain the AR48
mcf coding region as well as 2 kb extensions at both the 5’ and 3’ ends as promoter
and terminator respectively. As this plasmid did not encode for a selectable maker, the
protoplasts were co-transformed with pDB48 that contains the hygromycin resistance

gene. The AR1 and AR37 transformants were screened using PCR. To target the
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introduced AR48 mcf gene, and not the AR1/AR37 WT gene that was still present,
primers were designed to amplify across the borders between the backbone and gene
of the ectopically integrated pTMO04. (Method 2.3.4, 2.4.21, 2.4.22, and 2.4.28, and
Appendix 23, 27, and 28).
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Figure 3.18: Strategy for deletion of the whole Epichloé festucae Fgl makes caterpillars floppy (mcf) gene. (A) Physical map of wild type
mcf genomic locus. (B) Physical map of the linear insert of the mcf replacement construct pTMO03. (C) Physical map of the Amcf deletion
mutant locus. The black box is mcf with introns as gaps. The homologous regions are in light grey boxes. The red box is the hygromycin

(hph) selectable marker, and the promoter/terminator are in brackets.
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Figure 3.19: Strategy for deletion of the 5’ end of the Epichloé festucae Fgl makes caterpillars floppy (mcf) gene. (A) Physical map of wild type mcf
genomic locus. (B) Physical map of the linear insert of mcf replacement construct pTMO05. (C) Physical map of the Amcf deletion mutant locus. The
black box is mcf with introns as gaps. The homologous regions are in dark grey boxes. The regions where the digoxigenin (DIG)-11-dUTP labelled linear
pTMOS5 insert probe binds are in light grey boxes. The red box is the hygromycin (hph) selectable marker, and the promoter/terminator are in
brackets. The restriction cut sites for the BamH1, used for the Southern blot, are indicated in purple with corresponding fragments with sizes in purple
lines below.
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Fg1 #117 fitD KO
Fg1WT Fg1WT

#1 #2 #3

Figure 3.20: NBT/BCIP strained Southern blot of BamH1 genomic digest (1 ug) of
Epichloé festucae Fgl wild type (WT) and makes caterpillars floppy (mcf) gene deletion
(Amcf )(#117) strains probed with digoxigenin (DIG)-11-dUTP linear pTMO5 insert
probe. The ladder is 1 kb plus with the 1.6 kb band as a reference. 1#, 2#, and 3# refer
to three spores isolated from the same transformant (#117). WT complete digest with
BamH1: 6.0 kb and 3.4 kb. Amcf complete digest with BamH1: 5.2 kb, 3.4 kb, and 1.1
kb.
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A Fg1WT Fg1 Amcf
B) Fg1 WT Fg1 Amcf
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Figure 3.21: Culture phenotype of Epichloé festucae Fgl wild type (WT) and makes
caterpillars floppy (mcf) gene deletion (Amcf) strains. A) Colony morphology of Fgl WT
and Amcf strains grown on 2.5% PD agar at 22°C for 7 days. B) Fluorescent images
captured by inverted microscopy of hyphae grown for 7 days on 2% water agar plates
and stained with Calcofluor white. Bar= 20 um. Arrows indicate branch points, stars
indicate conidia and hash-tags indicate coils.
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3.3 Test the insect bioactivity capabilities of Epichloé festucae var lolii

AR48 and Epichloé festucae Fgl infected ryegrass

A comprehensive analysis of the alkaloid profile of both AR48 and Fgl identified two
compounds that might be the bioactives responsible for stem boring fly (SBF-
Cerodontha australis) and/or cutworm moth caterpillar (CC-Agrotis ipsilon) bioactivity
observed in AR48 infected plants (Introduction 1.1.3). The first compound is the new
indole-diterpene (IDT) compound three that is unique to AR48 and Fgl and was
identified from an analysis of IDTs in grass samples infected with these strains (Results
3.1). The second product is an endotoxin encoded makes caterpillars floppy (mcf),
which was previously identified by Ambrose et al (2014) to be present in Epichloé and
shown to have CC bioactivity. Out of the E. festucae strains analysed in this study, only
AR48 and Fgl genomes contained functional mcf gene that were the same mcf allele
as Ambrose et al (2014) bioactive mcf gene. Both products are therefore unique to
AR48 and Fgl, in relation to the E. festucae strains analysed, and therefore good
candidates for the unique insect bioactivity. Insect trials involving endophyte infected
ryegrass material and insects captured from the New Zealand environment were

carried out to investigate the bioactive potential of these two products.

3.3.1 Design and perform a stem boring fly (Cerodontha australis) whole plant choice
bioactivity trial on a range of wild type Epichloé-infected ryegrass

During an Argentine stem weevil (ASW-Listronotus bonariensis) field trial in New
Zealand, which involved a range of Epichloé infected ryegrass plants, SBF protection
was observed only in ryegrass plants infected with AR48 or AR47 that presented with
fewer insect damaged tillers and/or insect killed tillers then the other endophyte
infected plants (Introduction 1.1.3). This SBF bioactivity was confirmed in subsequent
SBF trials (Alison Popay, AgResearch; personal communication). A SBF whole plant
choice (SWPC) trial was set up at Grasslands AgResearch Palmerston North to confirm
these results (Method 2.5.3). The strains tested in this SBF whole plant choice (SWPC)
trial were AR48 and the closest related strain (by simple sequence repeat (SSR)
analysis) AR47, the two commercial strains AR1 and AR37, and the control strain

common toxic (CT) and endophyte—free (nil) (Results 3.1.1). In preparation for the
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SWPC trial, 20 infected plants of each endophyte strain were trimmed to a length of
approx. 15 cm, and grouped into replications with one endophyte strain infected plant
per replication. The replications were then randomised, and covered with a netted
bag. At the start of the trial, SBF adults were captured from surrounding AgResearch
Grasslands (Palmerston North) fields using a net, sorted and sexed at Massey
University Drosophila Laboratory, and then added to the netted plants with 20 male
and 20 female flies per replication. The plants were then bottom watered for 6 weeks
over one breeding cycle to give time for eggs to be laid in the tillers, hatch, and the
emerging larva to feed on the inner tissue before pupating at the base. The plants
were then uncovered and assessed for damage based on the presence of mines (tiller
damage), presence of pupae, and pupae collected to assess fly emergence (Figure

3.22).

Both the control strains CT and nil plants had the presence of mines and pupae, with
pupa successfully emerging when collected into Eppendorf tubes. For both strains
approximately 40% of the tillers per plant had insect damage in the form of a mine
with typically one mine per tiller. Again for both strains, nearly 100% of the mines
contained a pupa, and approximately 80% of the collected pupae emerged. Both
commercial strains AR1 and AR37 infected plants sustained insect damage at similar
levels as the CT and nil plants, and the remaining parameters tested were also at
similar levels as the CT and nil plants. AR48 and AR47 infected plants sustained little to
no insect damage i.e. approximately 2% of tillers per plant had insect damage. This
difference was statistically significant. For AR47 the tillers with mines did have pupae
present at similar levels to CT, nil, AR1 and AR37, and the pupae present did emerge at
similar levels to CT, nil, AR1 and AR37. AR48 had statistically fewer pupae per mine
than all other strains and statistically fewer emerging pupae per mine then all other

strains apart from AR47 (Figure 3.23).
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I d ‘ i f ‘ . :
Figure 3.22: Stem boring fly (SBF-Cerodontha australis) whole plant choice trial (SWPC) set up. A) One replication containing 6 plants
covered with netting that is supported by a wire. B) All 20 replications in the glasshouse. C) Side view of a SBF. D) Male SBF (Left) and SBF
fly (Right). E) Larva/caterpillar in ryegrass tiller with surrounding leaf damage (mine).
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Figure 3.23: Stem boring fly (SBF-Cerodontha australis) whole plant choice trial (SWPC) results. A range of E. festucae strains infected into
ryegrass were assessed for bioactivity by exposing the 20 plants of each endophyte type, one plant of each endophyte per replication
with 20 male and 20 female SBF added to each replication, over the breeding season for 6 weeks in a glasshouse. A) Tiller damage
inflected by feeding larvae that form mines. B) The presence of pupae at the base of each mine. C) The ability of the adult fly to hatch
from the pupae, assessed by collecting the pupae in Eppendorf tubes (*only the first 10 replications were assessed). Statistics were done
by one-way analysis of variance (ANOVA) using GenStat 17th edition (VSN International). All results presented are averages of 20
replications. CT= Common toxic. Nil= no endophyte present.
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3.3.2 Design and perform a cutworm moth caterpillar (Agrotis ipsilon) whole plant
choice bioactivity trial on a range of wild type Epichloé-infected ryegrass

Two separate laboratory CC trials both conducted at Purdue University in the USA, also
identified CC bioactivity in only AR48 and AR47 infected ryegrass (Introduction 1.1.3).
Again, a whole plant choice trial was set up at Grasslands AgResearch in an attempt to
replicate this CC bioactivity (CWPC) (Method 2.5.6). The same experimental design
used for the SWPC trial was used in CWPC trial, but with the addition of E. festucae
strains FI1 and Fgl; both of these strains are predicted to have functional copies of mcf
but with Fgl containing a AR48 mcf allele and Fl1 containing a FI1 mcf allele. In
addition, only Fgl infected ryegrass contains the new IDT compound three (Results
3.1). CC were obtained by catching cutworm moths (CM) using a light trap with
hatched caterpillars raised on detached dock leaves. As for SBF, 20 replications were
set up with plants prepared in the same manner but with the addition of counting the
number of tillers per plant before the start of the trial. To each replication, 40 CC were
added and plants bottom watered for 2 weeks to allow for insect damage to occur by
the feeding CC. The plants were then assessed for difference in tiller number, and

overall plant damage using a visual score system (Figure 3.24).

When the plants were assessed for changes in tiller numbers after CC exposure, the
strains clustered into three groups; group 1 which contains strains not statistically
significantly different to nil e.g. nil, Fgl, AR47, and AR48; group 2 which contains
strains statistically significantly different to nil and some but not all of the other E.
festucae strains e.g. CT, AR37, and AR1, and group 3 which contains strains statistically
significantly different to all other strains e.g. FI1. Group 1 had the largest tiller loss, and
group 3 had the smallest tiller loss or largest tiller gain. This same clustering pattern
was observed when the plants were visually scored for damage, however the least
damaged plants were group 3 and the most damaged plants were group 1 (Figure

3.25).
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A)

Figure 3.24: Cutworm moth caterpillar (CC-Agrotis ipsilon) whole plant choice trial (CWPC) set up. A) CC on a ryegrass tiller. B) One
replication before the start of the insect trial containing 6 plants covered with netting that is supported by a wire. C) All 10/20
replications in the glasshouse, with the remaining 10 replication mirrored on other side of glasshouse. D) One replication at the end of
the insect trial with example of each visual score value (1= No damage. 2= 10% damage. 3= 50% damage. 4= 80% damage. 5= Dead).
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Figure 3.25: Cutworm moth caterpillar (CC-Agrotis ipsilon) whole plant choice trial (CWPC) results. A range of E. festucae strains infected
into ryegrass were assessed for bioactivity by exposing the 20 plants of each endophyte type, one plant of each endophyte per replication
with 40 CC added to each replication, for 2 weeks in a glasshouse. A) Tiller difference before and after CC exposure. B) Visual score value
given to each plant where 1= Dead. 2= 80% damage. 3= 50% damage. 4= 20% damage. 5= No damage. Statistics were done by one-way
analysis of variance (ANOVA) using GenStat 17th edition (VSN International). All results presented are averages of 20 replications. CT=
common toxic. Nil= no endophyte present.
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3.3.3 Design and perform a cutworm moth caterpillar (Agrotis ipsilon) detached tiller
no choice bioactivity trial on a range of wild type and mcf deletion Epichloé-infected
ryegrass

The trials conducted in Purdue both demonstrated AR48 and AR47 infected ryegrass
has bioactivity towards CC (Introduction 1.1.3). However, ryegrass infected with both
these strains showed no statistically significant difference to nil ryegrass in the
Grasslands CWPC trial (Results 3.3.2). As the USA CC trials were detached tillers, a
second experimental design, CC detached tiller no choice (CDTN) trial, was designed
based upon the USA trials methodologies (Method 2.5.9). This CDTN trial was

therefore set up in an attempt to replicate this bioactivity at Grasslands AgResearch.

For the CDTN trial, the same endophyte strains were used as for the CWPC trial with
the exception of AR47 which was removed and Fgl Amcf (Results 3.2.6) which was
included. The plants used in this trial were located in two different glasshouses. A PC1
glasshouse that contained 5 plants each of the following endophyte strains: AR48 wild
type (WT), Fgl WT, AR37 WT, FI1 WT, CT WT, and nil. A PC2 glasshouse that contained
3 plants each of the following endophyte strains: Fg1 WT and Fgl Amcf. For the PC1
glasshouse plants, the bioactivity of each endophyte strain was assessed using 5
biological replications i.e. 5 different plants labelled 1, 2, 3, 4, and 5, as well as 3
technical replications i.e. 3 caterpillars per plant with plant 5 having 4 caterpillars
labelled A, B, C, and D, so that a total of 16 caterpillars were used for each endophyte
strain e.g. 1A, 1B, 1C etc. For the PC2 glasshouse plants, the bioactivity of each
endophyte strain was assessed using 3 biological replications i.e. 3 different plants, as
well as 3 technical replications i.e. with 3 caterpillars per plant, so that a total of 9

caterpillars were used for each endophyte strain (Method 2.5.9).

In preparation for the trial, CC were obtained from eggs laid by captured cutworm
moths (CM), and then weighed and ranked by weight. From this population, 114 CC
were selected with the smallest weight variability between them and endophyte
strains were assigned throughout the weight range e.g. AR48 plant 1 caterpillar A, Fg1
plant 1 caterpillar A etc. then AR48 plant 1 caterpillar B, Fgl plant 1 caterpillar B etc.

The CDTN trial was performed in an air-conditioned laboratory with CC kept in
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containers filled with bark (Figure 3.26). Each day, CC were weighed, the old detached
tiller removed and weighed, and new detached tiller weighed and added. At the end of
the 8 day trial, the change in CC weight, change in tiller weight, and CC survival rate

was then calculated and statistically analyse (Method 2.5.9).

The nil endophyte ryegrass treatment was statistically significantly higher than the
none (no ryegrass) treatment, being 75% survival versus 0% survival respectively. For
the PC1 glasshouse plants, all strains apart from Fgl had statistically significantly lower
survival rates then nil. While there was large variability in the survival rates between
endophyte strains, i.e. 15% to 80%, none of the strains were statistically significantly
different to each other. For the plants maintained in the PC2 glasshouse, the survival
rate of Fgl and Fgl Amcf was not statistically significantly different to one another.
The survival rate range of the PC2 plant material fed CWPC was much narrower and
higher than the PC1 plant material fed CWPC at 80% to 100% in contrast to 15% to

80% respectively (Figure 3.27).

In addition to survival rate, the daily weight change of the CC was assessed. Again, the
artificial environment was able to sustain the CC as all CC, apart from the none (no
ryegrass) treatment, had a positive weight change trend over the assessed period. This
difference between none and the remaining samples was statistically significant. For
the plants maintained in the PC1 glasshouse, FI1 was the only strain that had a gain in
weight that was statistically significantly lower in rate than the remaining plant
material, e.g. nil, AR48, Fg1, AR37, and CT, with FI1 at 4.5 mg in contrast to 4.75 mg to
5.25 mg (log weight scale) for the remaining strains, on the final day. All other strains
did not have statistically significant different daily weight changes compared to nil
across the assessed time period. For the plants maintained in the PC2 glasshouse,
there was no statistically significant difference in daily weight change for Fgl and Fgl
Amcf samples. The PC2 CC had a higher daily weight change then the PC1 CC over the

assessed time period (Figure 3.28).
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Figure 3.26: Cutworm moth caterpillar (CC-Agrotis ipsilon) detached tiller no choice
trial (CDTN) set up. A) and B) A single sample containing bark, caterpillar, and detached
tiller. C) Layout of trial on laboratory bench. D) Healthy alive CC. E) Dead CC.
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Figure 3.27: Cutworm moth caterpillar (CC-Agrotis ipsilon) detached tiller no choice
trial (CDTN) survival rate (%) results. CC, kept in containers in an air-conditioned
laboratory, and were fed detached tillers of ryegrass infected with a range of E.
festucae strains every 24 hours over 8 days. A) Survival rate of caterpillars fed plants
maintained in a PC1 Glasshouse containing a range of Epichloé strains. All values are
averages of 16 replications. B) Survival rate of CC fed plants maintained in a PC2
glasshouse containing WT and delta-mcf FG1. Statistics were done by one-way analysis
of variance (ANOVA) using GenStat 17th edition (VSN International). All PC1 data
presented as an average of 16 replications and PC2 data presented as an average of 9
replications. CT= common toxic. WT= wild type. Nil= no endophyte. None= no ryegrass.
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Figure 3.28: Cutworm moth caterpillar (CC-Agrotis ipsilon) detached tiller no choice trial (CDTN) daily weight change results. CC, kept in
containers in an air-conditioned laboratory, and were fed detached tillers of ryegrass infected with a range of E. festucae strains every 24
hours over 8 days. A) Daily weight change of CC fed plants kept at a PC1 glasshouse. B) Daily weight change of CC fed plants kept at a PC2
glasshouse. Statistics were done by repeated measurements linear mixed model using GenStat 17th edition (VSN International). All PC1
data presented as an average of 16 replications and PC2 data presented as an average of 9 replications. CT= common toxic. WT= wild

type. Nil= no endophyte. None= no ryegrass.
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3.3.4 Design and perform a porina caterpillar (Wiseana spp) detached tiller no choice
bioactivity trial on a range of wild type Epichloé-infected ryegrass

Porina (Wiseana spp) is a major ryegrass pest in New Zealand, and Epichloé infected
ryegrass is known to be bioactive against the porina caterpillar (PC) most likely through
the IDT class epoxy-janthitrems that are produced by a set of idt genes including janD
(Hennessy et al., 2016) (Sarah Finch, AgResearch; personal communication). The
absence of janD in both genomes of AR48 and Fgl suggest that these strains cannot
synthesise epoxy-janthitrems and this was validated by mass spectrometry (MS)
analysis of AR48 and Fgl infected ryegrass (Results 3.1). An overseas trial has shown
AR48 to have bioactivity against the CC, which is yet to be repeated in New Zealand. It
is therefore possible that the bioactive that targets CCis also able to target other

species of Lepidoptera such as the PC (Introduction 1.1.3, and Results 3.3.2 and 3.3.3).

A porina caterpillar detached tiller no choice (PDTN) trial was therefore set up to test
this bioactivity at Grasslands. The same method used for the CDTN trial was used for
the PDTN trial, except the PC obtained from porina moths (PM) caught using a light
trap, were raised on an artificial diet instead of dock leaves. The strains tested for this
trial were AR48, Fgl, FI1, AR37, and nil, and all the endophyte infected plants were
maintained in the same PC1 glasshouse prior to detachment of tiller. Each endophyte
strain had 9 replications; 3 plants and 3 caterpillars per plant. The PDTN trial was

conducted in a temperature controlled growth chamber at 18°C (Method 2.5.9).

The PDTN trial was successful as the PC fed on the nil treatment had a positive weight
gain trend over the entire trial ending at approximately 32.5 mg, while the PC fed AR37
(which is known to affect PC) had a negative weight loss trend ending at approximately
26.0 mg. This difference was statistically significant. Of the remaining strains, AR48
was the only strain that was statistically significantly different to nil, being not
statistically significantly different to AR37. The amount of detached tiller consumed
over the entire trial was also analysed for each strain. All endophyte-infected detached
tillers were statistically significantly different to nil, with less detached tiller consumed,
e.g. approximately 0.5 mg to 1.20 mg for endophyte infected in comparison to 1.60 mg

for endophyte free, respectively. FI1 was statistically significantly different to AR37 but
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not AR48 and Fgl, and AR37 was statistically significantly different to FI1 but not AR48
and Fgl (Figure 3.29).
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Figure 3.29: Porina caterpillar (PC-Wiseana spp) detached tiller no choice trial (PDTN) results. PC, kept in containers in a temperature-
controlled chamber, were fed a detached tillers infected with different E. festucae strains over 10 days. A) Daily caterpillar weight. B)
Total detached tiller weight consumed over 10 days. All values are averages of 9 replications. Statistics were done by either repeated

measurements linear mixed model (A) or One-way analysis of variance (ANOVA) (B) using GenStat 17th edition (VSN International). Nil-
no endophyte present.
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3.3.5 Design and perform a light brown apple moth caterpillar (Epiphyas postvittana)
bioactivity trial on a range of wild type Epichloé-infected ryegrass

The light brown apple moth caterpillar (LBAM-Epiphyas postvittana) is not a pest of
ryegrass but is currently being developed at AgResearch as a “universal” insect
bioactivity indicator in a LBAM artificial diet no choice (LADN) trial. The LBAM,
provided by Plant and Food New Zealand, can be easily and quickly bred under
laboratory conditions in large numbers throughout the year, making the insect an ideal
model system (Alison Popay, AgResearch; personal communication). The LBMA were
raised on an artificial diet in clear screw top containers filled 2/3 with bark in a
temperature-controlled room and fed artificial diet containing different endophyte
infected ryegrass. One restriction of the artificial diet is that the caterpillars can only
be raised up to the final moult and therefore do not form pupae and emerge into
moths i.e. approximately 2 to 3 weeks before naturally dying off. Over this time period,
the caterpillars are observed for the timing of establishment, identified when the
caterpillars produce a silk cocoon, as well as the timing of the first, second, and third
moults, identified by size change and lighting of the head. The testing agent can be
deemed as being/containing an insect bioactive when the caterpillars do not establish
or do not moult, have reduced establishment and/or moulting times, and/or die
prematurely. All times are in relation to a blank control j.e. nil endophyte infected

ryegrass or the suspension reagent of the purified compound (Method 2.5.12).

This trial was performed with freeze-dried ryegrass containing: AR48 and AR47 to test

III

the robustness of the “universal” insect bioactivity indicator as well as whether
AR48/AR47 have bioactivity against other Lepidoptera species outside grass pests.
AR37 was included as a positive control as previous trials with this strain have shown
large increases in both the time taken to establish and moulting. Nil was included as a
negative control as there is no effect on establishment or moulting of LBAM (Alison

Popay, AgResearch; personal communication).

For establishment time, only AR37 had a statistically significant increased time at
approximately 1.90 days in relation to all the other strains at approximately 1.25 days.

For the remaining strains, AR48, AR47, AR1, CT, and nil, only AR48 and CT were
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statistically significantly different to nil. However, AR48 was not statistically
significantly different to both AR47 and ARL. For the timing of the first moult, AR37,
CT, and AR1 were statistically significantly different in relation to each other at
approximately 2.25 days, 2.20 days and 2.00 days respectively, as well as to the
remaining strains AR47, AR48, and nil which were at approximately 1.75 days). For the
remaining strains, only AR48 was statistically significantly different to nil but not to
AR47. For the timing of the second moult, AR37 and CT were both statistically
significantly different to all other strains but not to each other at 2.25 days. AR1 was
statistically significantly different to all strains at 2.20 days. For the remaining strains at
approximately 2.15 days, again only AR48 was statistically significantly different to nil
but not to AR47. Finally for the timing of the third moult, only AR48, AR47, and AR1
underwent a third moult within the assessed period of 16 days. This timing was not

statistically significantly different between these strains (Figure 3.30).
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C) Timing of the secound moult of Light brown apple moth caterpillars on
artifical diet containing ryegrass infected with different Epichloé strains
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Figure 3.30: Light brown apple moth caterpillar (LBAM-Epiphyas postvittana) artificial diet no
choice trial (LADN) results. LBAM, kept in containers in a temperature controlled room, were
fed an artificial diet containing carrot juice, agar, and freeze-dried ryegrass infected with
different strains of E. festucae strains over 16 days. A) Time taken to establish a silk cocoon. B)
Time taken to undergo first moult. C) Time taken to undergo second moult. D) Time taken to
undergo third moult. All values are averages of 25 replications. Statistics were done by one-
way analysis of variance (ANOVA) using GenStat 17th edition (VSN International). Nil= no
endophyte present.
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4.1 Analyse the bioactive secondary metabolite pathways in Epichloé

festucae var lolii AR48 and Epichloé festucae Fgl

4.1.1 Fg1 as a model AR48 strain

For Epichloé, a common technique used to assess the role of a candidate gene in a
specific process is through targeted gene deletion and resultant phenotype
assessment i.e. reverse genetics, e.g. noxA deletion in E. festucae FI1 strain, when
inoculated into ryegrass seedlings, results in loss of the maintenance of the plant
symbiotic interaction (Tanaka et al., 2008). The sexual E. festucae strains in general are
easier to create targeted gene deletions then the asexual Epichloé festucae var lolii
strains. The reason for this is currently unknown but attempts to generate targeted
gene deletions in E. festucae var lolii AR37 have to date been unsuccessful (Richard
Johnson, AgResearch; personal communication), whilst a range of targeted gene
deletions in E. festucae Fl1 have been successful (Scott et al., 2012, Tanaka et al., 2008,
Charlton et al., 2012, Becker et al., 2015, Johnson et al., 2013b). In addition, the sexual
strains have a faster growth rate then the asexual strains, making an already lengthy
process manageable, e.g. 5-7 days for sexual and 2-3 weeks for asexual, for

regeneration of colonies.

The potential stem boring fly (SBF-Cerodontha australis) and cutworm moth caterpillar
(CC-Agrotis ipsilon) bioactivity of makes caterpillars floppy (mcf) was investigated using
reverse genetics. However AR48 is an asexual strain and therefore before target gene
deletion could be performed an appropriate sexual model strain needed to be
identified. Fg1 has an identical deletion in perA as AR48 (Young et al., 2005) suggesting
a close evolutionary relationship, which was then supported through simple sequence
repeat (SSR) analysis that showed AR48 and Fgl were in the same clade.
Bioinformatics analysis followed by mass spectrometry (MS) identified that AR48 and
Fgl have identical profiles for both known Epichloé bioactive secondary metabolite
(SM) pathways i.e. no ergot alkaloid or loline genes, a non-functional peramine gene,
and all indole-diterpene (IDT) genes but non-functional idtK and idtJ and sequence
diverged idtP and idtQ, as well as functional mcf gene. However, Fgl in ryegrass does

not have CC bioactivity, and the SBF bioactivity has currently not been assessed. Fgl is
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therefore not an entirely equivalent AR48 model system. The lack of observed
bioactivity in Fgl could be due to the strain being present in a non-native host, which
is known to affect endophyte gene expression levels (Leuchtmann et al., 2000,
Christensen et al., 1997). The expression levels of the mcf gene (or Mcf protein) were

not measured, and so additional experiments are required to assess this hypothesis.

The sexual model FI1 strain does have CC bioactivity whereas the SBF bioactivity is
unknown. However, both the known Epichloé bioactive SM pathways and the mcf gene
differ between FI1 and AR48, making FI1 a poor model for AR48.It is possible that FI1
infected ryegrass has a different CC bioactive present that is not present in AR48
infected ryegrass, which could lead to misinterpretation of mcf reverse genetic
analysis, e.g. ergot alkaloids are suggested to have CC bioactivity and FI1 has a

complete ergot alkaloid pathway (Potter et al., 2008, Schardl et al., 2013a).

4.1.2 AR48 and Fg1 in planta insect bioactivity potential predicted through
bioinformatics

At the start of the study, the complete profiles of the known bioactive SM pathways in
AR48 and Fgl were unknown. The most effective method for assessing the potential
capabilities of AR48 and Fgl infected plants for the associated bioactivities of these
pathways is to perform a bioinformatics analysis of the genes present in these
pathways, followed by MS analysis of the corresponding compounds produced by
these pathway genes. Although this does not directly assess AR48 and Fgl in planta
bioactivity towards these target insects, it does provide strong evidence for potential
bioactivity, i.e. if the gene perA is predicted by bioinformatics analysis to be absent or
non-functional and peramine is not detected in endophyte infected material by MS,
then that endophyte infected plant most likely does not have Argentine stem weevil
(ASW-Listronotus bonariensis) bioprotection. Of course the bioactivity can only be
confirmed with an insect trial, but these types of experiments take a lot of time and

can only be performed at certain times of the year.

The bioinformatics analysis of AR48 and Fgl genomes identified the presence of all the

peramine and lolitrem B pathway genes, and the absence of all the loline and ergot
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alkaloid pathway genes. The perA gene, although present, was non-functional and
although all IDT genes were present only a partial lolitrem B pathway was detected in
AR48 and Fgl plant material, which agrees with the bioinformatics idt gene predictions
(Young et al., 2009). In addition, the AR48 and Fg1l idt genes coincide with idt gene
clusters in other IDT producing Epichloé strains, i.e. diversity is present in the presence
and absence as well as functionality of the genes, but with the cluster order and gene
order within each cluster generally well conserved (Young et al., 2009). However, idtP
is isolated on a short single contig in the genome of AR48, but this is most likely a
result of the fragmented AR48 genome assembly. Therefore idtP is expected to group
with idtQ, idtF, idtC, and idtB in cluster 2 (Young et al., 2009). Also due to the
fragmented genome assemblies for both AR48 and Fgl, the order between each
cluster as well as the distance between the clusters is unknown. AR48 does have an
additional 5920 bp between idtM and idtK in cluster 1 in comparison to Fl1 and Fgl
(Young et al., 2009), but this region does not contain additional genes. The only
discrepancy in the IDT MS profile was that the Fgl infected plant material contained
late-pathway compounds in the lolitrem B pathway derived from IdtE and IdtJ, e.qg.
lolitrem K and lolitriol (Young et al., 2009) and these compounds were not identified in
AR48 infected material. Given that both AR48 idtE and AR48 idtJ genes are 100%
identical to the Fgl idtE and Fgl idtJ genes, it is assumed that these compounds are

present in AR48 infected material but at levels below the limit of detection.

Based on the absence of the ergot alkaloid pathway and an inability to synthesise
lolitrem B, AR48 and Fgl infected plant material would be unlikely to have the
mammalian bioactivity associated with the presence of ergovaline and lolitrem B, e.g.
summer slump and fescue foot, and ryegrass staggers (Tor-Agbidye et al., 2001),
respectively. Conversely based upon a non-functional perA gene (peramine), and an
inability to synthesise epoxy-janthitrems, these strains would not be expected to have
the insect bioactivity associated with these compounds, e.g. ASW (Rowan et al., 1990)
and PC (Hennessy et al., 2016) protection, respectively. In contradiction to this, AR48
infected ryegrass appears to have PC bioactivity, so this is therefore likely to be due to
the presence of another bioactive compound with activity towards PC, possibly Mcf

that is known to target a range of Lepidoptera caterpillars (Daborn et al., 2002,
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Waterfield et al., 2003, Péchy - Tarr et al., 2008). This highlights the limitation of the

above screening method.

4.1.3 AR48 and Fg1 new indole-diterpene compound three structure predicted
through mass spectrometry

During routine IDT MS analysis using targeted multiple reaction monitoring (MRMs)
four novel IDT peaks, which are not normally present in the FI1 model IDT profile
(Wade Mace, AgResearch; personal communication), were identified only in AR48 and
Fgl infected plant material. These peaks had characteristic IDT fragments and the
same MRMs compared to known IDT compounds, but different retention times, and
for some of the compound’s different overall fragmentation patterns. The new IDT
compounds with the same overall fragmentation patterns are most likely
stereoisomers of known IDT compounds, i.e. the change in retention time is due to
differences in the spatial arrangement of the same atom arrangement. This could be
confirmed by comparing these new IDT compounds with stereoisomer standards of
the corresponding known IDT compound and/or nuclear magnetic resonance (NMR)
structure confirmation. While the new IDT compounds with different overall
fragmentation patterns are most likely constitutional isomers, i.e. the change in
retention time is due to differences in the arrangement of the same atoms. This could
only be confirmed by NMR structure confirmation. Note that that stereochemistry of

the standards used is not known.

The new IDT compound one has the same MRMs ratio as terpendole E but comes off
the column 0.2 mins earlier and has a different fragmentation pattern then terpendole
E. This peak is most likely intermediate 1 that is slightly less hydrophobic than
terpendole E, though commonly not observed in the FI1 IDT profile (Wade Mace,
AgResearch; personal communication). This would be confirmed by comparing the
new IDT compound one’s fragmentation pattern and retention time with an
intermediate 1 standard and/or intermediate 1 detectable strain. The new IDT
compound two has the same MRMs as 13-desoxypaxilline but comes off the column
0.3 mins earlier and has a different fragmentation pattern. This peak is a true new IDT

peak as there is no known IDT compound with this profile. The new IDT compound
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three has the same MRMs as paxitriol but comes off the column 1 min later and has a
different fragmentation pattern. This peak is also a new IDT peak as there is no known
IDT compound with this profile. Finally, the new IDT compound four has the same
MRMs and fragmentation pattern as terpendole | but comes off the column 0.1 mins
earlier. This peak is most likely a stereoisomer of terpendole | around the hydroxyl

groups, resulting in a change in retention time.

The structure of the new IDT compound three (paxitriol-like peak) was further
investigated due to the large change in retention time and fragmentation pattern in
comparison to paxitriol and terpendole E, which both have the same MRMs. This new
IDT compound three contains three OH groups on the 6-ring IDT core structure, as
supported by fragmentation of both the new compound three and paxitriol into 420
m/z, 402 m/z, and 384 m/z ions, in contrast to the fragmentation of terpendole E
where a 384 m/z ion is not observed. The new IDT compound three therefore has the
same chemical formula as paxitriol of C27H3sNO4 but appears to be rearranged to form

a more hydrophobic structure.

Where the new IDT compound three differs to paxitriol is in the placement of these
three OH groups. While paxitriol fragments to generate a 378 (MS?) ion, due to the loss
of (CH3)2CO, this ion is absent for the new IDT compound three. Instead the new IDT
compound fragments to generate a 366 (MS?) ion due to the loss of C4HgO. Given
these differences in fragmentation, OH group present on carbon 27 in paxitriol is
suspected to be absent in the new IDT compound three. To generate the analogous
fragmentation from paxitriol, first the OH group on carbon 27 needs to be removed, at
the MS? fragmentation level, so that subsequent fragmentation at the MS? level
generates loss of C4HgO. These differences support that the new IDT compound three

is a constitutional isomer and not a stereoisomer of paxitriol.

The placement of the three OH groups can be inferred through the comparison of
paxitriol and terpendole E fragmentation patterns. Terpendole E fragments to
generate the unique 350 m/z ion because of the presence of a methyl group on carbon

12. In contrast, paxitriol does not have the methyl group on carbon 12 as it has been
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reduced to a double bond between carbons 11 and 12 and does not generate the 350
m/z fragment ion. As the new IDT compound three does not generate the 350 m/z
fragment ion, the new IDT compound must therefore have a double bond between
carbons 11 and 12, and so the only logical places for the three OH groups are on
carbons 10, 13, and 14, given that these sites have been observed to be hydroxylated

in other E. festucae produced IDT compounds (Figure 4.2).

The results from the MS analysis suggest the new IDT compound three has the
chemical formula of C27H3sNO4. The new IDT compound three has three sites of
hydroxylation at carbons 10, 13, and 14, and a double bond between carbons 11 and
12. The absence of the OH group on carbon 27 would result in the formation of a
hydrophobic appendage on the new IDT compound three that would explain the

longer retention time observed in relation to paxitriol and terpendole E.

4.1.4 AR48 and Fg1 new indole-diterpene compound three synthesis predicted
through bioinformatics

All IDT producing fungi contain four core genes which are involved in the first four
steps of each pathway; idtG encoding a geranylgeranyl pyrophosphate synthase, idtC
encoding a geranylgeranyl transferase, idtM encoding a FAD dependent epoxidase,
and idtB encodes a cyclase. IdtG converts isopentenyl diphosphate (IPP) and/or
dimethylallyl pyrophosphate (DMAPP) and/or geranyl pyrophosphate (GPP) and/or
farnesyl pyrophosphate (FPP) into geranylgeranyl pyrophosphate (GGPP). GGPP then
undergoes indole condensation by IdtC with indole-3-glycerol phosphate (IGP) to
produce 3-geranylgeranyl indole (3-GGI). Finally, 3-GGI then undergoes single or
double epoxidation by IdtM depending on the pathway. These epoxidated compounds
are then cyclized by IdtB by either Markovnikov or anti-Markovnikov mechanisms (Van
de Bittner et al., 2018). Diversity is then achieved through regio- and stereo-specific
decorations of these cyclized products. Epichloé strains that contain functional idtG,
idtC, idtM, and idtB, IdtM perform either single or double epoxidation/s and I1dtB
performs anti-Markovnikov cyclisation (Saikia et al., 2006). Single epoxidation with
anti-Markovnikov cyclisation leads to emindole SB formation, while double

epoxidation with anti-Markovnikov cyclisation leads to paspaline formation (Van de
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Bittner et al., 2018). However, for both lolitrem and paxilline synthesis, paspaline is the
major intermediate of the pathways not emindole SB (Saikia et al., 2006, Young et al.,
2009). Diversity is then achieved through multiple oxidation steps, by the P450
monooxygenases IdtP and 1dtQ, from the intermediate paspaline (Figure 4.1)

(McMillan et al., 2003, Saikia et al., 2012).

The tentative structure for the new IDT compound three identified from AR48
indicates that the novelty is due to differences in the location of the hydroxyl groups
decorated onto the paspaline backbone. IdtP is known to hydroxylate at carbons 10
and 12 while IdtQ is known to hydroxylate at carbons 11 and 13 (Saikia et al., 2012).
The synthesis of the new compound would therefore involve the previously
documented functions of IdtP and IdtQ, i.e. IdtP would hydroxylate carbon 10 and 12,
and IdtQ would hydroxylate carbon 13, with the hydroxylation at carbon 14 performed
by an unknown mechanism (Saikia et al., 2012). The new IDT compound three is
therefore the result of a new OH location combination as well as an OH and backbone
combination not previously observed. All IDT compounds synthesised from paspaline
in both the paxilline and lolitrem B pathways have a hydroxyl group on carbon 27
(McMillan et al., 2003, Saikia et al., 2012), however this is absent in the predicted
structure of the new IDT compound three. This would suggest that the new IDT
compound is derived from a precursor without the hydroxylated carbon 27 such as
emindole SB, which is present in AR48 and Fgl infected plant material at a level
detectable by MS. However, ring | cannot form without this hydroxyl group. The
predicted structure of the new IDT compound three therefore cannot be resolved from
our current understanding of the lolitrem B pathway. Finally, the new IDT compound
two (13-desoxypaxilline-like peak) might be part of the pathway which involves the
new IDT compound three (paxitriol-like peak) given that the known IDT equivalent
compounds, i.e. 13-desoxypaxilline and paxitriol, can both be modified into paxilline.
The role of IdtP and IdtQ in the synthesis of the new IDT compound three was
investigated using heterologous idt gene expression in different P. paxilli pax deletion
(A) backgrounds. The presence of either AR48 idtP or idtQ, in a P. paxilli ApaxQ or
ApaxP background respectively did not result in the synthesis of the new IDT

compound three or other AR48 IdtP or IdtQ complementation specific IDT compounds.
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This mirrors the previous findings using idtP and idtQ genes from FI1 heterologously
expressed in P. paxilli ApaxQ or ApaxP backgrounds, respectively (Saikia et al., 2012).
The failure to complement may be due to the first step post-paspaline in Epichloé spp.
involves IdtQ, rather than IdtP as found in P. paxilli. This hypothesis would explain the
absence of IDT products in the AR48 jdtP complemented ApaxP background. However,
one might expect to find some post paspaline products such as terpendole E in a AR48
idtQ complemented ApaxQ background but the competition for substrate from the P.
paxilli PaxP in this background may result in very low levels of other IDTs (Figure 4.2)

(Motoyama et al., 2012).
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4.2 Investigate “makes caterpillars floppy” (Mcf) as a potential bioactive
for the new bioactivities observed in Epichloé festucae var lolii AR48

infected ryegrass

4.2.1 Mcf gene characterisation in Epichloé

Peramine and lolitrem B are both Epichloé bioactive SM however the characteristics of
these two compounds are very different. Peramine is synthesised by a single gene
perA, a non-ribosomal peptide synthetase (NRPS), that is not part of a cluster and is
located in a GC rich non sub-telomeric region (Tanaka et al., 2005). Lolitrem B is the
end product of a biosynthetic pathway network involving 11 different genes (idt).
These genes are located in a AT rich sub-telomeric region and group into three sub-

clusters (Figure 4.3) (Young et al., 2009, Saikia et al., 2012).

The perA gene and the idt gene cluster have maintained syntony between and within
Epichloé species (Tanaka et al., 2005, Young et al., 2009). The perA gene is located in
all Epichloé strains analysed to date with different allelic variations identified with
varying degrees of functionality (Tanaka et al., 2005, Berry et al., 2015). The lolitrem B
cluster is not always present in Epichloé strains, and if present variation is seen in both
the presence/absence of genes and functionality of the genes (Young et al., 2009).
Both the perA gene and idt gene cluster are widely distributed in the Epichloé genus
and are unique to Epichloé (Tanaka et al., 2005, Young et al., 2009). Finally, peramine
has insect bioactivity that targets specifically ASW (Rowan et al., 1990), while lolitrem
B has mammalian bioactivity that targets a range of grazing mammals, i.e. sheep and
cattle (Gallagher et al., 1981), and the intermediate compounds of this pathway have

varying degrees of insect and mammalian bioactivity (Finch et al., 2010).

Bioinformatics analysis of mcf within Epichloé identified that mcf is present in all
analysed strains, which covered a wide range of species within the genus, and that
there were two allelic variants of the mcf gene, with only one of the allelic variants
present in each analysed strain but with varying degrees of functionality. The “AR48”
allele has two introns and is predicted to contain two N-terminal cysteine protease

domain (CPD1 and CPD2) and a central transmembrane domain (TMD). The AR48 allele
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is identical to the E. typhina subsp Poae Ps1 mcf gene that has CC bioactivity (Ambrose
et al., 2014). The “FI1” allele has only the second intron and is predicted to contain
only one N-terminal CPD (CPD2), and a central TMD. While the FI1 allele has been
shown to be expressed we do not yet know whether the protein product functions as
an endotoxin (Eaton et al., 2015, Schardl et al., 2013c). The presence of two Epichloé
mcf alleles parallels to P. luminescens mcf which also has two mcf alleles; mcf1 and
mcf2 (Dowling & Waterfield, 2007). The mcf2 allele is slightly shorter than the mcf1
allele at the N-terminal region (Dowling & Waterfield, 2007), and this reduction at the
N-terminal region is also observed between the FI1 mcf and AR48 mcf alleles

respectively.

The Epichloé mcf gene is located in a GC rich region that is non sub-telomeric and has
maintained syntony within the Epichloé genus in relation to the surrounding genes.
These surrounding genes do not have a functional connection to Mcf regulation,
synthesis, post-translational modification or transportation. The Epichloé mcf gene is
therefore not part of a cluster (Figure 4.3). Although the original data (Ambrose et al.,
2014) suggested that mcf might be present in Epichloé as the result of a horizontal
gene transfer (HGT) event, recent evidence suggests otherwise (Dupont 2017; Tian et
al. 2017). Finally, the protein produced by mcf (Mcf), does not require additional genes
to be active (Ambrose et al., 2014). Mcf has insect bioactivity which currently has only
been tested against CC (Ambrose et al., 2014). The characterisation of mcf/Mcf
therefore parallels perA/peramine and not idt/lolitrem B, when comparing the
genomic location, functionality, and distribution as well as protein synthesis and
bioactivity. A major difference between perA/peramine and mcf/Mcf is that the former
is the metabolic product of an NRPS encoded by perA whereas Mcf is the direct

translational product of mcf.

The Epichloé mcf gene and protein characteristics also parallels to the bacterial
mcf/Mcf, but with some variation to the bacterial P. fluorescence insect toxin
(fitD/FitD). Both Epichloé mcf and bacterial mcf1/mcf2 genes are not part of a cluster,
and the synthesis of Mcf1/Mcf2 has been shown to occur through a single gene

(Daborn et al., 2002, Waterfield et al., 2003). However, Mcf1 and Mcf2 are in genomic
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locations that are associated with type IV and type | secretory machinery genes
respectively, and the Mcf1/Mcf2 have predicted secretory domains, e.g.RTX-like
(repeat-in-toxin) exportation domains, that can be recognised by these systems
(Daborn et al., 2002, Waterfield et al., 2003). However, there is no direct evidence for
secretion of Mcf1/Mcf2 by these transport systems. In contrast to the bacterial mcf
genes, the bacterial fitD gene is part of a cluster but additional cluster genes are
involved in transport (fitA, fitB, and fitC) and regulation (fitE, fitF, and fitG), therefore
fitD is still solely involved in FitD synthesis (Péchy - Tarr et al., 2008). The Epichloé mcf
and bacterial mcf1/mcf2 are present in all of the respective strains analysed to date
and with allelic variants, but only Epichloé mcf and bacterial mcf2 have maintained
syntony in the gene genomic location (Dowling & Waterfield, 2007). In contrast, the
fitD cluster, which also has fitD allelic variants, is only present in a select few strains,
and has only maintained syntony within the cluster but not in the clusters genomic
location (Péchy - Tarr et al., 2008). The bioactivity of both the Epichloé Mcf and
bacterial Mcf/FitD proteins target insect species within the Lepidoptera family

(Péchy - Tarr et al., 2008, Waterfield et al., 2003, Daborn et al., 2002, Ambrose et al.,
2014).

4.2.2 Proposed role of Epichloé Mcf

All Mcf-like proteins have the general domain composition of a N-terminal toxin
domain, with the specific cytotoxic mechanism variable between strains, a N-terminal
CPD, a central TMD and a variable C-terminal region that can be absent of domains or
have secretion and/or receptor domains (Dowling & Waterfield, 2007). This general
domain composition is also observed for the C. difficile TcdA and TcdB toxins (Reineke
et al., 2007), in which the Mcf TMD is commonly aligned to when analysed with online
tools designed to predict protein domain structure, i.e. BLASTp, InterPro Scan, and
Phyre2. Overall, the Epichloé Mcf protein domain composition has two N-terminal CPD
(CPD1 and CPD2 labelled in order from the N-terminus), a central TMD and a variable
C-terminal region with no domain predictions except for a secretion domain predicted
for only the E. festucae FI1 mcf gene. The difference between the two Epichloé mcf
alleles is that the AR48 variant has both CPD1 and CPD2, while FI1 variant has only the

CPD2. The role of the Epichloé Mcf protein in providing insect bioprotection for
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endophyte infected ryegrass was therefore proposed by combining the Epichloé
domain composition, and how this relates to other Mcf like proteins which have
experimental evidence for both location, target cells, and cellular mechanism, i.e. P.

luminescens Mcf1 as well as C. difficile TcdA and TcdB toxins.

The Epichloé mcf gene is expressed by the endophyte when the endophyte is present
in the plant host (Eaton et al., 2015, Winter et al., 2018). The protein has two possible
locations; either secreted by an unknown mechanism, as no secretion domain or genes
predicted to be involved in secretion were identified, or retained in the cytosol of the
mycelia. Mcf is hypothesized to enter the insect’s digestive tract passively, i.e. through
ingestion of endophyte infected grass material that once in the midgut is chemically
and physically digested resulting in release of Mcf regardless of the in planta location.
This contrasts with the active delivery of the bacterial Mcf i.e. upon infection, the
bacteria are regurgitated from the nematode into the midgut where Mcf is secreted by
a type I/IV secretory system out of the bacteria (Dowling & Waterfield, 2007, Forst et
al., 1997).

Mcf either targets the midgut epithelial cells (Dowling et al., 2004, Daborn et al., 2002)
through receptor mediated endocytosis (Sauerborn et al., 1997), or is passively taken
up through the natural absorption of nutrients by the midgut (Takeda, 2012). There is
no C-terminal receptor domain predicted to be present in any of the Epichloé Mcf
proteins, making receptor mediated endocytosis an unlikely mechanism. However, as
this domain is most likely involved in the target insect specificity which could be
unique to Epichloé, and given that the fungal mcf gene is not widely distributed or
well-studied, this domain might not have been previously annotated and therefore
would have been missed in the bioinformatics analysis. Assuming endocytosis of Mcf
by the midgut epithelial cells, regardless of mechanism, acidification of the endosome
will cause a conformational change resulting in insertion of the TMD into the
membrane, and translocation of the N-terminal CPD1 into the cytosol (Qa'Dan et al.,
2000). Interaction with a cytosolic component or another stimulus, which could be

another point for target insect specificity, will cause another conformational change
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resulting in activation of the CPD2 and self-cleavage. This will release the N-terminally

located CPD1 into the cytosol (Voth & Ballard, 2005, Jank & Aktories, 2008).

CPD domains are present in bacterial cytotoxic necrotizing factors (CNF) (Boquet,
2001). However, the presence of two N-terminal CPD domains has been predicted to
be present in all Mcf proteins analysed in this study, apart from P. fluorescens FitD and
the E. festucae FI1 Mcf allele that only have CPD2. For CPD1, the bioinformatics
prediction therefore might not be specific for the presence of CPD1, but more a
prediction for the presence of a “cellular toxin domain” which could vary for each
protein, i.e. the CPD1 domain overlaps with the BH3 and HrmA for Mcf1 and Mcf2
respectively (Dowling & Waterfield, 2007). The CPD2 is most likely a CPD required for
self-cleavage, a key step in the cellular mechanism hypothesised for all Mcf like

proteins (Figure 4.4).

The modification of the midgut epithelial cells by the Mcf N-terminal CPD1 (Dowling et
al., 2004, Daborn et al., 2002) therefore most likely results in dysfunction of the
midgut, the primary organ involved in osmoregulation (Giordana et al., 1985), and this
loss of osmoregulation presents as a “floppy’” phenotype (Ambrose et al., 2014). The
dysfunctional midgut may become leaky allowing Mcf to enter the haemocoel, and
depending on target cell specificity, target a wider range of cell types, e.g. haemocytes,

which would result in weakening of the insect immune system (Daborn et al., 2002).

4.2.3 Epichloé festucae Fg1 Amcf characterisation

To date, the focus of reverse genetic studies in Epichloé has typically been on
characterising genes involved in the establishment and maintenance of the symbiotic
interaction that forms between the endophyte and plant host as well as dissecting
secondary metabolism. Analysis of the symbiotic interaction is then assessed through
in culture and in planta macroscopic and microscopic phenotypes, and/or the
secondary metabolism in planta profile (Tanaka et al., 2008, Charlton et al., 2012,

Scott et al., 2012, Johnson et al., 2013b, Becker et al., 2015, Saikia et al., 2008).
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For this project, a mcf deletion strain (Amcf) was created in Fgl, the genetically
malleable AR48 model strain, to investigate the possible role of Mcf in the bioactivities
observed in AR48 infected ryegrass. There was no obvious abnormal phenotypic
variation between Fgl wild type (WT) and Fgl Amcf confirming that deletion of this
gene had no effect on growth in culture or in planta. This would be expected for a
gene encoding a bioprotective SM (Saikia et al., 2012) but also shows that the
proposed ectopic integrations have not affected important genes for overall fungal
functionality. The Fgl Amcf infected plants were therefore assessed for changes in
insect bioactivity in relation to Fgl WT infected plants. However, the lack of bioactivity
of Fgl WT infected plants was not known before the creation of the Fgl Amcf strain or
before the Fgl Amcf infected plant insect bioactivity trial. As such, the Fgl Amcf strain
cannot be used to study the potential role of Mcf in insect bioactivity unless conditions
can be established for suitable Mcf expression in planta, e.g. mcf might be expressed

in the native plant host for Fg1 but not in perennial ryegrass.

4.3 Test the insect bioactivity capabilities of AR48 and Fgl infected
ryegrass

4.3.1 AR48 and Fg1 new indole-diterpene potential bioactivity

There is strong evidence to suggest that the new IDT compound three has bioactivity
against SBF because the new IDT compound three has been detected in AR48 and
AR47 infected plant material and not in AR37 or AR1 infected plant material. This
directly correlates with SBF bioactivity, confirmed in three independent feeding trials,
presence in AR48 and AR47 infected plant material and absence in AR37 and AR1
infected plant material. The potential for the new IDT compound three to have CC
bioactivity cannot be assessed due to the uncertain results obtained in this study from
two different CC feeding trials. The lolitrem B pathway intermediate compounds, in
which the new IDT compound three is predicted to be included, have a range of non-
bioactive, insect bioactive, and mammalian bioactive activities (Parker & Scott, 2004,
Saikia et al., 2008, Imlach et al., 2011). The different structures of these bioactive
compounds cannot be correlated to the presence or absence of bioactivity, and if

bioactive, mammalian or insect target species (Sarah Finch, AgResearch; personal
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communication). As such, an insect trial using the purified AR48 new IDT compound
three would need to be performed to unequivocally prove that the AR48 new IDT
compound three is the causal agent for SBF bioprotection. In general the mechanism
through which IDT compounds are bioactive is by binding to cellular ion channels
causing disruption of functionality that results in loss of membrane potential and
cellular death (Smith et al., 2000). The specificity of the IDT is dependent on the
specificity of the ion channel that the compound interacts with, therefore IDT
compounds that only disrupt ion channels present in insects and not mammals are
ideal for plant bioprotective compounds, e.g. glutamate-gated chloride channels
(Wolstenholme, 2012) and not calcium activated potassium channels (Imlach et al.,
2011). Alternatively, if the IDT does interact with an ion channel present in both
mammals and insects, e.g. sodium channel (Dong, 2007), if the presence of the IDT is
high enough in the plant material for insect mortality or deterrence, but low enough in
grass associated consumables to elicit no effect on animals, then the IDT could still be
considered as a commercial bioprotectant (Bloomquist, 1996). Currently, there is no
evidence of the AR48 new IDT compound three mode of action in terms of disruption

of ion channels or an alternative mechanism.

4.3.2 Epichloé Mcf infected ryegrass potential bioactivity

There is evidence from multiple experiments performed in independent laboratories
that show that both the fungal and bacterial Mcf proteins have CC bioactivity
(Ambrose et al., 2014, Daborn et al., 2002), however there is not a strong correlation
between the presence of Mcf and the presence of CC bioactivity in this study. For both
trials, FI1 infected plant material had strong CC bioactivity, AR48, AR1, and AR37
infected plant material had no or weak CC bioactivity, and Fgl infected material had
no bioactivity. The Fgl Amcf infected plants did not have CC bioactivity that is
expected given that the Fgl WT infected plants also do not have CC bioactivity.
However, all strains had a mcf gene predicted to be functional, with AR48 and Fgl
having the AR48 mcf allele (Ambrose et al., 2014), and the remaining strains (FI1, AR1,
and AR37) having FI1 mcf allele. Overall, there was no correlation between presence or
absence, functional or non-functional, or AR48 or FI1 mcf alleles, and presence of CC

bioactivity. These results are therefore unclear and appear to contradict the previous
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USA trials. Due to these ambiguous results the AR48 new IDT compound three possible

role in CC bioactivity can also not be predicted (Table 4.1).

The major flaw in the experimental design of both CC feeding trials is that mcf
expression levels and/or Mcf protein amount was not analysed before, during, or after
the trials. In addition, the functionality of the different mcf allelic variants has never
been assessed making it nearly impossible to predict the effect that Mcf has on CC
bioactivity. As previously noted, the CC bioactivity observed in FI1 infected plants may
be due to the presence of ergot alkaloids which have been suggested to have CC

bioactivity (Potter et al., 2008) adding another variable to take into consideration.

In addition, how CC detached tiller no choice (CDTN) trial was performed could have
influenced the outcomes. Although the CDTN trial was based upon the methodology of
the USA trials, experiments were performed under non-ideal conditions. This could
cause increased background variation resulting in unclear results. The PC1 plants were
at different stages of growth as the FI1 and Fgl plants were inoculated into seedlings,
which retards the initial growth, rather than planted from infected seeds like AR48,
AR37, and CT. The PC2 plants were younger than the PC1 plants as the Fgl Amcf strain
was only confirmed just in time for inclusion in this trial, and so were inoculated into
seedlings approximately 6 weeks after the PC1 plants. The 2017/2018 summer in New
Zealand was both late and short. This delayed the breeding season of the cutworm
moth (CM-Agrotis ipsilon) and reduced the window of CM availability. The trial could
only have been performed late summer/early autumn, i.e. March/April, instead of
mid/late summer, i.e. January/February. This meant that the plants were prepared for
the trial too early, 5-6 months old rather than 3-4 months old, apart from the PC2
plants. Factors such as plant senescence, microbial infection, and the presence of
additional insects (as the plants cannot be treated with chemical insecticides) might
have affected the insect trial. These two factors, early plant preparation and delayed
breeding season, were amplified when the Fgl Amcf strain caused the trial to be
further delayed, i.e. April/May. The SM levels are known to drop in winter due to

reduced sunlight and temperatures, therefore the levels of the bioactive compounds
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during the trial might have been at lower levels then present in the peak of summer

(Wade Mace, AgResearch; personal communication).

In contrast to the CC whole plant choice (CWPC) and CDTN trials, the porina caterpillar
(PC-Wiseana spp) detached tiller no choice (PDTN) trial detected PC bioactivity in AR48
infected ryegrass along with AR37 infected ryegrass, but not AR1, FI1, and Fgl infected
ryegrasses, and as the PDTN trial was performed under more ideal conditions than the
CDTN trial (all plants at 3-4 months old in the same glasshouse and during the middle
of the porina breeding season), the AR48 PC bioactivity potentially could be due to the
presence of Mcf. Although, mcf expression levels and/or Mcf amount would need to
be assessed. In addition, the absence of PC bioactivity for Fgl correlates to the
hypothesized lack of mcf expression providing further evidence for mcf being a PC
bioactive. Despite these limitations these results do suggest that Mcf has a broader
target range that includes other Lepidoptera species (Table 4.1). This is supported by
the literature, e.g. Mcf has been shown to have tobacco hornworm caterpillar (M.

sexa) bioactivity (Daborn et al., 2002).

By combining the PC and CC bioactivity results, the FI1 mcf allele does not appear to
have bioactivity against PC and therefore inferred lack of CC bioactivity. This is because
the CC bioactivity in FI1 infected ryegrass is most likely due to the presence of ergot
alkaloids (Potter et al., 2008) and not the presence of a functional FI1 mcf allele. The
ryegrass plants infected with AR37, which also has a FI1 mcf allele, does not have CC
bioactivity and does not produce ergot alkaloids. The PC bioactivity detected in AR37
infected ryegrass is due to the presence of epoxy-janthitrems, not the presence of a
functional FI1 mcf allele, and the absence of PC bioactivity in FI1 infected ryegrass is
due to the absence of epoxy-janthitrems (Hennessy et al., 2016). Ryegrass infected
with AR1, which has a FI1 mcf allele, does not have CC and PC bioactivities, which
correlates to the absence of ergot alkaloids or epoxy-janthitrems in AR1 infected
material. Ryegrass infected with Fgl, which has the AR48 mcf allele, has no bioactivity
detected in any trials performed to date. This is possibly due to host incompatibility
resulting in changes in gene expression, e.g. downregulation of mcf (Leuchtmann et

al., 2000). Ryegrass infected with AR48, which has the AR48 mcf allele, has PC
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bioactivity and should have CC bioactivity. Both activities could therefore be

tentatively due to the presence of the AR48 Mcf protein.

Finally, AR48, AR37, and AR1 infected ryegrasses, but not AR47 infected ryegrass, did
have light brown apple moth caterpillar (LBAM- Epiphyas postvittana) bioactivity
detected in the LBAM artificial diet no choice (LADN) trial. This trial does not provide
information on the bioactive but is designed as a “universal” insect bioactive producing
strain identifier. The trial was therefore in most cases successful. Overall, the presence
of the AR48 mcf allele correlates with the presence of PC bioactivity, and inferred CC
bioactivity, in AR48 infected plants. Therefore, Mcf could be a general Lepidoptera
caterpillar toxin. However, this hypothesis is very tentative and requires thorough

investigation (Table 4.1).

4.3.3 Difference in AR48 and Epichloé festucae var lolii AR47 infected ryegrass
bioactivities

The two E. festucae var lolii strains AR48 and AR47 are very difficult to distinguish by
SSR, and therefore are most closely related to each other compared to other strains in
the AR48 clade. However, despite this very close relationship differences have been
observed in insect bioactivity trials between AR48 and AR47 infected plants. AR48
infected ryegrass has ASW bioactivity whilst AR47 infected ryegrass apparently does
not (Alison Popay, AgResearch; personal communication). Differences in bioactivity
were also apparent in the insect bioactivity feeding trials performed in this study. AR48
had subtle differences in the SBF pupae survival rate in comparison to AR47, and AR48
had LBAM bioactivity and AR47 did not (Table 4.1). These differences could be due to a
range of reasons such as gene expression levels, gene functionality, and presence or
absence of additional genes within the genome. Further comparative analysis of AR47

and 48 is therefore warranted.

4.3.4 Potential alternative bioactives for AR48 infected ryegrass novel insect
bioactivity
The SM profile of each Epichloé strain is both extraordinarily complex and

exceptionally varied. The strain unique SM profiles account for a large proportion of
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the diverse range of naturally occurring characteristics observed in Epichloé infected
plants. This study has identified a new potential insect bioactive SM (the new IDT
compound three) produced by AR48 and Fgl strains that potentially has SBF. In
addition, Mcf was also identified as a potential bioactive for CC and/or PC but with less
certainty. However, due to the complexity of the SM profile of each strain, unless
definitive evidence for the direct effect of a SM on a specific insect is provided, the

insect bioactivity of interest could be due to the presence of other compound/s.

NRPS, polyketide synthase (PKS), and NRPS-PKS hybrids are commonly linked to
bioactivity towards a range of organisms including insects. NRPS genes are the most
commonly studied of the three. NRPSs have been identified in Epichloé as either being
directly involved in the synthesis of the bioactive compound alone, e.g. Peramine
produced by the NRPS perA, (Berry, 2011), or as being part of a more complex
bioactive synthesis pathway, e.g. IpsA, IpsB, and IpsC which are involved in the
production of a range of bioactive ergot alkaloids (Schardl et al., 2012). There appears
to be equal numbers of PKS and NRPS but very few NRPS-PKS genes (Schardl et al.,
2013c). Currently there is one NRPS-PKS bioactive product identified (Song et al., 2016)
and no PKS bioactive products identified in Epichloé. However, bioactive PKS products

have been identified in other fungal species (TePaske et al., 1992).

The paper published by Song (Song et al., 2016) has detected and solved the structure
of a PKS-NRPS compound (dahurelmusin A) produced by Epichloé bromicola, which has
tentative aphid bioactivity. MS detected the same compound in AR48 infected ryegrass
(Wade Mace, AgResearch; personal communication). A bioinformatics analysis
identified only one PKS-NRPS gene in the genome of AR48 and therefore this
compound is most likely the product of this gene, but further experimental analysis is
required. This PKS-NRPS is therefore another potential bioactive which could be
responsible for either the SBF or CC bioactivity of AR48 infected ryegrass. This also

suggests that AR48 infected ryegrass might have aphid bioactivity.
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4.3.5 Comparison between different insect bioactivity trial methodologies

There are three main types of insect bioactivity trials performed in this study; whole
plant choice (WPC) trial, detached tiller no choice (DTN) trial, and artificial diet no
choice (ADN) trial. Each trial type has different advantages and disadvantages that
need to be considered when assessing a specific insect bioactivity. Currently all insects,
apart from the LBAM, are sourced from the New Zealand environment, therefore the
trials can only be performed at set times during the year and can be heavily affected

by seasonal variation in the insect populations (Table 4.2).

For the WPC trial the major advantage is that, apart from the plant preparation and
insect preparation (which will vary depending on the bioactivity tested) the trial
requires very little work once set up. Also, the WPC trial mimics the natural
environment more effectively than the DTN and ADN trials. This is an advantage for
assessment of naturally occurring insect pests. The WPC trial is more suited to
assessing bioactives that deter insects rather than bioactives that are toxic to insects
because the plants rather than the insects are assessed therefore the effect of the
bioactive on the different stages of the insect’s life cycle can be missed. However, this
is dependent on the insect bioactivity assessed i.e. the WPC for SBF assessed the
complete life cycle, but the WPC for CC did not collect any data on the effect of the
bioactive on the CC, however the DTN for CC did (Table 4.2).

Conversely, the DTN and ADN trials can assess and distinguish between deterrent and
toxin bioactives, and there is more focus on the insect assessment rather than the
plant assessment, resulting in increased sensitivity and robustness. However, both the
DTN and ADN preparation as well as the actual trial require a lot of work that can
reduce the replication and/or sample numbers assessed in each trial. Both the DTN
and ADN trials mimic the scenario encountered in a field planted with mono-cultivars
where there is no choice. Therefore, insects that are agricultural pests could better suit
these trials. The major disadvantage of both the DTN and ADN trials is that the use of
detached tillers or artificial diet can result in inactivation of the bioactive leading to
false negatives. Bioactive inactivation is less likely to occur in the DTN trial than the

ADN trial as the bioactives are still within the plant material. Also, the detachment of
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the tiller before ingestion is mimicked by the feeding behaviour of some insects
(including CC and PC) so the corresponding bioactive would be expected to remain

functional (Table 4.2).

The major disadvantage of the ADN trial is that each insect requires a specific artificial
diet that needs to be designed before the ADN trial can be performed. Also, not all
insect bioactives can be assessed using the ADN trial as some insect’s natural
environment might be hard to artificially recreate, e.g. the SBF larvae remain in the
leaf tissue during development and so cannot be fed like the CC which develop in the
soil. However, if a diet and appropriate artificial environment can be designed, and the
added bioactive is not inactivated, the insect bioactivity can be assessed in a neutral
chemical background resulting in very accurate bioactivity assessment. In contrast, in
both the WPC and DTN trials, multiple potential bioactives are present simultaneously

during bioactivity assessment that can lead to misinterpretation of results (Table 4.2).
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Figure 4.3: Graphical representation of the genomic location of secondary metabolite genes that produce bioactive compounds, in
Epichloé festucae FI1 complete assembled genome. The gene locations are indicated by a labelled box where perA produces peramine,
Eas cluster produces ergot alkaloids, IDT cluster products indole-diterpenes, and mcf products Mcf. The AT rich repeat regions are

coloured blue, and GC rich regions coloured white.
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Figure 4.4: Proposed mode of action for the Epichloé makes caterpillars floppy (Mcf)
protein based on the Clostridium difficile TcdA and TcdB toxins. A) Graphical
representation of the TcdA/TcdB toxin domain composition. Domains are coloured,
with amino acid number and domain labelled below. B) TcdA/TcdB mode of action. 1)
Protein enters cell through receptor-mediated endocytosis via the receptor-binding
domain (green). 2) Acidification of the endosome causes the first conformational
change resulting in inserting of the hydrophobic region (red) and translocation of
cytotoxic domain (blue) into the cytosol. 3) Interaction with host components leads to
second conformational change resulting auto-cleavage via the cysteine protease
domain (orange). 4) The released cytotoxic domain (blue) modifies key host
components resulting in cell death via apoptosis. Modified from (Reineke et al., 2007,
Jank & Aktories, 2008) with permission from Springer Nature and Elsevier.
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Table 4.1: Overall insect bioactivities of E. festucae strains against a range of insects
using different methodologies.

Grass Fruit 1
Epichloé Diptera Lepidoptera 2
festucae Larva/Caterpillar 3
strain SWC CWcC CDN PDN LAN 4
AR48 Y X v Y V4
AR47 Y X N/A N/A X
Fgl N/A X X X N/A
Fl1 N/A Y Y X N/A
AR37 X v v Y Y
AR1 X v N/A N/A v

1. Plant material targeted by insect. 2. Insect order. 3. Insect life staged targeted by the
bioactive. 4. Trial method where SWPC (stem boring fly-Cerodontha australis-whole
plant choice), CWPC (cutworm moth caterpillar- Agrotis ipsilon-whole plant choice),
CDTN (cutworm moth caterpillars detached tiller no choice), PDTN (porina caterpillar-
Wiseana spp-detached tiller no choice) and LADN (light brown apple moth caterpillar-

Epiphyas postvittana-artificial diet no choice). v/ v V strong activity, v v medium

activity, v/ weak activity, X[ no activity, and N/A not assessed
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Table 4.2: Comparison of the different parameters between the insect trials used in this study

SWC cwcC CDN PDN ALAN

Sem boring fly whole plant choice  Cutworm moth whole plant choice  Cutworm moth detched tiller no Porina detched tiller no choice trial Light brown apple moth artifical

trial trial choice trial diet no choice trial
Insect
Type Stem boring fly Cutworm moth Cutworm moth Porina Light brown apple moth
Life stage Fly Moth Moth Moth Eggs
Collection New Zealand environment New Zealand environme nt New Zealand environment New Zealand environme nt Plant and Food
Method Nets Light trap Light trap Light trap Ordered
Processing Sorted and sexed Sorted Sorted, sexed, ranked by weight Sorted, sexed, ranked by weight None
Trial
Plant structure Whole plant Whole plant Detched tillers Detched tillers Artifical diet
Insect 1 day old fly 3 weeks old caterpillars 3 weeks old caterpillars 3 weeks old caterpillars 1 day old caterpillar
Location PCO Glasshouse PCO Glasshouse PC2 Laboratory PCO Temperature controlled PCO Temperature controlled

chamber chamber
Replications 20 20 PC1 16 (3 biological and 5+1 9 25
technical) PC2 9 (3 biological and 3
technical)

Endophyte strains per 6 8 PC17andPC22 5 6
trial
Endophyte strains per 6 g 1 1 1
replication
Insects per replication 20 male and 20 female 40 mixed 1 1 1
Duration 6 weeks 2 weeks 8 days 10 days 16 days
Measurements Mine number, pupa number, fly Plant tiller difference, plant visual Caterpillar weight, tiller weight Caterpillar weight, tiller weight Establishment time, molt time

emergence score

SWPC (stem boring fly-Cerodontha australis-whole plant choice), CWPC (cutworm moth caterpillar- Agrotis ipsilon-whole plant choice), CDTN
(cutworm moth caterpillars detached tiller no choice), PDTN (porina caterpillar- Wiseana spp-detached tiller no choice) and LADN (light brown apple
moth caterpillar-Epiphyas postvittana-artificial diet no choice)
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5.1 Analyse the bioactive secondary metabolite pathways in Epichloé

festucae var lolii AR48 and Epichloé festucae Fgl

The known bioactive secondary metabolite (SM) pathways in Epichloé were
successfully analysed in the E. festucae strains AR48 and Fgl. The genomes of both
strains were first sequenced, and then analysed for the presence and functionality of
each gene involved in the four pathways using alignments with gene models (Fl1
indole diterpene (IDT), ergot alkaloid and peramine gene models as well as E2368
loline gene model) followed by manual annotations. Both the genomes of AR48 and
Fgl do not contain any of the genes involved in the ergot alkaloid and loline pathways.
The peramine gene is present but non-functional due to a large deletion that is
identical between AR48 and Fgl. All the genes involved in the IDT pathway are
present, however idtK and idtF are non-functional due to SNPs, with the idtF SNP
identical between AR48 and Fgl. In addition, idtP and idtQ from AR48 and Fgl are
divergent in sequence identity with the corresponding genes from other Epichloé but
nearly identical with one another. Given the identical SM profiles, in addition to simple
sequence repeat (SSR) analysis, Fgl was identified as a suitable model experimental

system for AR48 as this strain is much more amenable to genetic manipulation.

The IDT profile of AR48 and Fgl was analysed using IDT extracts from plant material
infected with AR48 or Fgl and analysed using mass spectrometry (MS). All the key IDT
compounds predicted to be produced on the basis of the genes identified by
bioinformatics were identified in this material. In addition, four new IDT compounds
were identified in just AR48 and Fgl material. The new IDT compound three was
further investigated with the structure tentatively solved using MS. The presence of
this new IDT compound three is likely due to the modified activity of the divergent IdtP
and IdtQ. The possible role of these genes in the production of the new IDT compound
three was investigated using heterologous expression in appropriate P. paxilli gene
deletion strains, however no new intermediate or new IDT compound three products

were identified.
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5.2 Investigate “makes caterpillars floppy” (Mcf) as a potential bioactive
for the new bioactivities observed in Epichloé festucae var lolii AR48

infected ryegrass

The gene mcf was identified in all Epichloé strains analysed in this study. In addition,
two Epichloé allelic variants were identified, with approximately half of the genes
annotated as functional. Bioinformatics analysis predicted two N-terminal cysteine
protease domain (CPD) and a central transmembrane domain (TMD). In preparation
for bioactivity analysis by reverse genetics, makes caterpillars floppy (mcf) was
successfully deleted (A) in Fgl using homologous recombination and the presence of
the deletion confirmed by both restriction digest as well as Southern blot analysis. The
axenic culture phenotype of this Fgl Amcf strain did not differ in morphology or
growth to the Fgl wild type (WT) strain, and plants infected with Fg1l Amcf had no
distinguishable host interaction phenotype compared to plants infected with Fgl WT.
This lack of a host interaction phenotype is consistent with what has been published

for other mutants that are defective in the synthesis of SMs.

5.3 Test the insect bioactivity capabilities of Epichloé festucae var lolii

AR48 and Epichloé festucae Fgl infected ryegrass

A stem boring fly (SBF-Cerodontha australis) whole plant choice trial (SWPC)
successfully identified SBF bioactivity in AR48 and AR47 infected ryegrass and the
absence of SBF bioactivity in AR37 and AR1 infected ryegrass. Both cutworm moth
caterpillar (CC-Agrotis ipsilon) whole plant choice (CWPC) and CC detached tiller no
choice (CDTN) trials successfully identified CC bioactivity in FI1 infected ryegrass while
the CC bioactivity of the remaining strains, which included AR48 and Fgl, were
inconclusive. The porina caterpillar (PC-Wiseana spp) detached tiller no choice (PDTN)
trial successfully identified PC bioactivity in AR37 and AR48 infected ryegrass and the
absence of PC bioactivity in AR1 and FI1 infected ryegrass. Finally, the light brown
apple moth (LBAM-Epiphyas postvittana) artificial diet no choice (LADN) trial identified

bioactivity in all strains apart from AR47.
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5.4 Overall conclusion of the project

In conclusion, while the specific bioactive(s) in AR48 and Fgl that targets CC and SBF
were not identified two strong candidates, a new IDT compound and Mcf (a likely
insect toxin) have been characterised. To test whether either, or both, of these
candidate bioactives confers specific bioactivity against these insects, feeding
experiments using ryegrass infected with deletion mutants of each of these genes
singly and together will need to be performed. While the Amcf strain has been
generated, deletions of idtP or idtQ are yet to be made. The Epichloé SBF bioactive was
tentatively identified as a new IDT compound three produced in AR48 by the substrate
divergent IdtP and/or IdtQ using a newly developed SWPC trial. By combining the
CDTN and PDTN trial results, the AR48 Mcf allelic variant was very tentatively
identified as the CC bioactive produced by AR48 infected ryegrass. To conclusively
identify the new IDT compound and Mcf as the SBF and CC bioactives, respectively,
these compounds would need to be assessed for bioactivity using artificial diet insect

feeding trials to eliminate potential background compound interference.
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6.1 Analyse the bioactive secondary metabolite pathways in Epichloé

festucae var lolii AR48 and Epichloé festucae Fgl

6.1.1 AR48 and Fg1 genome assembly

The genomes of both AR48 and Fgl have been sequenced by lllumina paired-end
technology that produces a large number of short reads with high sequence accuracy.
This accuracy is very important for bioinformatics analysis in predicting the
functionality of genes. However, for Epichloé, lllumina sequencing tends to produce
fragmented genome assemblies due to the very large numbers of repeats present
throughout Epichloé genomes. Fragmented genome assembles are problematic as it
can prevent analysis of the gene organisation within the genome, i.e. gene clusters can
be spread across multiple scaffolds and contigs, and genes can be missed i.e. genes can
be split across scaffolds and contigs. This is apparent for the indole-diterpene (IDT)
clusters in AR48 and Fgl. A complete genome assembly could be generated for AR48
and Fgl by sequencing the genomic DNA using long read platforms such as PacBio
technology (Winter et al., 2018). These technologies produce a higher number of very
long reads but with a higher sequence error rate. The lllumina reads/scaffolds/contigs,
which are very accurate, can then be mapped onto these larger reads, and in most

cases, the genome can be fully assembled.

6.1.2 Epichloé festucae AR48 and Fgl new indole-diterpene compound three
structure

The structure of the new IDT compound three identified only in AR48 and Fgl infected
ryegrass has been analysed through mass spectrometry (MS). However, it is difficult to
completely resolve the structure of metabolites using this technique. To resolve the
structure of the new IDT compound three it will be necessary to purify the compound
and determine its structure by nuclear magnetic resonance (NMR). This could be
achieved though extraction of the IDT fraction from a plant source such as seed where

the compound is abundant.
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6.1.3 AR48 and Fg1 new indole-diterpene compound three synthesis pathway

The current hypothesis is that the new IDT compound three present only in AR48 and
Fgl infected ryegrass is a result of novel catalytic activities of IdtP and IdtQ acting on
the first stable IDT paspaline. The biosynthesis pathway of this new IDT compound
three was not successfully recreated when AR48 idtP and idtQ genes were individually
heterologously expressed in the corresponding P. paxilli mutant backgrounds, i.e. AR48
idtP and idtQ were expressed in ApaxP and ApaxQ backgrounds, respectively. It is likely
that the failure to detect any new intermediates is because |dtQ rather than IdtP uses
paspaline as the substrate. A key experiment to do is to introduce idtQ into the P.
paxilli ApaxP mutant background. Generation of a ApaxPApaxQ double mutant would
be also very helpful for this analysis. Alternatively, MIDAS (Modular Idempotent DNA
Assembly System) can be used to efficiently produce P. paxilli strains with different IDT
gene combinations that could then be analysed for the resultant IDT compound profile

using MS.

6.1.4 AR48 and Fg1 new indole-diterpene compound three phylogenetic distribution
Currently the new IDT compound three has only been identified through MS in AR48S,
Fgl, and a few AR48-like strains (Wade Mace, AgResearch; personal communication)
and not in AR1, AR37, common toxic (CT), and FI1. The distribution of the new IDT
compound three within Epichloé can be analysed by identifying other strains that
produce the new IDT compound three through IDT seed and/or infected plant material
profiling. The seeds can be obtained from the Margo Forde Germplasm centre, and
phylogeny through the AgResearch forage endophyte simple sequence repeat (SSR)
dendogram (unpublished data). In addition, the role of idtP and idtQ genes in the
synthesis of the new IDT compound three can be supported by analysing the presence
and sequence identity of the idtP and idtQ genes in the corresponding strains from the
distribution experiment described above. This could provide a correlation between the
presence of the sequence divergent idtP and/or idtQ genes and the presence of the

new IDT compound three.
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6.2 Investigate “makes caterpillars floppy” (Mcf) as a potential bioactive
for the new bioactivities observed in Epichloé festucae var lolii AR48

infected ryegrass

6.2.1 Epichloé mcf allelic variants

The Epichloé makes caterpillars floppy (mcf) gene has two allelic variants, the AR48
allele which should have bioactivity (Ambrose et al., 2014) and the FI1 allele for which
the bioactivity status is unknown. Both CC bioactivity trials tentatively suggest that
only the AR48 allele has bioactivity against the CC and/or porina (PC-Wiseana spp). The
same bioactivity trials described in section 5.4 could be used to assess the bioactivity
potential of both Epichloé Mcf allelic variants. The SWPC and CADN trials would involve
a range of strains chosen based on the presence of AR48 mcf or FI1 mcf variants, with
the addition of the expression levels of the mcf allele and/or amount of Mcf protein
measured. The CADN trial in addition would require purification of the products of the
two Mcf allelic variants. Alternatively, the same artificial trial as described by Ambrose
et al. (2014) could be performed with E. coli and/or P. paxilli expressing either the
AR48 mcf or FI1 mcf genes.

6.2.2 Epichloé Mcf domain functions and bioactivity mechanism

The Mcf proteins are predicted to have a variable bioactive N-terminal toxin domain, a
N-terminal cysteine protease domain (CPD), a central transmembrane domain (TMD),
and C-terminal receptor/secretory domain (Dowling & Waterfield, 2007). To better
understand the functionality of the two Epichloé mcf alleles, different mcf alleles or
mcf truncations, with or without a fluorescent tag, could be expressed in E. coli and/or
P. paxilli and then tested for bioactivity using the same artificial insect trial described
by Ambrose et al. (2014). The insects could then be dissected, and protein location
analysed using fluorescent microscopy (Ambrose et al., 2014). In addition, mammalian
cell lines expressing these constructs could then be used to analyse the specific cellular

mechanism of the bioactivity (Dowling et al., 2004).
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6.2.3 Epichloé Mcf in culture, in planta, and target insect localisation

To identify where the Mcf protein is located in Epichloé the gene could be tagged with
a fluorescent marker and expressed under a constitutively expressing promoter. Total
protein content of the mycelia and media could then be extracted separately and
analysed for the tagged Mcf protein by a western blot analysis. In addition, mcf could
also be tagged with a fluorescent marker and expressed under its native promoter.
This strain could then be inoculated into seedlings and analysed for Mcf location. This
material could then be fed to insects, the insects dissected, and protein location

analysed (Ambrose et al., 2014).

6.3 Test the insect bioactivity capabilities of Epichloé festucae var lolii

AR48 and Epichloé festucae Fgl infected ryegrass

6.3.1 Epichloé festucae AR48 and Fg1 new indole-diterpene compound three insect
bioactivity

The new IDT compound three could have the potential to have stem boring fly (SBF-
Cerodontha australis) and/or cutworm moth caterpillar (CC-Agrotis ipsilon) bioactivity,
with the strongest evidence towards SBF bioactivity. Another SBF whole plant choice
(SWPC) trial could be perform, but using a wider range of strains expressing or not
expressing the new IDT compound three, to gather more evidence towards the
correlation between SBF bioactivity and the new IDT compound three. Strains would
be identified through the previous new IDT compound three distribution analysis
described in section 5.4. In addition, or alternatively, purified compound could be
assessed for bioactivity either directly (if an artificial diet can be developed for SBF) or
indirectly by supplying the compound to the plants. Since SBF larva remain in the plant
tissue throughout development this environment could be difficult to replicate for
using an artificial diet. The artificial diet could be set into capillary tubes or between
two slides to create an artificial tiller for the larva to form a mine down, with the top
left empty to form a well. A female fly or egg or larva is then added into the well, and
the emerging larva should mine down the artificial tiller. The rate of the mine
formation would then be measured to assess bioactivity. For the CC bioactivity

potential of the new IDT compound three, a CC detached tiller not choice (CDTN) trial
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could be performed with the same range of strains in the SWPC trial described above.
Also, a CC artificial diet no choice (CADN) trial could be performed with the purified
new IDT compound three extract. However, an artificial CC diet would need to be

developed, but this should be very similar to the porina artificial diet.

6.3.2 Epichloé festucae Fg1l mcf reverse genetics

Though Fgl is a model AR48 strain in relation to the bioactive SM pathway profile,
bioactivity towards SFB, CC, and PC have not currently been detected in Fgl infected
plant material. This precludes Fgl Amcf (A deletion) being used in a reverse genetics
studies to assess Mcf bioactivity. The lack of Fg1 wild type (WT) bioactivity could be
due to host incompatibility. By measuring the expression levels of Mcf in a range of
different host plant backgrounds (including its native host) inoculated with Fgl WT, a
more suitable association could be identified. Light, temperature, and other factors
known to affect gene expression levels could also be analysed to create a high Mcf

expressing environment. The Fgl Amcf could then be assessed for loss of bioactivity.

For most gene functionality analysis, multiple independent gene deletion strains are
usually tested to provide validity to the resultant phenotype analysis (Scott et al.,
2012). To increase the chance of creating a gene deletion two alternative approaches
could be taken; a split marker system (Rahnama et al., 2018), which still relies on
homologous recombination, or a gene editing platform such as CRISPR-CAS9 (Ran et
al., 2013, Liu et al., 2015), which potentially provides much higher precision and

recombination at the target site.
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7.1 Analyse the bioactive secondary metabolite pathways in Epichloé

festucae var lolii AR48 and Epichloé festucae Fgl

7.1.1 AR48 and Fg1 new indole diterpene three unresolved structure

Mass spectrometry (MS) analysis of the indole diterpenes (IDTs) produced by AR48 and
Fgl infected ryegrass identified four new IDT compounds. The new IDT compound
three was chosen for further structural investigation through additional MS analysis,
and a tentative structure was obtained. However, given this structure, the placement
of the new IDT compound three into the current working IDT pathway was not obvious
given the unusual absence of the OH group on carbon 27, which is present on all IDT
compounds synthesised after the first stable intermediate paspaline. This structure
was resolved at the limitations of the MS machinery and therefore the only way of
conclusively solving the structure of the new IDT compound three is to perform
nuclear magnetic resonance (NMR) on the purified compound (Future experiments
6.1.2). This is paramount in not only the placement and theoretical synthesis pathway
of the new IDT compound three, but also as conclusive evidence that the new IDT
compound three is novel and not a stereoisomer of paxitriol, given that the different

stereoisomer standards of paxitriol were not avaliable.

7.1.2 AR48 and Fg1 new indole diterpene three unresolved synthesis pathway

The synthesis of IDT compounds in Epichloé is complex due to the network of
pathways catalysed by multiple enzymes. To add complexity each branch point can
either be major or minor (shunt). This makes identifying the exact pathways and
branches routinely synthesised in planta extremely difficult. Bioinformatics analysis
identified two genes, idtP and idtQ (due to sequence identity divergence and in
combination with the gene function and predicted new IDT compound three MS
structure) as potentially being involved in the synthesis of the new IDT compound
three. These two genes were heterologously expressed in P. paxilli in an attempt to
recreate the new IDT compound three synthesis pathway. However, neither a partial
or complete pathway was achieved. The limitation of this approach is that it is nearly

impossible to accurately predict the resultant IDT synthesis network of the new gene
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combination, so newly synthesised IDT pathway intermediate compounds can be

missed if not accounted for prior to MS analysis.

However, when the new IDT compound three structure is resolved (Future
experiments 6.1.2) then more accurate synthesis pathways could be hypothesised
reducing the risk of missing pathway intermediate compounds. Also, when the
genomes of AR48 and Fgl are fully assembled (Future experiments 6.1.1), then
bioinformatics analysis could be performed to identify any additional AR48 and Fgl
unique genes, in close proximity to the IDT cluster, that might have the potential to be
involved in the new IDT compound three synthesis. Finally, MIDAS (Modular
Idempotent DNA Assembly System) could be used to efficiently produce P. paxilli
strains with differing IDT gene combinations with the resultant IDT compound profiles

analysed through MS (Future experiments 6.1.3).

7.2 Investigate “makes caterpillars floppy” (Mcf) as a potential bioactive
for the new bioactivities observed in Epichloé festucae var lolii AR48

infected ryegrass

7.2.1 Epichloé limited genetic manipulation capabilities

One of the major limitations of this project was producing an Epichloé festucae gene
deletion strain. This is because Epichloé as a system has multiple limitations such as;
transformations can only be performed on protoplasts, Epichloé has a slow growth
rate, the rate of targeted homologous recombination at each site can vary, and to date
no targeted homologous recombination event has been successfully achieved in an
asexual Epichloé strain. However, non-homologous recombination has been achieved

i.e. gene complementation.

These limitations are why a sexual AR48 model strain was investigated, and although
Epichloé festucae Fgl was identified as a candidate based on secondary metabolite
(SM) and simple sequence repeat (SSR) profiles, Fgl does not appear to have the same
insect bioactivity in planta as AR48. In addition, to obtain a single mcf gene deletion in

Fgl required two different plasmid designs and screening of over 500 transformants.
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Finally, as an alternative approach, complementation through non-homologous
recombination of Epichloé festucae var lolii AR1 and AR37, which have potentially non-
functional or non-bioactive mcf genes, with the AR48 mcf gene to gain bioactivity was
attempted but these were unsuccessful. Alternative gene deletion methods are yet to

be investigated (Future experiments 6.3.2).

7.2.2 Epichloé in planta only expressed secondary metabolites

Epichloé SMs linked to either mammalian or insect bioactivity, apart from a few
exceptions, are only expressed in planta. Any assessment of a new SM for bioactivity
therefore requires the use of an Epichloé infected seed line. If a seed line is not
available for the Epichloé strain of interest then seedling inoculation is required. This
vital step is a major limiting factor due to potentially low infection rate and timing. One
way of avoiding the requirement of in planta expression is to heterologously express
the required genes in a different microorganism that does not require in planta
expression, and then either incorporating the purified compound or whole inoculum
into the insect trial or respective assay. This has currently not been attempted for the
Fgl mcf gene. However, P. paxilli was used to heterologously express idtP and idtQ in

an attempt to synthesis the new IDT compound three.

7.3 Test the insect bioactivity capabilities of Epichloé festucae var lolii

AR48 and Epichloé festucae Fgl infected ryegrass

7.3.1 Epichloé festucae var lolii complex interaction between bioactive secondary
metabolite profiles and insect bioactive capabilities

Identifying the bioactive compound of interest as well as the synthesis pathway is vital
for the development of Epichloé as a commercialised bioprotectant agent by assisting
in the identification of Epichloé strains with the best insect bioactive profile Routinely,
the initial step is to either use forward or reverse genetics to link a gene/compound
with an insect bioactivity. However, this is not trivial due to the complex nature of the
Epichloé bioactive secondary metabolite profile (Limitations 7.1.2), genetic
component/s are typically only expressed in planta (Limitations 7.2.2), and each

Epichloé strain has a complex and unique range of insect bioactive capabilities i.e.
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redundancy. In an attempt to simplify the interaction between bioactives and the
insect of interest, once a gene has been identified, the most accurate method of
assessing the insect bioactivity of the resultant product is to purify the compound,
either from Epichloé plant/seed or an alternative expression system (Limitations 7.2.2),
and feed the single compound to the target insect through an artificial diet (Future

experiments 6.3.1).

7.3.2 Non-model system insect species

Many of the agricultural insect pests studied in the AgResearch Epichloé bioprotectant
program are non-model systems. The insects are typically only available over the
natural breading seasons, and have to be collected from the surrounding environment.
This is a major limiting factor when assessing insect bioprotectant capabilities not only
in the reduced available time to perform trails but also in synchronisation of the plant
preparation with insect availability i.e. unforeseeable breeding season variations. For
some of the insects an artificial diet has been developed e.g. porina, or an easy to
obtain plant food source identified e.g. cutworm moth caterpillar, therefore the adult
insect can be caught and offspring raised extending insect availability. But currently
none of the insect pests studied are able to be bread all year round in the laboratory.
Other factors to consider when understanding the bioprotectant capabilities of an
Epichloé stain is that some bioprotectants only effect a particular life stage e.g. adult
verses larva, redundancy in insect bioprotectants, and the potential of unidentified

agricultural pest bioprotectant capabilities resulting in missed Epichloé strain potential.
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idtG

idtC

idtM

Fl1 E2368 AR48 Fgl AR5

Fl1
E2368
AR48 99.7

Fgl 99.7 100

AR5 100 99.7 99.7

AR1 100 99.7 99.7 100
AR37 99.7 99.4 99.4 99.7

AR1

99.7

AR37
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idtB

idtP

idtQ
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idtE

idt)

idtF

Fl1
E2368

Fl1

AR48

99.9

E2368

Fgl

99.7

AR48

99.9

AR5

Fgl

AR1

AR5

AR37

AR1

AR37
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idtK

idtS

Fl1 E2368 ARA48 Fgl AR5 AR1 AR37
Fl1
E2368
AR48
Fgl
AR5 99.8
AR1 100 99.8
AR37 99.2 99.1 99.2
Fl1 E2368 AR48 Fgl AR5 AR1 AR37

Appendix 1: Alignment of indole-diterpene (IDT) protein sequences from Epichloé festucae species. Protein sequences of the 11 genes
involved in IDT synthesis from FI1, E2368, AR48, Fg1, AR5, AR1, and AR37 strains were aligned to each corresponding gene in each

genome using BLASTp tool on Geneious. The sequence identity (%) was analysed.
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IdtP  Amino acid From To Non-conserved From To
2 L F
8 p L
10 G S
12 C w v Sulfide moiety Hydrophobic
23 K R
49 D G v Charged/negative Uncharged/small
57 H Y v Charged/negative Hydrophobic/aromatic
72 | M
130 K R
134 T A
153 G S
161 | Vv
177 T A
185 L P v Hydrophobic Aromatic
191 | H v Hydrophobic Uncharged/small
208 S F v Polar Hydrophobic/aromatic
212 S T
219 H Y v Uncharged/small Hydrophobic/aromatic
221 F L
226 (Fgl) S P v Polar Aromatic
230 E K v Charged/negative Charged/postive
299 L S
310 D N v Charged/negative Polar
311 S | v Polar Hydrophobic
317 R Q v Charged/postive Polar
318 R K
322 N D v Polar Charged/negative
352 | A
374 Y F
395 K | v Charged/postive Hydrophobic
397 S P
412 G S
415 T P
488 L F
496 T P v Polar Aromatic
IdtQ Amino acid From To Non-conserved From To
6 H R
11 K E v Charged/postive Charged/negative
13 N D v Polar Charged/negative
15 A \
20 S T
21 G S
34 N D v Polar Charged/negative
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IdtQ Amino acid From To Non-conserved From To
40 N D v Polar Charged/negative
46 | A
57 | A
58 | M
62 H Y v Charged/postive Hydrophobic/aromatic
76 D N v Charged/negative Polar
88 E D
114 M 1
115 T A
118 F L
129 H P v Charged/postive Aromatic
133 | T v Hydrophobic Polar
160 S A
162 (Fgl) S F v Polar Hydrophobic/aromatic

166 M |
173 M \'

177 (AR48) | S v Hydrophobic Polar
178 Q E v Polar Charged/negative
179 Y D v Hydrophobic/aromatic ~ Charged/negative
183 ) L
185 M A v Hydrophobic/sulfide Hydrophobic
189 S P v Polar Aromatic

217 (AR48) T | v Polar Hydrophobic
237 Q R v Polar Charged/postive
242 | Vv
269 \") L
270 M A
276 | T v Hydrophobic Polar
279 v/l A
306 R C v Charged/postive Sulfide moiety
311 S/T G
313 D N v Charged/negative Polar
317 | Vv
321 M/V T
354 L R v Hydrophobic Charged/postive
358 D H v Charged/negative Charged/postive
362 E S v Charged/negative Polar
376 F K
411 N H
414 K R
425 | L
454 L T v Hydrophobic Polar
470 T | v Polar Hydrophobic
484 E A v Charged/negative Hydrophobic

532(Fgl) R M

533 E/K ! i:gé);;\ﬂ v Charged Hydrophobic
535 N D v Polar Charged/negative

Appendix 2: Unique amino acid changes in indole-diterpene (IDT) IdtP and IdtQ from
Epichloé festucae strains AR48 and Fgl, when compared in an alignment of
corresponding genes in E. festucae strains Fl1, E2368, AR1, AR37, and AR5.
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structure of crystal
structure of
arabidopsis cytochrome  structure of
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saccharomyc x-ray structure thaliana human (cypdb1) aloha crystal
es cerevisiae of cyp51 from allene oxide cytochrome vP P structure of
crystal . complexed demethylase
lanosterol 14- trypanosoma synthase p450 2el in crystal . human
. structure of . with octane: (cyp51) from .
. N alpha brucei in (aos,2 complex with Chytochrom structure of ) cypllalin
Amino acid . human o ) ann-2 alkane a2 pathogenic .
demethylase complex2 with . cytochrome the inhibitor 4- P450 allene oxide . X complex with
. prostacyclin and fatty acid yeast candida
with2 posaconazole p450 74a, 2 synthase . . 20,22-2
. . synthase omega- albicans in .
lanosterol in two different cyp74a) methylpyrazol ... dihydroxychol
. hydroxylase complex with
bound conformations complexed e . ) esterol
. with a the antifungal
with 13(s)-
covalently drug3
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12
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Appendix 3: Phyre2 analysis of Epichloé festucae strains AR48 and Fg1 IdtP sequences aligned to the top 10 hits looking at non-conserved
amino acid changes in pocket predictions. Underlined amino acid changes are shared with E2368. ¥/means the amino acid change is
within the predicted pocket and — means the amino acid change is next to an amino acid predicted in the pocket.
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Appendix 4: Phyre2 analysis of Epichloé festucae strains AR48 and Fgl indole-diterpene (IDT) IdtQ sequences aligned to the top 10 hits
looking at non-conserved amino acid changes in pocket predictions. Underlined amino acid changes are shared with E2368. ¥/means the
amino acid change is within the predicted pocket and — means the amino acid change is next to an amino acid predicted in the pocket.
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Appendix 5: Epichloé festucae strains AR48 and Fgl mass spectrometry raw data of new indole-diterpene (IDT) peaks. Initial screening was
undertaken using the TSQ (triple-quad) with multiple reaction monitoring (MRM) optimised for the indole diterpene products from Epichloé
endophytes (parent-18 m/z and 130 m/z core). A) Terpendole E-like peak (AR48/Fgl new IDT compound one) and Paxitriol-like peak (AR48/Fg1
new IDT compound three). B) 13-desoxypaxilline-like peak (AR48/Fg1 new IDT compound two). C) Terpendole I-like peak (AR48/Fgl new IDT
compound four). D) The linear ion-trap (LTQxI) to obtain a full MS? fragmentation spectrum for the paxitriol, terpendole E, paxitriol-like
(AR48/Fgl1 new IDT compound three), and terpendole E-like (AR48/Fgl new IDT compound four). Due to the different chromatographic conditions

required for the two instruments (triple-quad and linear ion-trap) the retention times were different (19.4 c.f. 11.8)
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Appendix 6: Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis
of paxitriol from Epichloé festucae Fl1 infected ryegrass. A) Collision-inducted
fragmentation spectrum of the 438 m/z peak. Key ions are 420 m/z (loss of H,0), 402
m/z (loss of two H20), and 378 m/z (loss of C3H;0). B) Collision-inducted fragmentation
spectrum of the 420 m/z peak from the 438 m/z fragmentation spectrum. Key ions are
402 m/z (loss of two H20), 384 m/z (loss of three H20), 362 m/z (loss of H,0 and
C3He0), and 348 m/z (loss of H,0 and C4Hs0). C) Collision-inducted fragmentation
spectrum of the 402 m/z peak from the 420 m/z fragmentation spectrum from the 438
m/z fragmentation spectrum. Key peak is 348 m/z (loss of H,0 and C4HgO). The
structure of paxitriol and parent ions are inserted into the spectra as reference.
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Appendix 7: Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis
of terpendole E from Epichloé festucae FI1 infected ryegrass. A) Collision-inducted
fragmentation spectrum of the 438 m/z peak. Key ions are 420 m/z (loss of H,0), and
402 m/z (loss of two H20). B) Collision-inducted fragmentation spectrum of the 420
m/z peak from the 438 m/z fragmentation spectrum. Key ions are 402 m/z (loss of two
H20), 350 m/z (loss of H20 and C4H70), and 348 m/z (loss of H,0 and C4HsO). The
structure of terpendole E and parent ions are inserted into the spectra as reference.

214



Chapter eight: Appendices

Relative Abundance

A)

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15

10

1301

150

Paxitriol-like

(AR48/Fg1 new IDT compound three)

200 250

350

400

450

215



Chapter eight: Appendices

B)

Paxitriol-like
(AR48/Fg1 new IDT compound three)

100

95

90

85

80

75

70

65 Parention: 420.3 m/z

60

55

50

45

Relative Abundance

40

35

30 41301 «— 3\

25

20

15

10

5 —>» 3843

150 200 250 300 350 400 450
m/z

216



Chapter eight: Appendices

0

Paxitriol-like
(AR48/Fg1 new IDT compound three)

100 130.1

95

90

85

80

75

70

Parent ion: 402.4 m/z

65

o w0
N
M2

55

50

45

Relative Abundance

40

35

30

25

20

15

10

100 150 200 250 300 350 400 450
m/z

217



Chapter eight: Appendices

D) g ‘OH

Paxitriol-like
(AR48/Fg1 new IDT compound three)

316.3 €—

100

95

90

85

80

Parent ion: 348.3 m/z

75
70
65

~
. )

55 384.4

50

45

Relative Abundance

40
35
30
25

20
—( I
15 g

10

150 200 250 300 350 400 450
m/z

Appendix 8: Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis of new indole-
diterpene (IDT) compound three from Epichloé festucae AR48 and Fgl infected ryegrass. A) Collision-
inducted fragmentation spectrum of the 438 m/z peak. Key ions are 420 m/z (loss of H,0), 402 m/z (loss
of two H20), 366 m/z (loss of C4Hg0), and 348 m/z (loss of H20 and CsHsO). B) Collision-inducted
fragmentation spectrum of the 420 m/z peak from the 438 m/z fragmentation spectrum. Key ions are
402 m/z (loss of two H20), 384 m/z (loss of three H20), and 348 m/z (loss of H20 and CsHgO). C) Collision-
inducted fragmentation spectrum of the 348 m/z peak from the 420 m/z fragmentation spectrum from
the 438 m/z fragmentation spectrum. Key ion is 330 m/z (loss of two H20 and CsHs0O). D) Collision-
inducted fragmentation spectrum of the 402 m/z peak from the 420 m/z fragmentation spectrum from
the 438 m/z fragmentation spectrum. Key peaks are 384 m/z (loss of three H20), and 316 m/z (loss of
two H20 and CsH120). The predicted structure of the novel IDT 3# is inserted into the spectra as
reference.
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Appendix 9: Penicillium paxilli paxP complementation construct (pSS1, 7930 bp). Nptll
(geneticin resistance gene). Ori (E. coli origin of replication point). Bla (ampicillin

resistance gene). PtrpC (promoter). TtypC (terminator). Primers for screening
transformants are indicated by black arrows.
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Appendix 10: Epichloé festucae AR48 indole diterpene (IDT) idtP complementation
construct (pTMO06, 11818 bp). Nptll (geneticin resistance gene). Ori (E.coli origin of
replication point). Bla (ampicillin resistance gene). PpaxM (promoter). TpaxM
(terminator). Primers for screening transformants (TM76/TM77), and for plasmid
construction (all) are indicated by black arrows.
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Appendix 11: Epichloé festucae FI1 indole-diterpene (IDT) idtP complementation
construct (pSS56, 5572 bp). Ori (E.coli origin of replication point). Bla (ampicillin
resistance gene). PpaxM (promoter). TpaxM (terminator). Primers for screening
transformants are indicated by black arrows (TM125/TM126).
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Appendix 12: Geneticin construct (pDB49, 7458 bp). Nptll (geneticin resistance gene).
Ori (E.coli origin of replication point). Bla (ampicillin resistance gene). PtrpC
(promoter). TtypC (terminator). Primers for backbone amplification are indicated by
black arrows (TM80/TMS81).

222



Chapter eight: Appendices

Appendix 13: Penicillium paxilli paxQ complementation construct (pSS2, 8270 bp).
Nptll (geneticin resistance gene). Ori (E.coli origin of replication point). Bla (ampicillin
resistance gene). PtrpC (promoter). TtypC (terminator). Primers for screening
transformants are indicated by black arrows (TM94/TM95).
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Appendix 14: Epichloé festucae AR48 indole-diterpene (IDT) idtQ complementation
construct (pTMO07, 11970 bp). Nptll (geneticin resistance gene). Ori (E.coli origin of
replication point). Bla (ampicillin resistance gene). PpaxM (promoter). TpaxM
(terminator). Primers for screening transformants (TM74/TM82) and well as plasmid
construction (all) are indicated by black arrows.
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Appendix 15: Epichloé festucae FI1 indole-diterpene (IDT) idtQ complementation
construct (pSS58, 5743 bp). Ori (E.coli origin of replication point). Bla (ampicillin
resistance gene). PtrpC (promoter). TtypC (terminator). Primers for screening
transformants are indicated by black arrows (TM127/TM128).
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Appendix 16: Epichloé festucae FI1 perA complementation construct (pDB05, 16340
bp). Ori (E.coli origin of replication point). Bla (ampicillin resistance gene). PpaxM
(promoter). TpaxM (terminator). Primers for amplifying PpaxM (TM74/TM75 or TM82)
and TpaxM (TM78 or TM89/TM79) are indicated by black arrows
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A)
Zample Name | Emindole S8 Pazpaline  Pazpafne B Paxitied  PC-ME 13-Desouypaifne  Paxifne  Prenyl-Paxiine
WT 17918577 37578332 BOTS547 2527898 32508715 10435887 26170215 535380
ApaxpP 3029584 S1054265 4205 Tis01 [¥] 91455 184555 4]
PaxpP 1 6582671 10525451 S00150 BE53192 G4DE5367 GODDEOZ 1RESTO3T 2058062
Paxp 2 &74742 5526085 501772 472512 15265297 79575 1ER52009 642213
PaxPF 3 16900737 13506875 630529 Ti0540 55319848 2275266 20472623 1054703
Faxf 4 14093295 123294385 A4EB534 5S4EEE 57550252 1761989 1B036770 278737
PaxF 5 12881209 103134882 1054405 752215 45541583 5727201 24424519 1140552
ARAE WtP 1 2482031 108142833 6352 535234 lapi7od 3023137 187247 3oa236
ARAE WtP2 1542348 127138139 6523 245435 4084538 13709 BaATT S 1]
ARAE idtP 3 532566 S2582313 O 450618 1279E1E O 261135 4089
ARAE WdtP 4 E33300 TE150456 O 120313 534384 32235 126066 254504
ARAE WtP 5 357293 102190873 0O Tre24T 4297276 21924 100626 SESO7
Filidtr 1 26789 145587 [H] [+] 83225 14523 1262358 13514
Filidtr 2 S2E4304 3254345 1552885 295168 2090625 16758196 163431 13825
FiLidtr 3 27787 2204310 4] o [+] o 22651 o
FiLidtr 4 1RS2a01 3B027E30D O 12543 1171161 10584 S0BS5 12962
FilidtP 5 473715 S912R029 0O BATED 1544481 O 231401 ]
Apaxi 13054340 18357323 1505389 S5E4175 SE44740  215E5EI2 38014 [+]
Faxd 1 2285800 4432365 35477 215113 3134115 224850 1B684353 248EE6
PaxO 2 10E7373 1EED513 20500 205195 2557373 106461 15800262 113072
FaxQ 3 42404 30024549 1166856 143488  3DD03E5 153580 14F24034 BAR52
PaxQ 4 473E563 17265020 1038662 B2E8374 11323434 35223E1 22761180 551540
Faxd 5 TETLTE 1725430 4] 30723 424865 21674 39ETISE 21851
ARAE b0 1 2ADD3BET 27761677 437565 S5E2158 1RRTORDS 1E136555 TFEIEA 45075
ARAE b0 2 17201458 201 45E30 1525485 B4672E 1541 3867 20411402 1445045 167BES
ARAE b0 3 12R1R468 11053630 2117029 411201 B540654 15554342 912881 140225
ARAE b0 4 TET3EE4 3775140 2425370 416185 7343443 15008538 S2E343 [+]
ARAE idtQ 5 | 255087 619772 1536936 24BE64 575511 14393058 954380 o
Filidto 1 14515EE 2982558 593159 ABA303 A2REESE 12359124 577140 (]
Filidto 2 o o o [¥] o 12287 2241 ]
FilidtO 3 2753408 13624157 1385013 540538  TIFEITA 17733240 S24453 110034
FlLidta 4 5317667 FITAB4T 373519 523375 13700257 15927509 101287 o
FlilidtO 5 22RITRTO 345358358 1ER141R 13565845 15E15352 25754518 1085717 1R1RDO
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B)

SamplaName |806 1 4062 4063  406_4 4065 421 A6 1 4381 4382 4333 4521 4522
WT 1517885 305938 11997490 1597872 3607009 358347 14303014 440512 400373 2420 1687018 7352610
ApaxP TG 332 152788 110097 GR9456 97147 15006 a a 1068032 0 11345
Paxf 1 M0AE1 92302 26406486 304214 1045262 258732 12127790 20094979 3ME6E 0 S43766 8606249
PaxP 2 163675 37908 3913643 138120 239347 125423 2681550 330691 7M1 56674 1583582 SN37059
Paxf 3 043 12205 20714310 387148 2108246 262944 13651948 1764261 ANNT 1047106 21349 12734720
PP 4 SAT07R  T2442  1653MAM6 156536 2OIASS? 292445 1R07ITI0 2646684 SRIGIA 53436 186913 13057553
PP 5 356180 105418 19407619 1366606 16BO0GE 225122 11427348 1042582 136260 140026 200197 11998505
ARSI 1 [135936 35011 4RS319 227676 240921 129819 BGMAT  TOO66 15118 2185 1414 285485
ARR P2 266304 19817 118108 185147 222840 242061 1385273 190437 GGTSS 24226 30N SEI015
ARG P 3 |162247 59169 155667  TEAS3 92771 184419 SATASY  ANGED  SOS07 150014 1430 169825
ARSR P4 |E2975 34501 205572 57539 PRGOS TIING  ME88S  457al O 97240 793 52317
ARSI P S |A08185 SE2M4 109707 180064 130472 22971 AWESM1 226987 44393 SO6TS 6212 603410
Filidte 1 a a =3M 0 6184 a 19479 a a a 166716 131133
Filidtp 2 183751 173088 2091596 143184 750557 151996 450848 11660  SIPTSS O a 1723321
FilidtP 3 =7 a a 0 15097 0 0987 6547 a Il S 10506
Filidtp 4 35801 37095 1S8SPE 12034 2SO0 TASR1  TAS404 584534 G117 22061 0 S12861
FilidtP 5 106851 15815 9256 272 115543 9990 1490575 645053 5648 1SB4m1 0 595516
Apaxy 3509190 195549 GAZIIOL 312712 1126179 IT2EE6 2IT90S8 69373 448961 16003 O 4135953
Paxt) 1 8549 TrA13 1349722  23A2SY  ANSETM0 131597 766694 21140 46346 O 1825470 1280787
Pax() 2 158011 46810 539349 136957 267343 117443 AXTS08 18930 26014 @ 1914376 1428075
Paxi} 3 63181 1565 17TESTL 34841  105TIS 6N W97 14799 1M87 0 385119 1036072
Pax) 4 20058 142561 1324042 440837 1080044 116234 2740240 119326 351096 23755 S62301 5942380
Paxi) S 23133 6350 MSm4 5048 SM25 0 2% 5200 amo o 5723 165984
ARS3 ) 1 (313641 89542 SSOOS19  GGAS3E  2GSTAIT 198104 4720019 117324 AZEMIS O a SEA2017
ARSR N 2 |306287 104225 5461310 401410 1663142 278154 4313133 102557 4E2W2 O a 4542130
ARS8 3 (300666 133741 5101310 235374 1194673 225154 2133607 47581 609038 O a 1150312
ARS3 ) 4 (208708 131627 1524453 172874 T4S873 264641 17ISTO6 34019 497924 O a 2632723
ARSR ) S |128726 5238 104502 43630 51725 290761 217801 1113 FM6D O a 1318525
Filided 1 180707 24421 991075 137972 27742 189631 &A@ 36114 %R 0 a 1612324
FilidD 2 0 0 a 0 a a 0 a 0 a a 1077
FilidtD 3 192929 65700 4111243 179487 284746 364124 2039514 129379 65325 27464 O 2972341
FilideD 4 08375 53662 1334395 101097 346883 279005 1837040 120583 25660 35736 O 5791002
FILidtO 5 572774 207127 12390215 485835 1760363 S18131 4942215 195302 574664 0722 O 6616585

Appendix 17: Penicillium paxilli (pax) complementation raw data of A) known indole-
diterpenes compound and B) unknown indole-diterpene (IDT)-like compounds. For all
transformants; wild type (WT), gene deletions (ApaxP and ApaxQ) and
complementations (paxP, E. festucae var lolii AR48 idtP, or E. festucae FI1 idtP into
ApaxP) and (paxQ, AR48 E. festucae var loll idtQ, or Fl1 E. festucae idtQ into ApaxQ).
The new IDT compounds are labelled with the m/z and then the unknown IDT order in
that chromatogram.
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Appendix 19: Alignment of makes caterpillars floppy (Mcf) proteins from a range of
Epichloé festucae strains using the alignment function of Geneious.
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Epichloé_uncinata_CBS_ 102646 1971 (n
Epichloé_amarillans_E57_ 2007
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Epichloé_bromicola_AL04262__
Epichloé_elymi ATCC_201551_
Epichloé_festucae_AR1
Epichloé_festucae_AR37
Epichloé_festucae_AR48
Epichloé_festucae_E2368
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Appendix 20: Alignment of makes caterpillars floppy (mcf) genes from a range of

6045
6045
6042
G041

GOET
5998
6012
5538
G035
6074
G035
6073
34597
6132
6133
6099
GO7E
G093
6074
6077

G098
G094
6091
G050

G136
G058
G061
5587
G084
G123
G0E4
6122
3546
6181
G182
6148
6127
6142
G123
G126

Epichloé strains across multiple species using the alignment function of Geneious. The

E. gansuensis sequence is cut short due to loss of sequence identity.
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Epichloé_typhina_subsp Poae_Psl
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Epichloé_bromicola_ALD4262
Epichloé_elymi_ATCC 201551
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Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALD4262
Epichloé_elymi_ATCC_201551
Epichloé_gansuensis_e 7080
Epichloé_glyceriae_ATCC_ 200747
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Epichloé_typhina_subsp_Poae_Ps1
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
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1MAHNTDEAF IVEFSKDP LAFITKGEKGYAVISS5DNIP-GRPD
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1MAHNANETS IVEFSKDPLGFITKGEKGYAVISS5DNIPGRRPN GDEGHFRFDSVGNLDOQ

GDMGHFRFESVGNPDQ
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1MAHNANETS IVEFSKDPLGFITKGEKGYAV I SS5DNIPGRRPNVFIGDEGHFRFDSVGNLDO
1MAHNADETS IVEFSKDPLGFITKGEKGYAV I SSDNVACGKMPKVFCGDECHFRFNSVONLDE
1MAHNADETS IVEFSKDPLGF I TKGEKGYAV | SFONVAGKMPKVFGGDEGHFRFDSVGNLDE
1MAHNTDESS IVEFSKDPLDFITKGEKGYAV I S5DNIP-CGGPS I LIGDNGHFRFESVGNP DO
1MAHNTDESS IVEFSKNPLDFITKGEKGYAV I S5DNIP-GGPS I LIGDNGHFRFESVGNPDQ
1MAHNADESS | LEFSKDPLDFITKGEKGYAV I S5DNIP-GCGPSGFVGDEGHFRFESVGNLDO
1MAHNADESSIVEFSKDPLDFITKGEEGYAV I SSDNIH-CGGPS | FIGDEGHFRFESVOGNLYQ
1MAHNADESS IVEFSKNPLDFITKGEKGYAV I S5DNIP-GCGPSVFIGDEGHFRFESVGNLDO
1MAHNTDESSIVEFSKDP LAFITKREPYYAVVSSFEIQ-SCSCGVNIGNEGHFRFESVGDPDH
1MAHNADESS IVEFSKDPLGFITKGEQGYAV I S5DNIP-GGPSVLIGDDGHFRFKSVGDADO

1MAHNTDESFIVEFSNDPLDFITKGEKSYAVISSNHIP------mm-mmmmmmm e oo oo oo o
1MAHNTDEAFIVEFSKDP LAFITKGEKDYAV I ISDRIPCGCCHS IDIGDNGHFRFESVGNP DO

BLPAFEIRYYGSEAGADT I SAYHLGYNGGAQTSWTPAQID NPEHNLLFTGSLSGCSVIV

IPKEI
62 PAFEIRYHCADAGADTYSAYHLGYNGGAQTSWTPAQIDIPKINPEHNLLFTGSLSGCSV IV
IPKINPEHNLLFTGSLSGCSVIV

62 PAFEIRYHCADAGADTYSAYHLGYNGGAQTSWTPAQID

62 RYHCADAGADTVSAYHLGYNGGAQTSWTPAQIDIPKINPEHNLLFTGSLSGCSVIY
62 RYHCGRNACADTVSAYHLRYDCCAQTSWTPAQIDIPKINPEHNLLFTCGSLSCCSVIY
62 RYHGRNAGADTVSAYHLRYDGCGAQTSWTPAQIDIPKINPEHNLLFTGSLSGCSVIVY
61 RYYCGPDACADTVSAYHLCYNCCAQTSWTPAQIDIPKINPEHNLLFTGSLSCCSVIY
61 RYYGP DACADTVSAYHLGYNGGAQTSWTPAQIDIPKINPEHNLLFTGSLSGCSVIVY
G1PAFEIRYHCGP DACADTVSAYHLGYNCCAQTSWTPAQIDIPKINPEHKLLFTCGSLSGCSVIY
GlPAFEIRYHGP DAGADTVSAYHLGCYNGGAQTSWTPAQIDIPKINPEHKLYVFTGSLSGCSV IV
GlPAFEIRYHGP DAGADTVSAYHLGYNGGAQTSWTPAQIDIPKINPEHNLLFTGSLSGCSV IV
61 LAFEIRYHGS SAGADTVSAYFLGYNGGAQESWTPAHIDIP IKNPOHELLFTGTLSGCSV IV
GLPAFAIKYHGP DAGADTVSAYHLGYNAGAQTSWTPAQIDIPKINPOHKLLFTGSLSGCSVIVY

BLPAFEIRYHGS EAGANTYSAYY LCYKGGAQTSWTPAQIDIPKINPOHKLLFTGSLSGCSV IV
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122 TNLNDDOYRVYHDSRODSSLLYDDVVMAVDYRDY KHRDASTCFASTFMHYREGRWS LCFQR
123 TNLNDNQYRVYHDTRODSSLLYNDVVMAVDYRDY KHRDASTGYACAFMHY REGRWSLCFQOR
123 TNLNDNQYRVYHDTRODSSLLYNDVVMAVDYRDY KHRDASTGYACAFMHYREGRWSLCFQOR

—————————————————————————— MAVDYRDYKHRDASTGYACAFMHYREGRWSLCFQOR
-=--MAVDYRDYKHRDASTCYACAFMHYREGRWS LCFQR
MTSSWOLTTETINHRDASTCYACAFMHYREGRWS LCFQR
123 TNLNDNQYRVYHDTRODSSLLYNDVVMAVDYRDY KHRDASTGYACAFMHY REGRWSLCFQOR
123 TNLNDNQYRVYHDSRODSESLLYEKVYVMAVDYRDY KHRYENTCYACAFMRYREGRWSLCFQR
123 TNLNDNQYRVYHDSRODSSLLYEKVVMAVDYRDY KHRY ENTGYACAFMHYREGRWSLCFQOR
122 TNLNDNQYRVYHDSRODSSLLYNDVVMAVDYRDY KHRDASTGFAYAFMHYREGRWS LCFQR
122 TNLNDNQYRVYHDSRODSSLLYNDVVMAVDYRDY KHRDASTGFACAFMHYREGRWSLCFQOR
122 TNLNDNQYRVYHDSRLDSSLLYDDVVMAVDYRDY KHRGVSTCYACAFMHYREGRWS LCFQR
122 TNLNDNKYRVYHDSRODSSLLYDDVVMAVDYRDY KHWEP STGFACAFMHY REGRWY LY FOK
122 TNLNDNOQYRVYHDSROQDISLLYDDVVMAVDYRDY KHRDASTCFACAFMHYREGRWTLR FQR
122 TKE LNDNQYRVYHDSRMDS SMLYDNV IMAIDYRDYKHSDVSSCMACP FMRY RKGDWR LCFQOR
122 TNLNDSQYRVYHDSRLDSSLFYDDVVMAVDYRDY KHRDASTGLACAFMHY REGRWS LY FOK

e MDSSMLYDNV IMAVDWRDYKLREDGGGLACAFMHYREG IWSLY FQR
122 KNLNENQYRVYHDSRLDSSLLYDNVVMAVDYRDYKHFEP STGFACAFMHYREGLWSLCFQR
Y MHYREGRWSFCFQR
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123 TNLNDNQYRVYHDPRLDSSLLYNDVVMAVDYRDY KHRDASTGFASTFMHYREGRWSLCFQR

183 QT IVANAR I -VLYEPAPRDGP S| LGAEPLIEMVPGSYNRELVOSRFEQSREKCLERLRDAR
184 QT LLONARY-VLYDPLPRDGPS IWVGTEPLIEMVPKSYNRELVOSRFDESREKCLERLRDAR
1IB4QTLLONARY-VLYDP LPRDGPSIVCTEPLIEMVPKSYNPELVOQSRFDESREKCLERLRDAR
JBQTLLONARY-VLYDP LPRDGP S IVGTEPLIEMVPESYNPELVOQSRFDESREKCLERLRDAR
IBOTLLONARY-VLYDPLPRDGPSIVCGTEPLIEMVPESYNPELVOSRFDESREKCLERLRDAR
A0QTLLONARY-VLYDPLPRDGPS IWVGTEPLIEMVPESYNPELVOSRFDESREKCLERLRDAR
184 QT LLONARY-VLYDPLPRDGPS IWGTEPLIEMVPKSYNPELVOSRFDESREKCLERLRDAR
184 QT LLONGAV-RLYDPLPRDGPFIVGOEPLIEILPQSYNRELVOSRFDESROKCLERLRDAL
184 QT LLONGAV-RLYDPLPRDGPFIVGOEPLIEILPQSYNRELVOSRFDESRRKCLERLRDAL
183 QTLVTNAR I -VLYDPPPRDAPS IVGAEPLIEMVPESYNRELVOSRFEESREKCLERLRDAR
183 QT IVANAR | -VLYDPPPRDAPS | LGAEPLIEMVPESYNPELVOSRFDESREKCLERLRDAR
IB3QTPVCGNGRIVLY IPLLEKDPPY | IGAEPLIEMVPKSYNPELVOQSRFDENREKCLERLRDAH
1E3QTLCTNGRI-VLYNPPREKY I LTTAGPVPLIEQ--KLYDPEIVOWRFDDSREKNREQLOKIL
183 QT IAANAR I -VLYDPPPRGAPS IVGAEPLIEMVPKSYNPELVOSRFDESREKCLERLRDAH
183 ONLSVKGTY--LYNLRRKETVHRTGAEPLIEREPESYDINQVOSRFNESRNKNRERLOQDFH
1B3QTLCTDCGRI-VLYNPLPRDTP S| IGAEPLIELVPNSYNPDLVOSRFDESREKSRERLOQDAH
A7 ONQTKNGAFRTLYNARPKDTVY | IGAEPLIKLAPKSYNPNLVOSRFNESRNONRERLQDFH
183 QT LAENGRI-VLYNPLPRNGPY | ICAEPLIVLCGPKSYDPERVRSRFDESROQKCRERLODAR
1ISOT IVANARY-VLYEPPPRGGP S| LCAEPLIEMVPGSYNRELVOQSRFEQSREKCLERLRDVR
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184 QVMLGILRF-GLYEPPPRDAPS|LGAEPLIEMVPGSYNRELVOSRFEQSREKCLERLRDAR

243 TKLSNDP FOQOGEDGDFOQP FEENR I SLDNEAVRY SQRLRADLHDLMKDRRHDRDHPGDDD- - -
244 TK LSNDP FHY EDGEFQP FEENHI SLDNEAVGY SOGLRTELDG I LRDR-PYPTEPN- -~
244 TK LSNDP FHY EDGEFQP FEENHI SLDNEAVGY SQGLRTELDGI LRDR-PYPTEPN------
96 TK LSNDP FHY EDGEFOPFEENHI SLDNEAVGY SQGLRTELDGILRDR-PYPTEPN-----~-
96 TKLSNDP FHYEDGEFOP FEENHISLDNEAVGY SQGLRTELDG I LRDR-PYPTEPN- -
100 TK LSNDP FHY EDGEFQP FEENHI SLDNEAVGY SQOGLRTELDGILRDR-PYPTEPN--
244 TK LSNDP FHY EDCEFQP FEENHI SLDNEAVCY SQCLRTELDGI LRDR-PYPTEPN-~-----
244 TK LSHDP FHY EDGEFQP FEENR I SLONEAVRY SOGLRTDLEG I LNNRGPYPAELN------
244 TKE LSNDP FHY EDCEFQPFEENRISLKENEAVRY SQCLRTDLGG | LNNRGPYPAELN- -~
243 TKLSDDP FHGGDGEFQP FEENHI SLDNEAVRY SORLRADLND | LGNRRP---YPAEPD
243 TKLSNDP FHGEDGEFQP FEENHI SLDNEAVRY SORLRADLHGI LENRRP
244 TK LSKDPPKGVDGKFOP FKDNS IKLDNEAVGY SEGLRKDLDV | KKNKRNSSTHHAELI - -~
241 TK LSNNAPEGMDGEFQP FKENHI SLDNEAVRY SOGLRKYLRG I IK----NKRDSNRDSKMD
243 TK LSKDP SHYKDGEFQP FEENHI SLDNEAVRY SQOGLRTDLDG I LKNRRPYPAKP | -----~
242 TTWFSRRYQGVDSEFIPFEKND Il =------------cmmmmm i mmm e m o m o = -
243 TKLSDDPPKGVDGRFOPFEENS IHLANEAVGY SEGLRKDLRGI IKKKRDS ITDPAET
1B MTLFGHRYQGVDGEFTPFENNNIKLNNPAVSLSOQGLREALKGNTS----WPAELG- -
243 TKELSNDP FNGEDGEFQP FEENHISLDNEAVCGY SERLREDIRGI IKNKRNSERDTDR -~~~ -~
75 TKLSDDP FHGEDGEFOPFEENHISLDNEAVRY SQORLRADLHGLLEDRKPDPNDPVED- - -~

244 TKE LSNDP FHGEDGEFQP FEENHI SLDNEAVRY SORLRADLIGFLRDRSYDPDHPGDND- - -
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121
121
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Epichloé_typhina_subsp_Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_ 2011551
Epichloé_gansuensis_e 7080
Epichloé_glyceriae_ATCC_200747_
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp_Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262
Epichloé_elymi ATCC_ 2011551
Epichloé_gansuensis_e7080_
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp_Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_ 2011551
Epichloé_gansuensis_e 7080_
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians MYA-1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae ES819_
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp_Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_ 2011551
Epichloé_gansuensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians MYA-1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae ES819_
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp Poae_Ps1
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae ES819_
Epichloé_uncinata_CBS_102646_

301 ----- MAFSAOWLYSLLGDQLFLNER--------------- FVGRAVASSRNYDFTYLWLK
208 - - - - - ADLNPQELVSLS-DOLLLSER-------======-~ FVRRTMTSSRNYDYTY LWLK
298 - - - - - ADLNAQELVSLS-DOLLLSER- - ~FVRRTVTSSRNYDFTYLWLK
150 - == - = ADLNAQELVSLS-DOLFLSER- - ~FVRRTVTSSRNYDFTYLWLK
150 == === ADLNAQELVSLS-DQLFLSER---------m-omn- FVRRTVTSSRNYDFTYLWLK
154 - - - - - ADLNAQELVSLS-DOLFLSER--------------- FVRRTVTSSRNYDFTYLWLK
298 - = - - - ADLNAQELVSLS-DOLLLSER- -=- -FVRRTVTSSRNYDFTYLWLK
299 - - - - - GELNVOELVSLS-DOLFLSKN- - ~FITRIVESSRNYDCTFLWLQ
299 - - - - - GELNVOELVSLS-DOLFLSKN- - ~FITRIMKSSRNYDYTFLWLQ
298 - - - - - AELDAQALVSLS-DOLFLSER- - -FVRRTMASSRIYDFTYLWLK
295 - - - - - AELNAODLVSLS-DORFLSKK -~ FVRRTMTSSRNYDFTYLWLK
302 ----- AELNAQDLISLS-DELFVSESLKLPMHP SSKR-EFLYLTRTMTSSEKYDYTYLWLK
298 SNTFPAELKLODFLSHS-DEMEVSDMSLRADE-SSRKYDYGYANRTMTSSEKYDYTYLWLK
298 - - - - - AELMAQESLLLS-NQLLLSER-=--=--=-=--=--= FVRRTMTSSRNYDFTRLWLY
300 ---- IAELNAQDLVSLS-DELFVSDMSLNLAMDP SRTYDYKYLNRTMTSSEKYDYTYLWLK
158 - == - - AELNVOVLVPLT-DRWLOSDRFLKLFR-ASK----YFFDQIKKSSEKYDYTYLWLK
299 KTYHLAELKAQDLVSHS-EELLVSDMSLRLAMDP SROYDYGYVTRTMASSEKHDFTFLWLM
132 - == - - RELMNAQ- LLEFMSDOQLFLTER-====-========-~ FVVRTVASSRNYDFTYLWLK
302 ----- AGLSAQWLVSLS-DOQLFLNKN--------------- FVRRIVTSSOQRYDYTYLWLK

342 QKEERGFTAVVREGEHRQTP LGGTAGORLSEQRFRELLAGDNDFSSGYNAYESVEIPGYEH
33BOKEERCFAAVVREGCEHROTP LCGTACQRLSEQRFRELLAGDNEFSROGYNTYESVEISCYEH
338 QKEERGFAAVVREGEHRQTP LGGTAGORLSEQRFRELLAGDNEFSRGYNTYESVEISGYEH
150 OKEERGFAAVVREGEHRQTP LGGTAGORLSEQRFRELLAGDNEFSRGYNTYESVEISGYEH
150 OKEERGFAAVVREGEHRQTP LGGTAGORLSEQRFRELLAGDNEFSRGYNTYESVEISGYEH
194 OKEERGFAAVVREGEHRQTP LGGTAGORLSEQRFRELLAGDNEFSRGYNTYESVEISGYEH
338 QKEERGFAAVVREGEHRQTP LGGTAGQRLSEQRFRELLAGDNEFSRGYNTYESVEISGYEH
390K IRKGFEAVVKQG ! 5LOAP LGGTAGERLSEQRFSELLVGDNEFSTGYKDYGSVEISGYEH
390K IRKGFEAVVEQG | SLOAP LGGTAGERLSEQRFSELLAGDNEFSTGYKDYGSVEISGYEH
338 OMEERGFAAVVREGEHRQTP LGGTAGORLSEQRFRELLAGDNDFSRGYNAYGSVEIPGFEH
335 0KEERGFAAVVREGEHROTP LOGGTAGORLSEQRFRELLAGDNEFARGYNAYGSVEISGYEH
356 OKEAKGFAAVVREGEHRQAP LGDTAGERLSEQRFRELLAGDNEFSTGYKTYGSVEISGYEH
IS7OKERKGIKAVVRECEHROAP LCGTAGERLSEQRFRELLAGCDEEFATGYKTYGSVEISEYEH
3B OQKAVKGFAAVVRAGKRROAP LGGTAGERLSEQRFRELLAGDNEFSTGYKTYESVEISGYEH
356 OKEAKGFAAVVREGEHRQAP LGGTAGERLSEQRFRRLLAGDNEFSTGYKTYASVEISGYEH
209 0KERRGFAAVVREGEHRQAP LGGTAGERLSEQRFRASLAGDNEFSTGYKTYGSVEISGYTH
590K I RKGFEAVVRRGI GLOAP LGGTAGERLSEQRFSDLLAGDNEFSTGYEKYGSVEISGYEH
172 QKEERGFAAVVREGEHRQTP LGGTAGORLSEQRFRELLAGDNDFSSGYNAYESVEIPGYEH

342 QKEERGFAAVVREGEHRQTP LGGTAGOQRLSEQRFRELLAGDNDFSRGYNAYESVEIPGYEH

403 DMTLSEIVOQLFDRSSTSLTOTEQCGALLRRIDLARKKLFNES IWOMTNDVVAMFQEMGGYTK
99 DMTLSEMVOQLFDRSSTSLTQTEQGALLRR IDLARKELFNESYWOKTNDY IAMFQEMGCYTEK
399 DMTLSEMVOLFDRSSTSLTOTEQCGALLRRIDLARKELFNESYVWOKTNDV IAMFOQEMGGYTK
251 DMTLSEMVOQLFDRSSTSLTQTEQCALLRR IDLARKELFNESVWOKTNDYV IAMFQEMGCYTEK
251 DMTLSEMVOQLFDRSSTSLTOTEQCGALLRRIDLARKELFNESYVWOKTNDV IAMFOQEMGGYTK
255 DMTLSEMVOLFDRSSTSLTQTEQGALLRRIDLARKELFNESVWOKTNDV IAMFOQEMGCYTE
399 DMTLSEMVOLFDRSSTSLTOTEQCGALLRRIDLARKELFNESYVWOKTNDV IAMFOQEMGGYTK
400 DMTLSEMVOQLFDRSSTSLTO IQOQCALLRRIELARKELFNESYVWOKTNDV IAMFOQDMGGYTK
400 DMTLSEMVOQLFDRSSTS LTOAQQCALLRRIELARKELFNESYVWOKTNDY IAMFOQDMGGYTK
399 DMTLSEMVOLFDRSSTSLTOTELCGALLRRVDLARKELFNES IWQKTNDV IAMFOQEMGGYTK
396 DMTLSEMVOQLFDRSSTSLTOTEQCGALLRRIDLARKEVFNES IWQKTNDV IAMFQEMGGYTK
417 DMTLSOMIQLFDRSSTSLTOTEQCGALLRRIELARKELFNES IWQKTNDV IAMFQDRGGYTK
A8 DMTLSEMVOQLFDRSSTSLTQTEQGALLRRIELARKELFNES IWQKTNDV IAMFQDMGGYTEK
399 DMTLSEMVRLFDRSSTSLROTEQCGALLRRIELTRKELFNES IWQKTNDV IAMFOQDMGGYTK
417 DMTLSEMVOQLFDRSSTSLTOTEQCGALLRRIDLARKELFNES IWQKTNDV IAMFOQDMGGYTK
270 DMTLSEMIKLFDRSSTSLTQTEQCGALLRRIELARKDLFNESVWOKTNDV IAMFOQEMGCSTE
420 DMTLSEMVOLFDRSSTSLTOTEQCGALLRRIELARKELFNESYVWOKTNDV IAMFOQEMGCGYTK

233 DMTLSEIVOLFDRSSTSLTQTEQGALLRRIDLARKELFNES IWQKTNDVVAMFOQEMGCYTE
403 DMTLSEIVOQLFDRSSTNLTOTEQCGALLRRIDLARKELFNES IWQKTNDVVAMFOQEMGGYTK
464 PMPOQDI LLNAIPDKYGGGRCYP LVYAMSVALASS----NFAIDALCAKLVGLSPNNAADME
460 PMPQDI LLHAIPDEYGGGRCYP LVYAMSVALASS - DFATEQLCAKLVGLSPNNQADMEK
460 PMPOQD I LLHAIPDEYGGGRCYP LVYAMSVALASS----DFAIEQLCAKLVGLSPNNQADME
312 PMPODILLHAIPDEYGGGRCYP LVYAMSVALASS----DFAITEQLCAKLVGLSPNNOQADMEK
312 PMPOQDILLHAIPDEYGGGRCYP LVYAMSVALASS - NFATEQLCAKLVGLSPNNQADMEK
316 PMPODILLHAIPDEYGGGRCYPLVYAMSVALASS- DFAITEQLCAKLVGLSPNNQADMK
460 PMPOQD I LLHAIPDEYGGGRCYP LVYAMSVALASS----DFAIEQLCAKLVGLSPNNQADME
461 PMPODI LLHAIPDELGGGRCYP LVYAMSVALASS----EFAIDOQLCAKLVGLSPNNESDME
461 PMPOQDILLHAIPDELGGGRCYP LVYAMSVALASS- EFAIDOLCAKLVGLSPNNESDMEK
460 PMPODI LLHAIPDEYGGGRCYPLVYAMSVALASS - DFAIDOLCAKLVCLSPNSAADMK
457 PMPQDI LLHAIPDEYGGGRCYP LVYAMSVALASS----DFAIDOQLCAKLVGLSPNSAADMEK
478 PMPQDI LLHAIPDEHGGGRCYP LVYAMSVALASS----DFAIDQLCAKLVGLSPNNESDMEK

479 PMPOQDI LLHAIPDEHGGGRCYP LVYAMSVALATS -
460 PMPQD I LLHAVPDEHGGGRCYP LVYAMSVALASS -

DFAIDOLCAKLAGLSPNSESDMEK
DFAIDOQLCAKLVGLSPNNESDMEK

478 PMPQD I LLHAVPDEYGGGRCYP LVYAMSVALASS----DFAIDQLCAKLVGLSPNNEADMR
331 PMPODILLRAVP DEHGGGRCYPLVYAMSVALASSDFAIDFVIDOQLCAKLVALSPNNKSDMM
481 PMPOQDI LLHAIPDEYGCGGRCYP LVYAMSVALASS----EFAIDQLCAKLVGLSPNNQAHME
294 PMPQD I

464 PMPODI LLHAIPDEYGCGGRCYPLVYAMSVALASS----NFAIDOLCAKLVGLSPNNAADME

S21 NAELLKRCLEDLHTSYPAAEASRP ICNMTLAEAVSYVLEKSTETTTLAMHTEVHAMLLCVRE
517 NAELLKRCLEDLHTSYPAAEASRP IGNMTLEEAVSMLERSTETTTLAMHTEVHAMLLGLTEK
517 NAELLKRCLEDLHTSYPAAEASRP IGNMTLEEAVSMLERSTETTTLAMHTEVHAMLLGLTEK
369 NAVLLKRCLEDLHTSYPAAEASRP IGNMTLEEAVSMLERSTETTTLAMHTEVHAMLLGLTEK
369 NAVLLKRCLEDLHTSYPAAEASRP IGNMTLEEAVSMLERSTETTTLAMHTEVHAMLLGLTEK
373 NAELLKRCLEDLHTSYPAAEASRP IGNMTLEEAVSMLERSTETTTLAMHTEVHAMLLGLTEK
517 NAELLKRCLEDLHTSYPAAEASRP IGNMTLEEAVSMLERSTETTTLAMHTEVHAMLLGLTEK
S51E NAKLLKRCLEDLHTSYQAAEASRP IGNMTLEEAVGMLEKSTETT | LAMHTEVHSMLLGLTEK
518 NAKLLKRCLEDLHTSYOQOAAEASRP IGNMTLEEAVCGMLEKSTETT | LAMHTEVHSMLLGLTEK
517 NAELLKRCLEDLHTSYPAAEASRP IGNMTLEEAVSYVLEKSTETTTLAMHTEVHAMLLGLTEK
514 NAELLKRCLEDLHTSYPAAEASRP IGNMTLEEAVSVLEKSTETTTLAMHTEVHAMLLGLTEK
SIS NSKLLKRCLEDLHTSYPAAEASRP ICKMTLEEAVSMLEKSTETTTLAMHTEVHAMLLCGLTE
536 NAKLLKRCLEDLHTSYPAAEASRP IGKMTLEEAVSMLEKSTETTTLAMHTEVHAMFLGLTEK
517 NAKLLKRCLEDLHTSYPAAEASRP ICNTTLEEAVCMLEKSTETTTLAMHTEVHAMLLGLTEK
535 NAQLFKRCLEDLHTSYPAAEASRP IGNMTLEEAVSVLEKSTETTTLAMHTEVHAMLLGVTEK
392 NAELLKRCLEDLHTSYPAAEASRP IGNMTLEEAVS | LEKSTETTTLAMHTEVHAMLLGVTR
538 NAELLKRCLEDLHTSY LAAEASRP IGNMTLEEAVSMLEKSTETTTLAMHTEVHAMLLGLTEK
351 NAELLKRCLEDLHTSY SAAEASRP ICNMTLEEAVEVLEKSTOTTTLAMHTEVHAMLLGVREK

521 NAELLKRCLEDLHTSYPAAEASRP IGNMTLEEAVSYVLEKSTETTTLAMHTEVHAMLLGVRE

341
337
337
189
189
153
337
338
338
337
334
355
356
337

355
208
358
171

402
398
398
250
250
254
398
399
399
398
395
416
417
398

416
269
419
232

463
459
459
311
311
315
459
460
460
459
456
477
478
459

477
330
480
293

520
516
516
368
368
iv2
516
517
517
516
513
534
535
516

534
391
537
350

w

20

581
577
577
429
429
433
577
578
578
577
574
595
596
577

5595
452
598
411

L

81

265
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Epichloé_typhina_subsp Poae_Psl
Epichloé_festucae_AR4E
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_AL0434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_201551_
Epichloé_ganswensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_MYA-12258_
Epichloé_mollis_ALS9324
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALD4262
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_ALS9324
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALD4262
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae_ATCC_200747_
Epichloé_inebrians MYA-1228
Epichloé_mollis_ALS9324
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_ 102646

Epichloé_typhina_subsp_Poae_Ps1
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALD4262
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae_ATCC_200747_
Epichloé_inebrians MYA-1228
Epichloé_mollis_AL9924
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp_Poae_Ps1
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_AL0434_
Epichloé_bromicola_ALD4262
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae_ATCC_200747_
Epichloé_inebrians MYA-1228
Epichloé_mollis_ALS924_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

582 TRNSTSWHFYDPMFAIVTFNSGEALLEAATKFFEESGFAKVY EAQGCQTPSFDFFQIDAERY
STE NGNSTSWHFYDPNFAIATFKSGEALLEATTKFFEESGFAKVY EAQCQTPSFDFFRIDAERY
578 NGNSTSWHVYDPMNFA IATFKSGEALLEATTKFFEESGFAKVY EAQGCQTPSFDFFRIDAERY
430 NGNSTSWHFYDPNFAIATFKSGEALLEATTKFFEESGFAKVY EAQGQTPSFOFFRIDAERY
430 NGNSTSWHFYDPMNFA IATFKSGEALLEATTKFFEESGFAKVY EAQGCQTPSFDFFRIDAERY
434 NCNSTSWHFYDPNFAIATFKSCEALLEATTKFFEESGFAKVY EAQCQTPSFDOFFRIDAERY
578 NGNSTSWHFYDPMNFAIATFKSGEALLEATTKFFEESGFAKVY EAQGQTPSFDFFRIDAERY
57O NCGNSTSWHFYDPNFAIATFKSCEALLEATTKFFEESGFAKVY EAQCQTPSFOFFHIDAERY
579 NGNSTSWHFYDPMFA IATFKSGEALLEATTKFFEESGFAKVY EAQGCQTPSFDFFHIDAERY
578 NGNSTSWHFYDPMNFA IATFKSGEALLEATTKFFEESGFTKVY EAQGQTPSFDFFRIDAERY
575 NGNSTSWHFYDPMNFA IATFKSGEALLEATTKFFEESGFAKVY ETQGQTPSFDFFRIDAERY
596 NGNSTSWHFYDPMNFA IATFKSGEALLEATTKFFGESGFAKVY EAQGCQTPSFDFFQIDAERY
597 SCNSTSWHFYDPMNFAIATFKSGEALLEATTKFFGESGFAKVY EAQGQTPSFDFFQIDAERY
578 NGNSTSWHFYDPMNFAIATFKSGEALLEATTKFFEESGFAKVY EAKGOQTPSFDFFQIDAERY
596 NGNSTSWHFYDPMNFAIATFKSGEALLEATTKFFEESGFAKVY EAQGRTPNFDFFQIDAERY
453 TGNSTLWHFYDPNFAIATFNSGEALLEATTKFFEESGFAKVY EAQGQTPSFDI FQIDAERY
599 NGNSTSWHFYDPMNFA IATFKSGEALLEATTKFFEESGFAKVY EAQGQTPSFDFFRIDTEKY
412 NHNSTSWHFYDPNFAIATFNSCEALLEATTKFFEESGFAKVY EAQCQTPSFEFFQIDAERY

582 NRNSTSWHFYDPNFAIATFDSCEALLEATTKFFEESGFAKVY EAQCQTPSFOFFRIDAERC

643 SR IGFDHNLTVADLVEPDTLLET ITADRKTVTLYHDPAQLTSSRTFSAQTELLETLRLGEA
633 SR IGFEHDLTVADLVOQPETLLET IASEHKTATFIQDPAQLTSSRTFSAQTELLEILGLGEA
633 SR IGFEHDLTVADLVOQPETLLET IASEHKTATFIQDPAQLTSSRTFSAQTELLEILGLGEA
431 SR IGFAHDLTVADLVOPETLLET IASEHKTATF IQDPAQLTSSRTFSAQTELLEILGLGEA
491 SR IGFAHDLTVADLVOQPETLLET IASEHKTATFIQDPAQLTSSRTFSAQTELLEILGLGEA
495 SR IGFAHDLTVADLVOQPETLLET IASEHKTATFIQDPAQLTSSRTFSAQTELLEILGLGEA
633 SR IGFEHDLTVADLVOQPETLLET IASEHKTATFIQDPTOLTSSRTFSAQTELLEILGLGEA
G40 SR IGFDHNLTVADLVOPETLLET IASEHNTANFIQDPAQLTSSHNFSAQTELSEILGLGEA
G40 SR IGFDHNLTVADLVOQPETRLET IASEHNTANF IQDPAQLTSSHNFSAQTELSEILGLGEA
G35 SRIGFDHNLTVADLVOPETLLET IASEHKTATFIQDPAQLTSSRTFSAQTELLEILGLGEA
636 SR IGFDHNLTVADLVOQPETLLET IASEHKTATFIQDPAQLTSSRTFSAQTELLEILGLGEA
657 SRIGFDHNLTVADLVOPETLLET IASEQKTATFLODPAQLTSSRTFRAQGTELLEILGLGEA
658 SR IGFDHNLTVADLVOQPETLLET IASEHKTA | FLODPAQLTSSRTFSAQTELLEILGLGEA
633 SR IGFDHNLTVADLVOQPETLLET IASEHKTA | SLODPAQLTASRTFSAQTELLEILDLGEA

657 SR IGFDHNLTVADLVOPETLLET IASEHKTATF IQDPAQLTASRAFSAQTELLEIL
514 SGI I LDYNLTVADLVRPETLLETVASQOOQTATFLOQDPAQLTASDAFSAQTELLETL
G660 SR IGFDHNLTVADLVEPETLLET IASEHKRATFVODPAQLTSSRNFSAQTELLEILGLGEA
473 SR IGFDHNLTVADLVEPDTLLET IAADRKTATLYHDPAQLTSSRTFSAQTELLETL

704 AWRDATARLEESLG I GEHWMP
700 AWHDATARLEESTGMGEHWMP
700 AWHDATARLEESTCMGEHWMP
552 AWHDATARLEESTCGMGEHWMP
552 AWHDATARLEESTGMGEHWMP

ILETLKEGGEEGSYEVOF INLKNMNETKW I STESSATKDF
I LETMKEGGEKGSYEVOQF INLKNKNETKWISTESPAIKDF
ILETMKEGGEKGSYEVOF INLKNKNETKW I STESPAIKDF
I LETMKEGGEKGSYEVOQF INLKNKNETKWISTESPAIKDF
I LETMKEGGEKGSYEVOQF INLKNKNETKWISTESPAIKDF
556 AWHDATARLEESTCMGEHWMP | LETMKEGGEKGTY EVQF INLKNKNETKWISTESPAIKDF
700 AWHDATARLEESTCMGEHWMP | LETMKEGGEKGSY EVQF INLKNKNETKWISTESPAIKDF
701 AWRDATARLEESTCMGEHWMP | LETMKEGGEKGSY EVQF INLNNKNGTKWISTESPAIKDF
701 AWRDATARLEESTCMGEHWMP | LETMKEGGEKGSY EVQF INLNNKNGTKWISTESPAIKDF
OO AWRDATARLEESLGIGEHWMP | LETLKEGGEKGSYEVOF INLKNKNETKWISTESPAIKDF
657 AWRDATARLEESLGMGEHWMP | LETMKEGGEKGSY EVQF INLKNKNETKWISTESPAIKDF
718 AWRDATARLEESTCMGEHWMP | LETMKEGGEKGSYEVOF INLKNKNETKWISTEGHATKDF
719 AWRDATARLEESTCMGEHWMP | LETMKEGSEKGSYEVQF INLKNKNETKWISTESHAITKDF
00 AWRDATARLEESTCMGEHWMP | LETMKEGCEKGSY EVOF INLKNKNETKWISTESPAITKDF
718 AWRDATARLEESTCVGEHWMP | LETMKEGCEKGSY EVOF INLKNKNETKWISTESPAIKDF
575 AWRDATARLEESTCMGEHWMP | LETMREGDEKGSY EVOF INLKNKNETKWLSTKSPAIKDF
721 AWRDATARLEESTCMGEHWMP | LETMKEGGEKGSY EVQF INIENKNETKWISTESPAIKDF
534 AWRDATARLEESLGIGEHWMP | LETLKEGGEEGSYEVQF INLKNMNETKWISTESPAIKDF

765 KARLDEHLETLSKTHEFESGSFMREENLAHAEA I DGLNAMF | MR
761 KARLDEHLETLSKTYEFESGSFMRKENLAHAEA I DGLNAMF I VR
761 KARLDEHLETLSKTYEFESGSFMRKENLAHAEAI DGLNAMF I VR
613 KARLDEHLETLSKTYEFESGSFMRKENLAHAEA I DGLNAMF I VR
B13 KARLDEHLETLSKTYEFESGSFMRKENLAHAEAIDGLNAMF I VR
617 KARLDEHLETLSKTYEFESGSFMRKENLAHAEA I DGLNAMF I VR
761 KARLDEHLETLSKTYEFESCSFMRKENLAHAEAIDGLNAMF I VR

T EHFAGKKTEESK--
T
T
T
T
T
T
762 KARLDEHLKTLSKTYEFESGSFMRKENLAYAEAIDGLNAMF I VRT
T
T
T
T
A
T

LI
LIEHFAGKKTEEST--
LIEHFAGKKTEEST -~
LIEHFAGKKTEEST--
LIEHFAGKKTEEST -~
LIEHFAGKKTEEST--
LIEHFAGKKTEEST -~
LIEHFSGKKTEESK--
LIEHFSGKKTEESK--
LIEHFAGKKTEESK--
LIEHFAGKKTEESK- -
LIEHFSSKKTEESK--
LIEHFSGKKTEESK- -
LIEHFSGKTTEESK--
TI9KARLDEHLGTLSKTYEFESGSFMRKENLAHAEAIDGLNAMLIVRALIEHFSGKKTEESK -~
636 KARLDKHLKSLSETYEFESGSFMRKENLPHAEAIDGLNAMS I VAT EHFSSKETEESK--

T

T

762 KARLDEHLKTLSKTYEFESGSFMRKENLAYAEA I DGLNAMF I VR
761 KARLDEHLETLSKTHEFESGSFMREENLAHAEA I DGLNAMF I VR
758 KARLDEHLETLSKTYEFESGSFMREENLAHAEA I DGFNAMLIVR
TI9KARLDEHLKTLSKTYEFESCGSFMRKENLPHAEAIDGLNAMLIVEK
J80 KARLDEHLKTLSKTYEFESGSFMRKENLAHAEA I DGFNAMF I VR
761 KARLDEHLKTLSKTYEFESGSFMRRENLPHAEAIDGLNAML I VK

782 KARLDEHLETLSKTYEFESGSFMRKENLEHAEAIDGLNAWF I VR EHFTAKKTEEST- -
595 KARLDEHLETLSKTHEFESGSFMREENLAHAEA I DGFNAMF I VR EHFAGKKTEESKKS

824 -TNAELADALKIHSY LNLTOMGOQTLGDVGKMYNLVKDMLETGOVAKSSLTTLVERLGNYS
820 -TNAELADALMIHSY LNLTOIGHOQTLGDVGKMYNLVKDMLETGOVAKSSLSTLVKGLGNAS
820 -TNAELADALK IHSFLNLTQ I GHOQTLGDVGKMYNLYVKYMLETCGOVAKSSLSTLVKGLGNAS
672 -TNAELADALMIHSY LNLTOIGHQTLGDVGKMYNLVKDMLETGOVAKSSLSTLVKGLGNAS
672 -TNAELADALMIHSY LNLTQ | GHOTLGDVGKMYNLVKEDMLETGOVAKSSLSTLVKGLGNAS
676 -TNAELADALMIHSY LNLTO I GHQTLGDVGKMYNLVKDMLETGCOVAKSSLSTLVKGLGNAS
820 -TNAELADALMIHSY LNLTQ I GHOQTLGDVGKMYNLVKEDMLETCGOVAKSSLSTLVKGLGNAS
821 -TNADLADALK IHSY LKLTOMGHQTLGDV EKMYNLVKDMLETGOVAKSSLSTLVKGLGYAS
821 -TNADLADALK IHSY LKLTOMCHOQTLCGDVEKMYNLVKEDMLETCOVAKSSLSTLVKGLGYAS
820 -TNAELADALKIHSY LNLTOMGOQTLGDVGKMYDLVKDMLETGCOVAKSSLSTLVKGLGNAS
817 -TNAELADALK IHSY LNLTOMCHOQTLCGDVCKMVD LVRDMLETCOVAKSSLSTLVKGLGNAS
838 -TNAELADALKIHSY LTLTOMGHQTLGDVGKMYNLVKAMLETGCOVAKSSLSTLVKGLGYAS
839 -TNAELADALKIHSY LNLTOMGHQTLGDVGKMY S LVKTMLETGCOVAKSSLSTLVKGLGYAS
820 -TNAELADALK I HSY LNLTOMGHQTLGDVGKMYNLVKAMLETCOVTKSSLSTLVKGLGYAS
838 -TNAELADALK IHSY LNLTOQMGHOQTLCGDVGKMYDLVKDMLETCGOVAKSSLESLVKGLOGNAS
695 -TNVOLADALK I HSY LNLTOMGHQTLGDVGK IVNLVKTMLETGEVAKKSLOTLVRGLGNAS
841 -TNAELADALR IHSDLNLTOMGHOQTLGDVGK IVNLVKDMLETGOVAKSSLSTLVKGLGNAS
656 KTNAELADALK IHSY LNLTOMGOQTLGDVGKMYDLVKDMLETGOVAKSSLTTLVERLGNYS

642
638
638
450
450
4594
638
639
639
638
635
656
657
638

656
513
659
472

703
699
699
551
551
555
699
700
700
699
636
717
718
699

717
574
720
533

650

764
760
760
612
612
616
760
761
761
760
757
778
779
760

778
635
781
554

823
819
819
671
671
675
215
820
820
819
816
237
838
819

837
694
340
655

883
879
&73
731
731
735
879
Ba0
380
879
a76
897
898
879

297
754
500
716
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Epichloé_typhina_subsp_Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytei_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_AL04262_
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp_Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians MYA-1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae ES819_
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp_Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_201551_
Epichloé_gansuwensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_ MYA=1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae ES819_
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp_Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians MYA-1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae ES819_
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp Poae_Ps1
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_AL0434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC 201551
Epichloé_gansuensis_e 7080
Epichloé_glyceriae_ATCC_200747_
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae ES819_
Epichloé_uncinata_CBS_102646_

884
2a0
880
732
732
736
280
881
881
880
&77
898
399
880

898
755
501
717

545
941
541
793
793
797
541
542
542
541
938
959
960
541

959
i16
562
778

EGFGVLLGGANVYLDAY ELAHTDNDAQKAVFGTQLAFDSVTFLASAGT IGAGLIGATTAVA
ECFCVLLGCANVY | LDAYELAHTDNDAQRAVFGTOQLAFDSVTFLASVOGTVCAGLLCATTVVA
EGFGVLLGGANY | LDAYELAHTDNDAQRAVFGTQLAFDSVTFLASVGTVCGAGLLGATTVVA
EGFGVLLGGANY | LDAYELAHTDNDAQRAVFGTQLAFDSVTFLASVGTVCGAGLLGATTVVA
EGFGVLLGGANY | LDAYELAHTDNDAQRAVFGTQLAFDSVTFLASVGTVCGAGLLGATTVVA
EGFGVLLGGANY | LDAYELAHTDNDAQRAVFGTQLAFDSVTFLASVGTVCGAGLLGATTVVA
ECGFCVLLGGANY | LDAYELAHTDNDAQRAVFGTOQLAFDSVTFLASVOTVCAGLLCGATTVVA
EGFGVLLGGANVYLDAY ELAHRDNDAQRAVFGTQLAFDSVTFLASVGT IGAGFIGATTAVA
EGFCVLLGGANVVLDAYELAHRDNDAQRAVFGTOQLAFDSVTFLASVGT IGAGF IGATTAVA
EGFGVLLGGANVYLDAYELAHTDNDAQKAVFGTOQLAFDSVTFLASAGT ICAGLIGATTAVY
ECFCVLLGCANY | LDAFELAHTDNDAQRAVFCTOQLAFDSVTFLASAGT ICAGLIGATTAVA
EGFGVLLGGANY | LDAYELAHTDNDVORAVFGTQLAFDSVTFLASVGT ICAGFIGATTAVT
ECFCVLLCGCANVVLDAYELAHRDNDAQRAVFCTOQLAFDSVTFLSSVOGTICAGLIGATTAVA
EGFGVLLGGANVYLDAY ELAHAGNDAQRAVFGTQLAFDSVTFLASVGT IGAGFIGATTAVA

EGFGVLLGGANY | LDAYELAHTDNDAQRAVFGTQLAFDSVTFLASAGAIGAGLIGATTAVA
EGFGVLLGGASY | LDAFELAHVDNSAQRAVLGTOQLAFDSATFLASVGTIGAGLIGATTAVA
EGFGVLLGSANY | LDAYELAHTENDTORAVFGTQLAFDSVTFLASVGT IGAGFIGATTAVA
EGFGVLLGGANVYLDAY ELAHTDNDAQKAVFGTOQLAFDSATFLASAGT IGAGLIGATTAVA

VMGGV SV I LGGLAVCOVCALASGFAQ TAEKAKYVGRY FGDADEAY KAGGFKYDRDHGI LVP
VVCOVSVILGGLAFGVGALASGFAQ |AAKAQAVGRY FCDADEAY KAGGFKYDENHK I LVP
VVCCGVSVILGGLAFCGVCALASGFAQ IAAKAEAVGRY FGDADEAYKAGGFKYDENHK I LVP
VVCCVSV I LCGGLAFCGVCALASCFAQ IAAKAEAVCGRY FCDADEAY KAGCFKYDENHK I LVP
VVCCGVSVILGGLAFCGVCALASGFAQ IAAKAEAVGRY FGDADEAYKAGGFKYDENHK I LVP
VVCGCGVSVILGGLAFGVCALASGFAQ IAAKAEAVGRY FGDADEAY KAGGFKYDENHK I LVP
VVCGCGVSV I LGGLAFCGVCALASGFAQ IAAKAEAVGRY FGDADEAY KAGGFKYDENHK I LVP
VLGGVSVILGGLAIGVCALSSAFAEIAAKAEAVGRY FCDADGAYKAGGFKYDEKDK I LVP
VLGGVSVILGGLAIGVCALSSAFAEIAAKAEAVGRY FCDADGAY KAGGFKYDEKDK I LVP
VMGGV SV I LGGLAFCGVCALASGFAQ TAEKAKAVGRY FGDADEAY KAGGFKYDGDHR I LVP
VMGGV EV I LCGLAFCGVCALASCFAQ IAEKAKAVGRY FCGDADEAY KAGGFKYDRDHR I LVP
VMGGV SEV I LGGLGFOGVGALASNFAR TAEKAQAVGRY FGDADYAYRAGGFKHDENHK I LVP
VLGOGVSVILGGLAFGVGALASAFAQ IVEKAQAVGCY FCDADKAYRAGGFKYDENQK I LVP
VLIGGVSEV I LGGLAFGVGALASCFAQ IAEKAQAVGRY FCGDADEAY KAGGFKYDRNHR I LVP
VVCGGVSVILGCLAFCGVGALASGFAQ IAEKAKAVGRY FCGEADYAYRAGGFKYDGNHEILVPL
VLIGCVSVIFGGLAFCGVCALSSNYAR AEDAKAVCSY FGDVDHAYRHGGFDHDEKNK I LVPL
VLIGCGASY I LGGLAFGVCALASTFAQ IAEKAQAVGRY FGDADNAY RAGCGFEKYDENHKVLVP L
VMGGV SV ILGGLAIGVCGALASGFAQ IAEKAKYVGRY FCGDADEAYRAGGFKYDEEHEILVPL

1006 FGAV | SEIDAAGNVKFDSQR IYRTWHGST-GSGRINYFFWVGDKPRMIQDKSQA I NVREG
1002 SGAV I SEVDAAGNVEKFDSQY IYRTWHGAT-GSGRINYFFWVGDKPRMIHDKSQAINVREG
1002 FGAV | SEVDAAGNVEKFDSQY IYRTWHGAT-GSGRINYFFWVGDKPRMIHDKSQA I NVREG |
854 FCGAV | SEVDAAGNVKFDSQY IYRTWHGAT-GSGRINYFFWVGDKPRMIHDKSOQA I NVREG |
854 FCGAV | SEVDAAGNVKFDSOY IYRTWHCAT-GSCGRINYFFWVGDKPRMIHDKSOAINVREG
858 FCAV | SEVDAAGNVKFDSOY IYRTWHCAT-GSCGRINYFFWVCDKPRMIHDKSOQA I NVREG |
1002 FGAV | SEVDAAGNVEFDSQY IYRTWHGAT-GSGR INYFFWVGDKPRMIHDKSQA I NVREG |
1003 FCAV IGE I DAAGNVEKFDSQY IYRTRHGST-GSCRINYFFWACGDFPRI IHDKSQAINVREG!
1003 FGAV IGE I DAAGNVKFDSQY IYRTRHGST-GSGRINYFFWAGDFPR | IHDKSQA I NVREG
1002 FGAV | SEIDAAGNVEKFDSQHIYRTWHGST-GSGRINYFFWVGDKPRMIQDKSQA I NVREG
5999 FCAV I SEIDAAGNVKFDSOHIYRTWHGST-GSGRINYFFWVGDKPRMIQDKSOAINVREG!
1020 FGAV | SEIDAAGDVKFDSOQY IRY SSLTS*-----------mmmmmm s o mmmmm o m o= o
1021 FGAV | SEIDAAGDVKFDSQY IYRTRHGST-GSGRSNYFFWAGHFPRM I HDKSQA I HMREG |
1002 FGAV | SEIDAASDVKFDSQY IYRTWHGST-GSGR INYFFWAGDFPRMIHDKSQA I NVREG

1020 FGAV I SEIDAAGNVRFDSQY IYRTWHGST-GSGRINYFFWAGDKPRMIHDKSQAINVREG!
B77 RCGAV ITEIDVAGDVKFDTOY IYRTWHGSTRWSGRDNY FFWAGDFPKL IHDKSOQA I NVREG |
1023 FCGAV I SEVDAAGNVKFDSQY IYRTRHGST-KWGR-NYFFWAGDFPEMIDDKSQAIKVREG!
839 FCAV I SEIDAAGNVKFDSOR IYRTWHCGST-GSCGRINYFFWVCDKPRMIQDKSOQA I NVREG |

LEEDERFDYDF
LEEDKRFDYDF
LEEDERFDYDF

1062 RAPASGKLTNTRDYTAL
1063 CAPASGKLANTRDYTTI

LPATPKSY ISYEWQILPFCTGRHDYGFDV
LPATPKSFISYDWOTLPFCTGRHDYGFDY

1066 CAPASCGK LANTGDYTTIVLPATPKSFISYEWQILPFCTGRHDYGFDV
1062 RAPASCGKLTNTRDYTAI I LPATPKSY | SYEWQ I LPFCTGRHDYGFDV
1062 RAPASCGKLTNTRDYTAI I LPATPKSY ISYEWQ I LPFCTGRHDYGFDV
914 RAPASGKLTNTRDYTAI I LPATPKSY ISYEWQILPFCTGRHDYGFDV
914 RAPASGKLTNTRDYTAI I LPATPKSY ISYEWQILPFCTGRHDYGFDV
918 RAPASGKLTNTRDYTAI ILPATPKSY ISYEWQILPFCTGRHDYGFDV

|

|

|

1063 CAPASGK LANTRDYTTI

LPATPKSFISYDWQTLP FCTGRHDYGFDV

1062 CAPASCKLANTCGDYTTIVLPATPKSY ISYDWQILPFCTGRHDYGCFDY

1059 CAPASGK LANTGNYTAI

LPATPKSY ISYEWQILPFCTGRHDYGFDV

LEEDERFDYDF
LEEDERFDYDF
LEEDERFDYDF
LEEDERFDYDF
LEEDKRFDYDF
LEEDKRFDYDF
LEEDERFDYDF
LEEDERFDYDF

1081 CAPASCGKLANTODYTAI
1062 CAPASGK LANTRDYTAI

LPTTPKSY ISYDWQTLPGCTLRHDYGFDV
LPATPKSY ISYDWQILPFCTGRHDYGFDV

1080 CAPASGKLANTRNYTAI
938 CAPASGKLANTODYTALI

LPATPKSY ISYDWQILPFCTGRHDYGFDV
LPATPKSY I SYSWQTFPGCTTRHDYGFDV

LEEDERFDYDF
LEEDKRFDYDF

899

IRR
IRR

1082 CAPASGKLANTRDYTAI I LPATPKSFISYDWOTLPFCTGRHDYGFDV IRRLEKDGRFDYDF
IRR

CAPASGKLANTGDYTTIVLPATPKSFISYEWQILPFCTGRHDYGFDV LEEDERFDYDF

127 Y IFPSEY | IHQITHEFVETP IAVRLCNRSVRVOVAELDESLHNVLEYT IHCAGANYTIGLN
1123 Y | FPSEY | IHK I THEFVRTP |AVRLDRRSVRVOVAELDESLHNVLEYTIYCGAGANYTIGLN
1M23Y I FPSEY | IHKITHEFVETP IAVRLDRREVRVOVAELDESLHNVLEYTIYCAGANYTIGLN
975 Y IFPSEY | IHK I THEFVRTP IAVRLDRRSVRVOVAELDESLHNVLEYTIYCAGANYTIGLN
975 Y IFPSEY I IHK I THEFVRTP IAVRLDRRSVRVOVAELDENLHNVLEYTIYCAGANYTIGLN
979 Y I FPSEY | IHK I THEFVRTP IAVRLDRRSVRVOVAELDESLHNVLEYTIYCAGANYTIGLN
1123 Y I FPSEY | IHK I THEFVKTP |AVRLDRRSVRVOVAELDESLHNVLEYTIYCAGANYTIGLN
1124 Y | FPSEY | IHY ITHEFVKTP |AVKLDSRSVRVOQVAELDKSLHNVLEYT IHGCAGANYTIGLN
1124 Y | FPSEY | IHY ITHEFVKTP |AVKLDSRSVRVOVAELDKSLHNVLEYT IHGAGANYTIGLN
1123 Y I FPSEY | IHK I THEFVEKTP IAVRLGNRSVRVOVTELDKSLHNVLEYT IYCGAGADYTIGLN
1120 Y | FPSEY | IHK I THEFVKTP |AVRLGNRSVRVOVAELDESLHNVLEYT IHGAGANYTIGLN
1142 Y | FPSCY | IHK I THEFVKTP |AVKLDSRSVRVOVAELDKSLHNVLEYT IHGCAGANYTIGLN
1114 === mm e e e e e e e e - RRAIR L= e e s m e e e e e e e e e e e e e =
1141 ¥YVFPSEY | IHK I THEYMKTP IAVRLDRREVRVOVAELDKSLHNVLEYT IHCAGANYTIGLN
999 Y | FPSEYAIHK I THEFVKTP IVVKLDSRSVRVOVAELDOSLHNVLEYNIHGVGANYTIGLN
1143 Y | FPSEY | IHK I THEFVKTP |AVKLDSRSVRVOVAELDKSLHNVLEYT IHGAGANYTIGLN
960 Y | FPSEY | IHQI THEFVKTP IAVSLGNR SVRVOVAELDESLHNVLEYTIHCAGANYTIGLN

540
540
792
792
796

541
541
540
937
958
959
540

958
815
561
777

1005
1001
1001
853

853

857

1001
1002
1002
1001
998

1019
1020
1001

1019
a76
1022
838

1065
1061
1061
913

513

917

1061
1062
1062
1061
1058
1048
1080
1061

1079
937
1081
898

1126
1122
1122
574

974

978

1122
1123
1123
1122
1115

1141
1113

1140
598
1142
959

1187
1183
1133
1035
1035
1039
1183
1184
1184
1183
1180

1202
1119

120
1059
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1020
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Chapter eight: Appendices

Epichloé_typhina_subsp Poae_Psl
Epichloé_festucae AR4E
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_AL0434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_ALS9324
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp Poae_Psl
Epichloé_festucae_AR4E
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_AL0434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_ALS9324
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp Poae_Ps1
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR3I7
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434
Epichloé_bromicola_ALD4262
Epichloé_elymi_ATCC 201551
Epichloé_gansuensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians MYA-1228
Epichloé_mollis_ALS9324
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_ 102646

Epichloé_typhina_subsp_Poae_Ps1
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALD4262
Epichloé_elymi_ATCC_201551
Epichloé_gansuensis_e 7080
Epichloé_glyceriae_ATCC_ 200747
Epichloé_inebrians MYA-1228
Epichloé_mollis_AL9924
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp_Poae_Ps1
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_AL0434_
Epichloé_bromicola_ALD4262
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae_ATCC_ 200747
Epichloé_inebrians MYA-1228
Epichloé_mollis_ALSS324_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819_
Epichloé_uncinata_CBS_102646_

1188 PCVAITLSSCWSNTCWVLDCGKLDGEN
1184 PCVAMTLSSCWSSTCWVLDCGKLDGEN
1184 PCVAMTLSSCWSSTCWVLDCGKLDGEN
1036 PCVAMTLSSCLSSTCWVLDCGKLDGEN

| EARAVS | SCGFRVNLADTLFSSMLIYKPN

|

|

|
1036 PCVAMTLSSCWSSTCWVLDCGKLDGEN]

|

|

|

|

|

| G
|EARAVS | SCFRYNLADTLFESMLICKPNG
IEARAVS | SCFRYVNLADTLFESML ICKPNG
|EARAVS | SCFRYVNLADTLFESMLICKPNG
IEARAVS | SCFRYVNLADTLFESML ICKPNG
1040 PCGVAMTLSSCWSSTOWVLDCGKLDGEN IEARAVS | SCFRVNLADTLFESML ICKPNG
1184 PCGVAMTLSSCWSSTCOWVLDCGKLDGEN | In
1185 PGVAMTLSSNKSSTCOWVLDCGKLDGEN | G
1185 PGVAMTLSSNKSSTCOWVLDCGKLDGEN | In
|
|

EARAVS | SCGFRVNLADTLFESMLICKPN
EAQAVS | SCGFRVNLADHY FESMF ICKPN
EAQAVS | SCGFRVNLADHY FESMF ICKPN
EARAVS | SGFRVNLADTLFSSMLICKPNG
EARAVS| SCFRYNLADLLFKSMLICKPNG

cEaassSsSs=s
mmmmmmmmmmm

1202 PCVAMTLSSCWSSTCWI LDCGKLDGDNIVVEARAVS | SGFRVNLADNLFSSMLICKPN
1060 PCVAMTLSSNKSSTRWVLDCGKLDGED IMVEAQAVS | LGFRYNLADRNFESMF ICKPN
1204 PCVAMTLSSNKSSTCWVLDCGKLDGENIVVEARAVS | SCGFWYNLADTLFSSMLICKPN
1021 PCVAMTLSSCESSTFWVLDCGKLDGENIVVEARAVT | SCVRVNLADTSFSSMLIYKPN

1249 LEVDFANKTTFP IKEDGDKYQGGSOQKLTDHLNDLSDKHLLGTALIVVDKYTTPAGOSVGRA
1245 LOVDFPNRTTFP IKEDGDRYQCGCGSOQK LTEHLNDLSDKHLLGTELI IVDEYTTPAGQEVGRA
1245 LQVDFPNRTTFP IKEDGDRYQGGSOQK LTEHLNDLSDKHLLGTELI IVDKYTTPAGOSVGRA
1087 LQVDFPNRTTFP IKEDGEGYQGGSOK LTEHLNDLSDKHLLGTELI IVDEYTTPAGOSVGRA
1097 LQVDFPNRTTFP IKEDGEGYQGGSOQKLTEHLNDLSDKHLLGTELI IVDKYTTPAGOQSVGRA
1101 LQVDFPNRTTFP IKEDGDRYQGGSOK LTEHLNDLSDKHLLGTELI IVDEYTTPAGOSVGRA
1245 LQVDFPNRTTFP IKEDGDRYQGGSOQK LTEHLNDLSDKHLLGTELI IVDKYTTPAGOSVGRA
1246 LKVDFCGKKTTFS IKEDAAKYQCGGSOK LTEHLNDLSDKHLLGTELIVVDKYTTPAGOSVGRA
1246 LKVDFGKKTTFP I KEDAAKYQGGSOQK LTEHLNDLSDKHLLGTELIVVDKYTTPAGOSVGRA
1245 LOVDFSNRTTFPKKVDADKYQCGCSQKLTEY LNDLSDKHLLGTELIVVDKYTTPAGOQSVGRA
1242 LEVDFPKKTTFP IREHGCKYQGGSOQKLTEHLNDLSDKHLLGTELIVVDKYTTPAGOSVGRA

1263 LQVDFRDKTTFP IKEDGDKYQGGSOQK LTEHLNDLSDKHLLGTELI IVDKYTTPAGOSVGRA
1121 LQVDFDKKTTF EEDCAKYQGGSONLKEHLDDLNDKHLLAAEL IVVNEYTTPAGQSVGRA
1265 LQVDFPNKTTFP IKEDGDKYQGGSOQK LTEHLNDLSDKHLLGTEL IVVDKYTTQAGOSVGRA
1082 LEVDFTNKTTFP IKEDGDKYQGGSOQRLTEHLNDLSDKHLLGTALIVVDEYTTPAGOSVGRA

mwm ==

1310 FYEPTSKRLLYTIDAPEELTNSAQVCALTAECGKY FFYNTEHSAIWRVDVSTCOVCEAKY HAL
1306 FYEPTSKRLLYTWDAPEELTNSAQVCGALTAGCGKY FFYNTEHSAIWRVDVSTGVCEAKY HAL
1306 FYEPTSKRLLYTWDAPEELTNSAQVCGALTAGCGKY FFYNTEHSAIWRVDYSTGVCEAKY HAL
1158 FYEPTSKRLLYAIDAPEELTNSAQVGALTAGCGKYV FFYNTEHSAIWRVDYVSTGVCEAKY HAL
1158 FYEPTSKRLLYAIDAPEELTNSAQVCGALTAGCGKYV FFYNTEHSAIWRVDVSTGVCEAKY HAL
1162 FYEPTSKRLLYTWDAPEELTNSAQVCGALTAGCGKY FFYNTEHSAIWRVDVSTGVCEAKY HAL
1306 FYEPTSKRLLYTWDAPEELTNSAQVGALTAGCGKY FFYNTEHSAIWRVDYVSTGVCEAKY HAL
1307 FYQPTSKRLLYTIDAPEELTNSAQVGALTAEGKVFFYNTEHCAIWRVEVSTGVCEANYRDL
1307 FYOPTSKRLLYTIDAPEELTNSAQVGALTAEGKY FFYNTEHCAIWRVEVSTGVCEAKYRDL
1306 FYEPTSKRLLYTIDAPEELTNSAQVCALTAGGKY FFYNTEHSAIWRVDVSTCOVCEAKY HAL
1303 FYEPTSKRLLYTIDAPEELTNSVOVCGALTAGCGKY FFYNTEHGA IWRVDYVSTGVCEAKY HAL

1324 FYEPTSKRLLYTIDAPEELTNSAQVCGALTAGCGKY FFYNTEHSAIWRVDVSTGVCEAKY HAL
1182 FYEPTNKRLLYTIDAPEELTKSVOVGVLTAGGKY FFYNTEHCAIWRVDVSTGVCEVEY HAL
1326 FYEPTSKRLLYTIDAPEELTNSAQVCGALTAGCGKYV FFYNTEHSAIWRVDYVSTRVCEAKYHEL
1143 FYEPTSKRLLYTIDAPEELTNSAQVGALTAEGKVFFYNTEHSAIWRVDYSTGVCEAKY HAL

1371 CPFSKRTLOQRVWYDADNG IHALFRHOQLSENHFGTLNY | LTADSMNLVGMVGGPALLAK LHO
1367 CPFSKRTLORVWWDVDNOQ IHALFRHOLSEDY FGTLNY | LTADSMNLVAMVGGPALLAKLHE
1367 CPFSKRTLORVWYDVDNOQ IHALFRHOLSEDY FCTLNY | LTADSMNLVAMVCGCGPALLAKLHE
1213 CPFSKRTLORVWYWDVDNOQ IHALFRHOLSEDY FGTLNY | LTADSMNLVAMVGGPALLAKLHE
1219 CPFSKRTLORVWVD-DNOQ IHALFRHOLSEDY FCTLNY | LTADSMNLVAMVCCGPALLAKLHE
1223 CPFSKRTLORVWYDVDNOQ IHALFRHOLSEDY FGTLNY | LTADSMNLVAMVGGPALLAKLHE
1367 CPFSKRTLORVWWDVDNOQ IHALFRHOLSEDY FGTLNY | LTADSMNLVAMVGGPALLAKLHE
1368 CPSFKRTLHRVWWDADNO IHAI FRHOLSNNY FGHLNYVLTADSMNL IGMVGSPALLAKLNG
1368 CPSFKRTLHRVWWDADNO IHAI FRHOLSNNY FGHLNYVLTADSMNL IGMVGSPALLAKLNG
1367 CPSSKRTLOSVLVDVDNOQ IHAI FRHOLSENHFGTLNY | LTADSMNLVGMVGGPALLAKLHE
1364 CPFSKRTLHRVWWDVDNO IHAI FRHOQLSENHFGTLNY | LTADSMNLVCGMVGGPALLAK LHO

1385 CPFSKRTLORVWYDVDNQ IHALFRHOLSEDY FCTLNY | LTDDSMNLVCMVCGCGPALLAKLHE
1243 CPSNK ITLOQRVWADADNH IHAVFLHOLSEDY FGHLNY | LTADSMNLVSMAGSPALLEKLNG
1387 CPSSKRTLORVWVDADNQ IHV I FRHOLSNNY FCHLSYVLTADSMS LVCMVGCGPALLAKLNG
1204 CPFSKRTLORVWYDVDNO IHALFRHOLSENHFGTLNY | LTAESMNLYVCGMVGGPALLAK LHO

1432 EDKWTGEVRLLLEDYYTGPSELLPKLKLFESLAGADIDAAIDPHLIFVLGPKGKDHY FYHO
1428 EDKWTGEATLLLEDYYTGPSELMLKLKP FEALAGADIDAAIDPHLIFVLGPKGKDRY FYHO
1428 EDKWTCGEATLLLEDYYTGPSELMLKLKP FEALAGAD I DAAIDPHLIFVLGPKGKDRY FYHQ
1280 EDKWTGEATLLLEDYYTGPSELMLKLKP FEALAGAD I DAAIDPHLIFVLGPKGKDRY FYHO
1279 EDKWTGEATLLLEDYYTGPSELMLKLKP FEALAGAD I DAAIDPHLIFVLGPKGKDLY FYHQ
1284 EDKWTGEATLLLEDYYTGPSELMLKLKP FEALAGAD I DAAIDPHLIFVLGPKGKDRY FYHO
1428 EDKWTGEATLLLEDYYTGPSELMLKLKP FEALAGAD I DAAIDPHLIFVLGPKGKDLY FYHQ
1425 LDKWTGEAKLLLEDYYTDPSEMILKPKTFGSLTCGADI DAAIDPHMI FVLGPKDEDQY FHHR

1429 LDKWTGEAKLLLEDYYTNPSEMI LKPKTFCGSLAGAD I DAAIDPHMIFVLGPKDEDQY FHHR
1428 EDKWTGEATLLLENYYTGPSELMPKLKPFESLAGAD | DAAIDPHMVFVLGPQAKDR- -~~~
1425 EDKWTCGEVTLLLEDYYTGPSELMLKLKPFESLACADIDAAIDPHLIFVLGPKGKDHY FYHQ

1447 LDKWTGEAKLLLQDYYTDPSEMILKPKPFGSLAGAD I DAAIDPHMISVLGPKDEDRY FHHR

1446 VDKWTGEASLLLEDYYTGPSELMLKPKPFESLAGADIDAAIDPHI IFVLGPKGKDQFFYHQ
1304 LDKWTGEATLLLED-YTDTREVMLMHNP FGSLAGAD I DAAIDSHMI LVLGPKPDDES | HHR
1448 LDKWTGEAKLLLEDYYTDPSEMI LKPKPFGSLAGAD I YAAIDPHMIFVTGPKDEDRY FHHR
1265 EDKWTGEVTLLLEDYYTGPSELLPKLKLFESLAGADINAAIDPHLIFVLGPKGKDHY FYHO

1248
1244
1244
1096
1096
1100
1244
1245
1245
1244
1241

1263

1262
1120
1264
1081

1309
1305
1305
1157
1157
1161
1305
1306
1306
13058
1302

1324

1323
1181
1325
1142

1370
1366
1366
1218
1218
1222
1366
1367
1367
1366
1363

1385

1384
1242
1386
1203

1431
1427
1427
1279
1278
1283
1427
1428
1428
1427
1424

1446

1445
1303
1447
1264

1452
1488
1488
1340
1339
1344
1488
1489
1489
1483
1485

1507
1506
1363

1508
1325
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Epichloé_typhina_subsp_Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e7080_
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819_
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp_Poae_Psl
Epichloé_festucae_AR4S
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_201551_
Epichloé_gansuwensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_ MYA=1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae ES819_
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp_Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_AL0434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians MYA-1228_
Epichloé_mollis_AL3S24_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae ES819_
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp Poae_Ps1
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262_
Epichlos_elymi ATCC 201551
Epichloé_gansuensis_e 7080
Epichloé_glyceriae_ATCC_200747_
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_AL9924
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae ES819_
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi_ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae_ATCC_200747_
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_AL3924
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

1493 FWIRMSDRTY
1489 FWIRMSDRTVY
1485 FWIRMSDRTY
1341 FWIRMSDRTY
1340 FWIRMSDRTY
1345 FWIRMSDRTY
1485 FWIRMSDRTY
1450 FWIRMSDRTY
1450 FWIRMEDRTY
1484 FWIRMSDRTY
1486 FWIRMSDRTY

R R R R R
wTwwwwwwuwwww
ITIIIIIIIIII

PODIHLNYLLVGT IASTGDSGELFCFFSYNOHKLVVOQRGNGTQAEKPR
PDIHLNYLLVCTIASTDCSCELFCFFSYNQHKLVVOQRCGNGKOQAEEPR
POIHLNYLLVGT IASTDGSCGELFCFFSYNOHKLVVOQRGNGKQAEEPR
POIHLNYLLVGT IASTDGSGELFCFFSYNOHKLVVOQRGNGKQAEEPR
POIHLNYLLVGT IASADGSCGELFCFFSYNOHKLVVOQRGNGKQAEEPR
POIHLNYLLVGT IASTDGSCGELFCFFSYNOHKLVVOQRGNGKQAEEPR
POIHLNYLLVGT IASADGSCGELFCFFSYNOHKLVVOQRGNGKQAEEPR
PODIHLDY LLVGTVASTDGSDEQFCFFSHKEHKLY IQQGNGRRANKPR
PDIHLDYLLVCTVASTDGSDEQFCFFEHKEHKLY IQQGNCGKRAKKPR
PHIQOLDYLLVGT IASTDDSGELFCFFSYNOHKLVVOQRGNGKQAEEPR
POIHLNYLLVGTIASTGDSGELFCFFSYNQHKLVVOQRGNGKQAEEPR

1508 FWIRMSDRTY IKPHPDIHLDY LLVCT IASTDGSCEQFCFFSHKEHKLV IQRCNCKQAKEPR

1507 FWIRMSDRTY IKPHPDIHLNY LLVGT IASTDGRGEQFCFFSY IQHKLVVOQRGNGKQAEEPR
1364 FWIRMSDRTY IKAHPD IHLDY LLVG I LNSTDGSGEQFCFFSHKEHKLV IQOGCNGKQAKEPR
1509 FWIRMSDRTY IKPHPD IHLEY LLVGT IASTDGSDEQFCFFSYKEHKLV IQOGCNGKQAKKP R
1326 FWIRMSDRTY IKPHPD IHLNY LLVGT IASTGDSGELFCFFSYNQHKLVVOQRGNGTQAEKPR

1554 PVT I SPELGTISNFFSANNNLFS ITDAG
1550 PVTISPELGTISNFFCANNNLFS ITNAG
1550 PVTISPELGTISNFFCANNNLFS I TNAG
1402 PYVTISPELCTISNFFCANNNLFS ITNAG
401 PVTISPELGTISNFFCTNNNLFS I TNAG
1406 PVTISPELCTISNFFCANNNLFS ITNAG
1550 PVTISPELGTISNFFCANNNLFS I TNAG
1551 PVTISPEFCTISNFFCVNNDLFSITDTG
1551 PVTISPEFGTISNFFCYVNNDLFSITDTG

F
F
F
F
F
F
F
F
F

1545 PYVTIPPDLGTISSFFCANNNLFS ITDAGF
1547 PVTISPELGTISNFFCANNNLFS ITDAGC!

1569 PYVTMSPELGT I SNFFCANNNLFS ITDAGF |

LRLTTHCTLALEAVNHOWLEHREKDVDGGPW
LRLTSHCTLALEAVNHOWLEHY EKDVDGGPW
LRLTSHCTLALEAVNHOWLEHY EKDVDGGPW
LRLTSHCTLALEAVNHOWLEHY EKDVDGGPW
LRLTTHCTLALEAVNHOWLEHY EKDVDGGPW
LRLTSHCTLALEAVNHOWLEHY EKDVDGGPW
LRLTSHCTLALEAVNHOWLEHY EKDVDGGPW
LRLTTHCTLALEAVNHOWLEHCGKDVDGGPW
LRLTTHCTLALEAVNHOWLEHCEKDVDGGPW
LRLTTHCTLVLEAVNHOWLEHCEKDADGGPW
LRLTTHCTLALEAVNHOWLEHCEKDVDGGPW

1568 PVRISPEFGTISNFFSANDNLFAITNTG
1425 PYVTMSSEFGTISNFFCYNNNLFSITTTG
1S70 PVTISPEFGTISSFICYNNDLFSITDTG
1387 PVTISPELCTISNFFSANNNLFS ITDAG

R ]

LRLTTHCTLALEAVNHOWLEHCEKDVDGGPW
LRLTTHYTLALEAVNHOWLEHF EKDVDG-PW
LRLTTHCTLALEAVNHOWLEHCEKDVDGGPW
LRLTTHRTLALEAVNOQHWLEHREKDVDGGPW

1615 WTALSKLAKDHGAAIVS
1611 WTALPKLAKDHAAAIVS
1611 WTALPKLAKDHAAAIVS
1463 WTALPKLAKDHAAAIVS
1462 WTALPKLAKDHAAAIVS
T46FWTALPKLAKDHAAAIVS
1611 WTALPKLAKDHAAAIVS
1612 WTALPKLAKDHAAAIYS
1612 WTALPKLAKDHAAAIVS
1606 WTALSKLAKDHAAAIVS
160EWTALSKLAKDHAAAIVS

IVGLSDAEGSPVOAWLCSDRFVYVAGPS LRGKPRHMAGLTEGGSK
IVGLRDAEGSPVOAWLCSDRFVYVAGPS LRGKPRHMAGLTEGGSK
IVGLRDAEGSPVOAWLCSDRFVYVAGPS LRGKPRHMAGLTEGGSK
IVGLRDAEGSPVOAWLCSDRFVYVAGPS LRGKPRHMAGLTEGGSK
IVGLRDAEGSPVOAWLCSDRFVYVAGPS LRGKPRHMAGLTEGGSK
IVGLRDAEGSPVOAWLCSDRFVVAGPSLRGKPRHMAGLTEGGSK
IVGLRDAEGSPVOAWLCSDRFVVAGPSLRGKPRHMAGLTEGGSK
IVGLCDAQGSPVOAWLCSNRFVVAGPSLRGKPRHMAGLTEGGSK
ILGLCDAQGSPVOAWLCSNRFVYVAGPS LRGKPRHMAGLTEGGSK
IVCGLRDTEGSPVOAWLCSDRFVVACGPSLRCGKPRHMAGLTECGGSK
IVGLRDAEGSPVOAWLCSDRFVYVAGPS LRGKPRHMAGLTEGGSK

1629 WTALPKLAKDHAAAIVS
4B WTALPKLAKDHAAATVS
1631 WTALPKLAKDHAAAIVS
T44BWTALSKLAKDHGAAIVS

IVGLRDAEGSPVOAWLCSDRFVVAGPS LRGKPRHMAGLTEGGSK
IVGLCDAKGSPVOAWLCNGRFVYVAGPS LRGKPWHIAGLTEGGTK
INGLCDAEGSPVOAWLCSDRFVVAGPS LRGKPRHMAGLTEGGSK
IVGLSDAEGSPVOAWLCSDRFVVAGSSLRGKPRHMAGLAERGSK

1676 AWLWHMETE - -
1672 AWLWH I ESE- -
1672 AWLWHIESE- -

1524 AWLWH I ESE-----m--m--m=== ===~

1523 AWLWH |
1528 AWLWH |
1672 AWLWH I
1673 AWLWH |
1673 AWLWH |
1667 AWLWH |
1669 AWLWH |

----DSCGHLYAQPTVRCKELETVFRLKAPFVNAEAVP
----DSGHVYAQPTVRGKELETVFSPKAPFVKAEAVP
----DSGHVYAQPTVRSKELETVFSPKAPFVKAEAVP
DSGHVYAQPTVRSKELETVFSPKAPFVKAEAVP
DSGHVYAQPTVRSKELETVFSPKAPFVKAEAVP
----DSGHVYAQPTVRSKELETVFSPKAPFVKAEAVP
----DSGHVYAQPTVRGKELETVFSPKAPFVKAEAVP
DSGHVYAQPTVRDEELETVFDPNAPFVKAEAVP
DSGHVYAQPTVRNEELETVFDPNAPFVKAEAVP
----DSGHVYAQPTVRGKELKTVFRLKAPFVKAEAVP
----DSGHVYAQPTVRGKELETVFRLRAPFVKAEAVP

1650 AWLWHIESE

DSGHVYAQPTVRCKELETVFSPKAPFVKAEAVP

1546 AWLWY | ESKGSCHLEVEP IVRVOELETVDSGHLYAQPTVRDEELETVFCPKAPFVKAEALP

1692 AWLWHI ESE------------=m====~

150% AWLWHMETE- -

DSGHVYAQPTVRCKELETVFCPKAPFVKAEAVP
----DSGHLYAQPTVRGKELETVFRLKAPFVNAEAVP

1718 DCGROGVLVKHP FKTVALT-EGCGLRYTTKEGVVL
1714 DGRCGVLVEHP FKTVALT-ESGLRYTTKEGVVL

1566 DGRCGVLVEHP FKTVALT-ESGLRYTTKEGVVL
1565 DGRGVLVEHP FKTVALT-ESGLRYTTKEGVVL

LASERSARLYCVDKVWQONREDLS-GEI
LASERSMRLYCGVDKVWOONRGDLS-AEL

LASERSMRLYCGVDKVWOONRGDLS-AEL
LASERSMRLYGVDKVWOONRGDLS-AEL

|
|
1714 DGRGY LVEHP FKTVALT-ESGLRYTTKEGVVLI LASERSMRLYGVDKVWOONRGDLS-AEL
|
|
|

1570 DGRGVLVEHP FKTVALT-ESGLRYTTKEGVVL

LASERSMRLYGVDKVWOONRGDLS-AEL

1714 DCRCVLVEHP FKTVALT-ESCGLRYTTKEGVVLI LASERNMRLYCVDKVWOONRCDLS-AEL
1715 DGRRVLVEHP FKTVALT-EGGLRYTTKDGVV LI LASERSARLYGCVDKVWONNRGHLLSAEL
1715 DCRRVLVEHP FKTVALT-EGCLRYTTKDCGVVLI LASERSARLYCVDKVWONNRCGHLLSAEL
1709 DGRGVLVEHP FKTVALT-EGGLRYTTNDGVV LI LASERSARLYGCVDKVWQONRSDLS-AEL
1711 DGRGVLVEHP FKTVALT-EGGLRYTTHNNGVV LI LASERSARLYGCVDKVWQONRSDLS-AEL

1732 DGRGVLEKHP FKTVALT-EGGLRYTTKDGVVLI LASERSARLYGVDKVWOONRSDLS-AEL
1607 DGRSVPELHP FKTVALMTDGGLRYTTKDGVVLTLSSERSARLYGCVDKVWOONQSDVN-AAL
1734 DGRGVLVEHP FKTVALT-EGGLRYTTKDGVY LI LASERSARLYGCVDKVWOONRSDLS-AEL
1551 DGRGVLVEHP FKTVALT-EGGLRYTTKEGVVLI LASERSARLYGCVDKVWOONQSDLS-GEL

1553
1548
1545
1401
1400
1405
1545
1550
1550
1544
1546

1568

1567
1424
1569
1386

1614
1610
1610
1462
1461
1466
1610
1611
1611
1605
1607

1629

1628
1484
1630
1447

1675
1671
1671
1523
1522
1527
1671
1672
1672
1666
1668

1650

1689
1545
1691
1508

1717
1713
1713
1565
1564
1569
1713
1714
1714
1708
1710

1732

1731
1606
1733
1550

1776
1772
1772
1624
1623
1628
1772
1774
1774
1767
1769

1791
1730
1666

1792
1609
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Epichloé_typhina_subsp Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_AL0434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e7080_
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians MYA-1228
Epichloé_mollis_ALSS324_
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp Poae_Psl
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_AL0434_
Epichloé_bromicola_ALO4262_
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_ MYA-1228_
Epichloé_mollis_ALS9324
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp Poae_Psl
Epichloé_festucae_AR4E
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_ES7_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_AL0434_
Epichloé_bromicola_ALD4262
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080_
Epichloé_glyceriae ATCC_ 200747
Epichloé_inebrians_MYA-1228_
Epichloé_mollis_ALS9324
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_102646_

Epichloé_typhina_subsp Poae_Ps1
Epichloé_festucae_AR48
Epichloé_festucae_Fgl
Epichloé_festucae_Fl1
Epichloé_festucae_E2368
Epichloé_festucae_AR37
Epichloé_festucae_AR1
Epichloé_amarillans_E57_
Epichloé_amarillans_E4668_
Epichloé_aotearoae_
Epichloé_brachyelytri_
Epichloé_bromicola_ALO434_
Epichloé_bromicola_ALD4262
Epichloé_elymi ATCC_201551_
Epichloé_gansuensis_e 7080
Epichloé_glyceriae_ATCC_200747_
Epichloé_inebrians MYA-1228
Epichloé_mollis_ALS9324
Epichloé_typhina_ATCC_200736_
Epichloé_typhina_subsp._poae_E5819
Epichloé_uncinata_CBS_ 102646

1777 AT LVKTWDHGESYVVMLGS EPPOWY LTSSGNIVSAAKATFTWLDAP TWLCADP SCARGYAYY
1773 ATLVNTWRHCETVVMLGSEPPOWY LMSSCK | LAAAEATFTWLDAP TWLCADP SCARCGYAYV
1773 ATLVNTWSHGETYVMLGSGPPOWY LMSSGK | LAAAEATFTWLDAP TWLCADP SCARGYAYY
1625 AT LVNTWSHGETYVMLGSEPPOWY LTSSGK | LAAAEATFTWLDAP TWLCADP SCARGYAYY
1624 AT LVNTWSHGETYVMLGSEPPOWY LTSSGK | LAAAEATFTWLDAP TWLGCADP SCARGYAYY
1623 AT LVNTWSHGETYVMLGSEPPOWY LTSSGK | LAAAEATFTWLDAP TWLCADP SCARGYAYY
1773 ATLVNTWRHGETAAMY §-------------------~ DVFWKDS-------- RGERCGDFYL
1775 ATLLKTWSHGETYVMLGSEPPOWY LTSSRK | LAAAKATFTWLDAP TWLCADP SCARGYAYY
1775 ATLLKETWSHGETVVMLGSEPPOWY LTSSREK I LAAAKATFTWLDAP TWLGADP SCARGYAYY
1768 AT LVNAWSHGETYVMLGSEPPOWY LTSSGK | LAAAKATFTWLDAP TWLCADP SCARGYAYY
1770 AT LVNAWSHGETYVVMLGSEPPOWY LTSSCGK | LAAAKATFTWLDAP TWLCGADP SCARGYAYY

1791 AT LANTWSHGETYVVMLGSEPPEKWY LASSGK | LAAAKATFTWLDAP TWLCADP SCARGYAYY
1667 AT LVNTWSHGE IVVMLGSEPPOWY LTSSGK | LAATNATFTWLDAP TWLCADLSGAKGYAYY
1793 ATLVKTWSHGETYVMLGSEPPOWY LTSSGK | LAAAKATFTWLDAP TWLCADP SCARGYAYY
1610 AT LVKTWDHGESYVVMLGSEPPOWY LTSSGNIVSAAKATFTWLDAP TWLCADPNGARGY AYY

1838 AGOGR IYELGEGSAEEKKSAASOEVAFASRFODV LAVKPSPCASFROQFALENVHYTILSOF
1834 AAHRR IYELGESSAEGKKSAASQEVAFASRFODVLAVKPSPCGASFROFALENVLYTILSOF
1834 AAHRR IYELGESSAECGKKSAASOEVAFASRFODV LAVKPSPCGASFROQFALENVLYTILSOF
1686 AAHRR IYELCESSAEEEKSAASOQDVAFASRFODVLAVKPSPCASFROFALENVLYTILSOF
1685 AAHRR IYELGESSAECGKKSAASOEVAFASRFODV LAVKPSPCGASFROQFALENVLYTILSOF
1680 AAHRR IYELCESSAECKKSAASQEVAFASRFODVLAVKPSPCASFRQFALENVLYTILSOF
1806 ARCPHVAWCR-------~- SQRCKRIRLCRRPOKNLRIR-=------ REFCRG----------
1836 AAHRV IYELGESSAEEEKSAASOEVAFASRLODVLAVRPSPCGASFROQFALENVLYTILSHF
1836 AAHRV IYELGESSAEEEKSAASOEVAFASRLODVLAVRPSPCGASFROFALENVLYTILSHF
1825 AAHRR IYELGESSAEE-KSAVSOEVAFASRFODV LAVKPSPCGASFROQFALENVLYTILSOF
1831 AAHRR IYELGESSAEE-KSAASQEVAFASRFODVLAVKPSPCGASFROQFALENVLYTILSOF

1852 AAHRR IYEVCGEGSAEE-ESAASQEVAFASRFODVLAVKPSPCASFRQFALGNVLYTILSOF
1728 SAHRK IYELROSSAEE-TSAASREDAFASRLHDVLAVEPSPCASFRPFALENVLYTI LSOV
1854 AAQGR IYELGEGSAEEKKSAASQEVAFASRFODVLAVKPSPCAGFRQFALENVLYTILSOF
1671 ACOCGR IYELCEGSAEENKSAASQEVAFASRFODVLAVKPSPCASFROFALENVHFTILSOF

1833 EGDTSFMDY SVP SASWESLSGLV | EWKDOGRVEMEGSTMHPGP LGWY LAKRLGDDL I IMEG
1895 EGDTSFMECVVPSSSWESLTGLY | EWKDOGQVQ I EGSTRHPRPADSFLGKRLDDDL IMME |
1835 EGDTSFMECVVP SSSWESLTGLY | EWKDOGOVO I EGSTRHPRPADSFLGKRLDDDL IMME |
1747 EGDTSFMECVVP SSSWESLTGLY | EWKDQGOVK | EGSTRHPRPADSFLGKRLDDDL IMME |
1746 EGDTSFMECVVP SSSWESLTGLY | EWKDOGOVO | EGSTRHPRPADSFLGKRLDDDL IMME |
|

1751 EGDTSFMECVVP SSSWESLTGLY | EWKDOQGOVQ | EGSTRHPRPADSFLGKRLDDDL IMME |

1842 - - - -RKVGCVPGSRLCLTLPG-----------~ CS5CCOAQPRSK------=------~ LSSV
EWKDOCOQVQ I ECGSTRHPRPADSFLCGKRLGDDL IMME |
EWKDOGOVQ | EGSTRHPRPADSFLGKRLGDDL IMME |
EWKDOCOVEIEGSTRHPRPAGSFFCGKRLGDDL IMME |
EWKDOGRVEI EGSTRHPRPAGSFIGKRLGDDL IMME |

1897 ECDTSFMECVVPSSSWESLAGIV
1897 EGDTSFMECVVPSSSWESLAGIV
1889 ECDTSFMEYCVPSSSWESLSGLY
1891 EGDTSFMENVVPSSSWESLSGLY

1513

1912 EGDASFMEYVVP SSSWES LHGLA | EWKDOGRVEI EGSTRHPRPAGSFFGKRLGDDL IMME |
1788 EGDTSFMEYV IPSSSWESLDGLYVEWNDOQGRVE I EGSTRHPRRAGSFLGNRLDDDL IMME |
1915 EGDTSFMECY IPSSSWESSNGLY | EWKNQGOVEI EGSTRHPRPADSFLGKRLGDDL IMMEM
1732 EGDTSFMDY | VP SSSWESLSGVY | EWKDQGRVEMEGS TMHPGP LGLFLTKRLGDDI | LMEG

1960 STCRFMK | SRAMVMDPTCMIHMTCGKLLTVOGNGSAGNG -
1956 STGRFLK I SRGLVMDPSCV IRFTDKLLTVGNGSNE Q-
1956 STCRFLK I SRCLVMDPSCVIRFTDKLLTVONGSNE Q-
1808 STGRFLK I SRGLYVMDPWCVTRFTDKLLTVGNGSAGND -
1807 STGRFLK I SRGLYMDPSCV IRFTDKLLTVGNGSNE Q-
1812 STGRFLK I SRGLVMDPSCV IRFTDKLLTVGNGSNE Q-
1874 CPGm === === === == = ECPVYHTVSl----~-=------~
1958 LTGRF RGLVMDPSCVIRFTDKLLTVGNGSAGNR -
1958 STGRF RGLVMDPSCVIRFTDKLLTVGNGSAGNR -
1950 STGRF RGLVMDPSCVIRFTDKLLTVGNGSAGNR*
1952 STGRF RGLVMDPSCVIRFTDKLLTVGNGGAGNR -

1973 STCRFLRWSRGLVMDPSCVVRFTDKRLTVONGGAGNR -
1843 STCGRFLRVSKAFAMNPLCV IRFTDKLLTVGNESAGNQ -
1576 STGRFLOQ I SRGLYMDPSFV I IRFTDKLLTVGNGSAGHNR -
1793 STGRFLK | SRAMVMDPSCTFRFAGKLLTVSNGSAGND -

1837
1833
1833
1685
1684
1689
1805
1835
1835
1828
1830

1852

1851
1727
1853
1670

1898
1854
1854
1746
1745
1750
1841
18596
18596
1888
1850

1912

1911
1787
1914
1731

15559
15855
15855
1807
1806
1811
1873
1957
1857
1945
15851

1573

1972
1848
1975
1752

1996
1552
1932
1844
1843
1848
1886
1994
1554
1987
1588

2010

2009
1885
2012
1829

Appendix 21: Alignment of makes caterpillars floppy (Mcf) proteins from a range of

Epichloé strains across multiple species using the alignment function of Geneious.
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E.typhina_subsp_Poae_Ps1 I T MAHNTDEAFVEFSKDELARI TKGEKGY AV 30
N._ditissima IMSLLYVPFLLDPPDSVTNYSLPFSPYKVITKKTGDLNHKDIHQLLSS RTSP I GSNNGD
P_gigantea I L MSNIPADPAMLSFYDD TPTATVATA3D
E.typhina_subsp_Poae_Ps1 3L IS-=---~ SDNIPGEPDIRIGDNGHBRF--ESVGNPDQPAFEIRYYGSEAGADT | SAYHE- a2
N._ditissima 61 LLD---FHEQREMRKDGRVLPRKVIFAK- LDKCQNPLNPL--VTWYQ I KARLSDDGSHN[EL 114
P_gigantea 31VSTYQMFSFGINARPGG-VPREGYEQFVVNPTGKQGV | SYDI KWAGATP SANTVWAY NIll- 88
E.typhina_subsp_Foae_Ps1 83 - GENGGAQT swTHAQ | --KINPHHN I@TNENDDO ¥YHBsroDS 139
N_ditissima 115 HSMLLQSP SNKERT YV, VHP AKDEP R VMRREDETT YHORGLNT 174
P_gigantea 89 - DEYAGAQTNSKEAFL - -KTVARKT CA T IMT sDANT, FHBSRLES 145
Etyphina_subsp Poae_Ps1 140 @LL@DD Vv ROMKHRDASTGFESTFMHY - - REGRIS RQTIVA ARIVLYEPA197
N_ditissima 175 & | CMP D IBHFRMGMLPHEGD LBTV LMHYDP EARGWMS R——LKR LKVWSREA- 231
P._gigantea 146 SLFMDN VIBWSDMSVFSRE-GLBLAFMOF - - RDGOMWR LOTNSPTGAILPRSSY 202
E.typhina_subsp_Poae_Ps1 198 PRDGP S| LGAEBL I EMVPGSENRELVQSRFEQSREEKCLERL-RDARTKLSNDP FQGE - B8 255
N._ditissima 232——NIERY(APV LMIHTEETMPOLALRPGNMRDR- - - VRRKMKTWI NAYAPEEFTVE- DG 285
P_gigantea 203 LRTALQDTY FPB-SVDSPGSHMDHAARRAAFDSSRITESGKRIL IRVATEAFSLSTVP NQP DG 261
E.typhina_subsp_Poae_Ps1 256 D) FEENR I SECMEEMR y QR LF- ADLHD LMKDRRHDRDHP GDDDMAF SAQWLVS L LG 313
N._ditissima 286 DIEVHBIG LKEKAT KSTQVMEN-YLQGVLAD I KSDKLKP---ELIQLRDWCODSGG 341
P_gigantea 262 AlEV-BIF- GET I SIENNP BMNHNT A | RNAVEHEI | V-MDDERL-- -~~~ AVMDKVPALWQV LN 313
E.typhina_subsp_Foae_Ps1 314 DOLFLNERFUGRAVASERNY LKQKEERGFTEVVREGEHRQTP|MECG LSE@373
N_ditissima 342 KEAMSRH-- LSDLIQESKDE RCRRELIDREKGMFNDLQVQSGLIBED ERFADL 399
P_gigantea 314 TQHRP IHDLVEPVALDESK L 'r LKQKEARG I DB IVVLDGRLRAF ERMT 50 373
Etyphina_subsp Poae_Ps1 374 RFREPLAGONEF s S@@NAY ESVENPG- - v EHEMT LS E I vOEFDRSSTS TEQ LRR 431
N_ditissima 400 HSRLIE L SNOBLAQEY LMDTALY LBED I VPREMA | VOMKEBLTGDEVTIEEDVQK LKR 459
P._gigantea 374 ELEME- SGNABFASEHDTY K TVANBG- - FTSEMDAKAMT LIEF - - DSAQIBEDAEK VHY 428
E.typhina_subsp_Poae_Ps1 432 D LARKK LFNESIBaMT NO@VAMBEEMGGY TKPMBED | MLNA I PEKY G v M S 431
N._ditissima 460 IDDECLRLYRDEIMT EADAMVR RFADAQG | VTCARGVALFESATHvVAA RBAA 51D
P_gigantea 429 WSDANAQEYRASYVIMDKTNDMLGVIERDSATSTKPMEGAD LIBLHA I PBEY - RIBMA 487
E.typhina_subsp_Poae_Ps1 492 -ASSNFA I DAECA VGLSPNNAA MKNEEWLKREHeDBATSY P EAEABRPII- @NMT 549
N._ditissima 520 DEQGPRAMED | MA IVSMERR ---GEBLRGEEHRIBHC N EDBR AASNR L ESOQ FT 576
P._gigantea 488 - SQSMFSsvDQEMY TALT-- ABLWNETHEFMR sSyp@aEsEKH-BKME 543
E.typhina_subsp_Foae_Ps1 550 VSVE- -KSTETTTLAMHTEVHAMLMEVRKTRNST- -8 Al‘u’ GEA 605
N_ditissima 5?? MAEM---------cmmmmmema TRGDGOSGAQL--QY A 614
P_gigantea ISLEDVSKFGAKVYVYALNTETHAMLIBAANDNGPTLPASF sV 603
Etyphina_subsp Foae_Ps1 606 MLEAATKFFEES FAKVYE --GaTPSEDFFO IBAERVSRIGFDHN T ABLVEPDTHL 663
N_ditissima 515 AMVVRQHLVDNGFAEKYS AGTQDHPT TLVEMBAPRMAAVD | GHG LGAHRSER 674
P._gigantea ASTVSKHLLTYGBSVYGAEGAEGGASQLIETVVELBP NQLAQISFDSG FCAP ESIENGE3
E.typhina_subsp_Poae_Ps1 ADRKTVTLYHD AQLTSSRTFS.QTELLETLR AA TARMECSLEIGE 723
N._ditissima ars LAVSDPFSSRLPRLSSSADAFSG------ VPRONEA DAH 727
P_gigantea IKSAPEFNLPS DRFTTQGTLA.TSALLDGFG TEDMETSL 722
E.typhina_subsp_Poae_Ps1 724 BIMETLKEGGEEGSY EVQF | [llk NMNET kw1 5 ESSA—IKDFKAR DEH E SKTHEFE 782
N._ditissima 728 BIESTMERQP EG- - LOVRELMENNP GES ERV A VTELDVLELRNH DEQ GQVATVE 785
P_gigantea 723 BVIBESLEDLG-GGHYQ 1Q DDP NEKR | WSEDDER-IQQFKQY | DO REVYDLQ 78D
E.typhina_subsp_Foae_Ps1 783 SIS FMR--EENLAHAEA IMRT LI EHFAGKK= ===~ - TEESKTHAEMA K1 834
N_ditissima 786 EMGTVKLHEP K EVSGEP LVOMVFEY LNPSKKPPVDDSPPSESTKT A B4S
P_gigantea 781 GBTFVE--KENVPE WVKTV I DMYSGHA- - - - - - - CCANS.SN KV 831
Etyphina_subsp Foae_Ps1 835 HEW LNLTEAMcoof L cEMckMyNEvKkoMLETCEVEKSsBT- - - -Fdver LENVS EGF v L 890
N_ditissima 346 HISN FRMAR | TY STTQBEMGKM | 5 TREL VAERAGAKTISRFSSIELGRY LBSVGEAL F 905
P._gigantea 832 QSN FNLCABMGR THIL GIBM s HVVQ AQSI KNEQVAFAEES- - - -WIGKAFGRASDEL L 887

Etyphina_subsp_Poae_Ps1 891 GGENEN LEAYEEAHT DNDABKEN F G Al SVTFLASA TIG VMEGY s 950
N._ditissima 906 ABGSMV LD | 1 |EBANS EDSARQKAWLT v c.vm_c.vm GTV MLIBAAG 565
P _gigantea 888 SAKSMMFBAYENsNAQDDVERAMFG GEBSASLLIGVASLG LILIGGAG 347
Etyphina_subsp_Poae_Ps1 351 V 1 Lg le c. EK DE ROHG I EVElFG 1010
N._ditissima 966 V L LAGVG | HK QE s AEKKWEMBLHF G 1025
P_gigantea 348 AVYV le c. AD ED EKA L sanNEAN | BlAY 1007

Etyphina_subsp_Poae_Ps1 1011 SE | D-Bacnik R TWHGSTGS NY F FllvGOKERM | o D s oE MR c BV GE - 1068
N._ditissima 1026 ROLDLGAN ¥ LMR- - - - AP DK ~---WPWNFRSVDHRKE LENH ALY BBN 1077
P_gigantea 1008 SSVNLATG ¥ THSGSTGS NY FFMAGDY BT VY DRl s B NMRAGTGER - 1066

Etyphina_subsp_Poae_Ps1 1069 A SEK@ANTG- -DYTTI- VlEaTr 8 rlsy cfia  [@@rFcTc H Y E--RFD1123
N._ditissima 1078 VE@TIEPPEGERDLTAV | | BB sV LIESYHAYDMNQERFS LH NDP NWL 1137
P._gigantea 1067 AT PRGY--NNSTIFVERATPIESY NS Y CHOMERCATT K--RFD1122
Etyphina_subsp_Poae_Ps1 1124 {0 F Y I 'HO | THE FVKP | AVRIGNR SYRIVQVAELDES LHNVILE N¥T 1183
N._ditissima 1138 MN ‘I‘IVHK HOYYATEPVDVYHSQRSVRLAMPPLLKAQENYLE H HV 1187
P _gigantea 1123 MD RTINT SHEYVGESVT IQlSRNA IRVQVP EFP SVMQGKMN AYT 1182
Etyphina_subsp_Poae_Ps1 1184 | GHNPEV A sScwsNECEVIBECCKEDGEN TV - - - - - EARAN S SEFRENLADT- - LF 1236
N._ditissima 1198 VDR R@sS LWET TTHADERWVEDBGRELP SDSVT FGDAPTGQRMLRI GIEVSMTVDSTRNKD 1257
P_gigantea 1183 MG GSTNAS CTHES FTTASY - - - - - DSNGVTVG IADHN- - F 1235
Etyphina_subsp_Poae_Ps1 1237 8 I‘I'KP CEI EVDFANKTTFP IKEDGDKYQ- - Gsak TDH SDKHLEGTAL I v 1284
N._ditissima 1258 § VLAS KAT AIDLESQTIEPCEIP DKWYBEDDGOT HSRNHBHSSYV I 1317
P_gigantea 1236 A MI IATPTNDM KVNFTNPHTSIVSED SNFS@---SAA NDSQLEDSAFV L 1292
Etyphina_subsp_Poae_Ps1 1295 VOKETH- - Aco s @R EFFER 7s k@ LN T 1 DA TNSAQVGALTAEGK --NTEH1350
N._ditissima 1318 VDD ¥ DS N EMERAFNEYSRERMENSVGY TKEAQLGGVFGDD- 'r CATKEH1376
P._gigantea 1293 LKKMETE- - scEAME DAY MEASRRRFEMSTGL QGNGIVVATDDDEMYEM - - MLGA 1348
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E.typhina_subsp_Poae_Psl 1351 8 DVSTEVCEAKMHALCP FSKR VDADNQ | HAL-- FRHQLSEN- - HF GTEN 1406
N._ditissima 1377 Hi DAPTIBT LA CPLFMSPEV KR ~OHSHYLYB®TY FYRYADDDKGDOQTAE 1435
P._gigantea 1345 Q) NP IDESCTHRKNERAYYP SAMR LEDDN-VFAT--¥RHYVLCFTGCLYHSDIET 1405
E.typhina_subsp Poae_FPs1 1407 ¥ I LTA N VCM\I’CCPALLAK.HQEDKWTGEVRLL ED-MYTCGPSELLPKLKLFES LAG 1465
N._ditissima 1436 CVVHA ATITDQHLFEKLISEKLIKCGDVESL KETHMOSTKSSSALNFITGORY | K 1485
F._gigantea 1406 ¥ | LGK Vs ICDPPLLRQ.SFLDHVDYP LDOMIAD-MALQETSADVSAPTSGP TGG 1464
E.typhina_subsp Poae_Ps1 1466 J\DID.J\ DPHEI F¥LEPKCKDHY F-- -~~~ YHOF MESBIRT KE-HPDIHLNY LLVIET 1518
N_ditissima 1456 A 1 TQGCAN- - -[BETVNNEBNDNHDEAVNASNSQOQRFC LOBCMEMENEWD KWL SNDY G FVES 1552
P._gigantea 1465 SDVQESMDAKEBTAV LEKEDDGTA- - - - - - - - RCF ~-NFTPTPDIAYAGS 1515
E.typhina_subsp_Poae_Psl 151% | --ASTGDSGE-~-~---~ LECEFSYNOHK LVVORGNGTOAEKPRPMT ISPELGT | SNFFSA 1570
N._ditissima 1553VP|AASEESCEQNAQDQELI VNPKMH—ILRRL‘U‘DIHCDFTCKE DIPPQFSCIDH‘U‘IQQJEII
P._gigantea 1516 TPPTSSGPEE-----~~~ ¥ S IKHOTUTFOQAGSGTKAGPPOTMNFP SDFGNLANL LS L 1567
E.typhina_subsp_Poae_Ffs1 1571 NNNLFS ITDAGF | LRETTHCT LABE NHOQ EHREK-DVDGGP TARSK Al 1629
N._ditissima 1612 ADRF I LTTKAGY | MOEMP CGAP ARVEMSRDWLS SQQDPSTSLLSWWDOQETG P 51671
F._gigantea 1568 EGRMFA | SDS@EVVLRETQCGEY F FIEE NOTWM I ANLKEN-S5ADHLP TK A S T | 1626
E.typhina_subsp Poae_Ps1 1630 WS | VEE- - - - - - 5---DAEGSP- A LCSDRFYV-VAGPSIERCKP RHMA TEG- -5 KH 1676
N_ditissima 1672 LAVMENE- - - - - - CVGAPPAEKS - CHODR | | - |ASAEBHGRFLOLLEGESP D- - GESA 1721
P._gigantea 1627 VAV LEGETATSSTSAPADSASAPA YIDCKFY IMVSP SIEDNKER LDV LIGEHSKGPV 1686
E.typhina_subsp_Poae_Psl 1677 HMETEDSGHEY ABBITVRGKELETVFRLKAP FVNAE--AVPDGRGVLVKHP FKTHALT 1734
N._ditissima 1722 LILCDYGVPGDCK LIPRCHVPKVLONLY INCTIADCAVPKAQAKFTEKLTLSAMASY 1781
P._gigantea 1687 W1 AY KDGDGSGH LATGA-VTDLFSPTDPTVWNLATISPAQI LTSMQSVP FKDMKMT 1745
E.typhina_subsp_Poae_ps1 1735 EGGLRYTTKEGVVLI ASE—RSAR LY GWDK Y -NRSD S'GEIA V-KT-WDHGESVV 1730
N._ditissima 1782 GNRVECVDHE \I'GLR RCMFSSATVVEMTRANGQEKP VOAS ESS -RRRCGGLSPVLW 1840
F._gigantea 1746 EDCLOYTALDER I FI ITDT-QTVTLL DET AANAAN E.ﬂlT \I'T ATOTEWNHGEWVF | 1804
E.typhina_subsp_Poae_Ps1 1791 MLE- - - - e LTSSGNIVSAAKAT FTWLDAR- - THBBADP SCARGYAYH- - - - - AG 1839
N_ditissima 1841 VEADETOSS CERAWYNLETNR IYRFTADNKDAM | DIEY HA VHATDAT- | AYM- - - H5 56 18%6
P._gigantea 1805 LQGD--P HIVLCKAVRPTNIPYTWADOR- -V VSTEAITMCWF FBMPVENTAS 1860
E.typhina_subsp_Poae_Psl 1840 QGR IMELGEGSAEEKKSAASQEVARASRFODVIBAVKP SBGASFROF-ALENVHYT I LSQF 1858
N_ditissima 1857 MKWV L g----- TSSCERPLWRSP LDNTEAF-5 | QTNANLP‘U‘ ACADHCLVT- F 19453
P._gigantea 1861 VGV TMTN -RVDVPCCGSEAPVDCGLS LOD I LVP SEGNSFSY LPG GVRTAV I LOC 1519
E.typhina_subsp_Poae_ps1 1899 EGDTSFMDY SVP SABIMES LSGLV | - EWKDOGRVEMEGSTMHP GP LIGWY LEKR LGDD@ I | M 1357
N._ditissima 1950 DSTOGGOGVLS | SKE EYYKATTVANY EAM--EERNAIYLETDHLAS FMBVESNCABMF | 2007
F._gigantea 19200 AG--ALMCYRVPEA DYYES VVQDHN.&SVRTQPDSVYLDVTNP.‘\I’LL KK I GEDEVVA 1377
E.typhina_subsp_Poae_Ps1 1958 E-c.s GP.FMKISR MVMDP TCM I HMT GK LIITVGNGSAGNG - = = = = == == == mm = oo mm = = = 1996
N_ditissima 2008 DPR SRSIA CSLPOVAKDDDTSFI ISSSSGPSROGRASTTDEWQ IWELRRIHEKR LO 2067
P._gigantea 1978 DTTNGHS LT FGADPAYANVAVNTRIEGVDVTVQTMMHAQOWLOKVTGSSTPADVTLO 2037
E.typhina_subsp Poae_Psl === == - - s - - mm e - =

N_ditissima 2068 LMETWLPQRV LMY LDOVPRSIFP 2090
P._gigantea 2038 TIAYAVTOPSS-------~---~-~ 2048

Appendix 22: Alignment of makes caterpillars floppy (Mcf) proteins from a range of
fungal species across multiple species using the alignment function of Geneious.
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Appendix 23: Whole Epichloé. Festucae makes caterpillars floppy (mcf) gene deletion
construct (pTMO03, 7489 bp). Hph (hygromycin resistance gene). LB (left-border). RB
(right-border). Ori (E. coli origin of replication point). Bla (ampicillin resistance gene).
PtrpC (promoter). TtrpC (terminator). Primers used to make plasmid are indicated by
black arrows (all). Smal cut sites used to excise knock-out insert.
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Smal (7614) 2/2

Smal (1536) 1/2

Appendix 24: 2 kb Epichloé festucae Fgl 5’ of makes caterpillars floppy (mcf) gene
deletion construct (pTMO05, 8673 bp). Hph (hygromycin resistance gene). LB (left-
border). RB (right-border). Ori (E. coil origin of replication point). Bla (ampicillin
resistance gene). PtrpC (promoter). TtrpC (terminator). Primers used to make plasmid
are indicated by black arrows (all). Smal cut sites used to excise knock-out insert.
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R

PRS2,

PtrpC

Appendix 25: Hygromycin resistant gene construct (pANS7-1, 4777 bp). Hph
(hygromycin resistance gene). Ori (E. coil origin of replication point). Bla (ampicillin
resistance gene). PtrpC (promoter). TtrpC (terminator). Primers used to amplify
backbone (pANS425 F/pANS425 R) and resistant gene (Hyg _F/DB33.7) are indicated

by back arrows.
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Appendix 26: PCR confirmation of #117 transformant (Amcf Fg1/pTMO05). DNA from
either Fgl Amcf mycelia or Fgl wild type (WT) mycelia was subject to primers that
amplify across the hygromycin gene (hph) (TM86/87), in the deleted region (int #1 and
int #2) (TM111/112 and TM113/114), across the left border (LB) (TM89/109), and
across the right border (RB) (TM90/110). —ve is water instead of primer
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6PINL

Appendix 27: Epichloé festucae var lolii AR48 makes caterpillars floppy (mcf) gene
complementation construct (pTMO04, 14377 bp). Hph (hygromycin resistance gene). LB
(left-border). RB (right-border). Ori (origin of replication point). Bla (ampicillin
resistance gene). PtrpC (promoter). TtripC (terminator). Primers used to make plasmid
are (TM49/TM52) and (pRS426_F/pRS426_R) indicated by black arrows. Primers used

screen the transformants are (TM117/TM118) and (TM115/TM116) are indicated by
black arrows
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Ptpc
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Appendix 28: Hygromycin construct (pDB48, 7702 bp). Hph (hygromycin resistance
gene). Ori (E.coli origin of replication point). Bla (ampicillin resistance gene). PtrpC
(promoter). TtypC (terminator).
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