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Abstract

Fungal endophytes of the Epichloé genus form largely mutualistic symbioses with cool-
season grasses, systemically colonising the intercellular spaces of the host in a strictly
regulated fashion. The endophyte receives protection and sustenance from the host, and
in return provides benefits such as increased growth, drought resistance and protection
against herbivores. Protection against herbivory is mediated through the production of
bio-protective fungal secondary metabolites (SM). Examples of these SMs include
lolitrem B, the causative agent of ‘ryegrass staggers’ in stock, and the insect feeding
deterrent peramine.

The genes responsible for the production of each of these SMs are usually found
clustered together in the genome, and are often closely associated with a range of
transposon relics. SM gene expression occurs only when the endophyte is growing in
planta, indicating the presence of plant-fungal signalling. This study investigated the
locus structure and organisation of the gene perAd that encodes the non-ribosomal
peptide synthetase PerA, which is both essential and sufficient for production of
peramine. It was found that perd and its flanking intergenic sequences exhibit
considerable transposon-mediated variability across Epichloé, and that this transposon
activity is likely responsible for the taxonomically discontinuous production of
peramine both within and across Epichloé spp.

The major facilitator superfamily transporter gene EF102 is divergently transcribed
from and co-regulated with perd (EF103). Transcriptome data were used to identify
transcription start sites for both genes. Comparative analysis of the intergenic sequence
separating EF'102/perA from 10 Epichloé isolates covering six different species refined
the perA translation start site, and identified conserved regions in the promoters of both
genes proposed to be important for regulation. A motif search identified a conserved
DNA motif present multiple times in the promoters of both genes.

Deletion analysis of EF102 revealed the gene probably does not encode a peramine
transporter, as was hypothesised; however the four independent AEF](02 mutants
exhibited a reduction in peramine production relative to wild type, resulting in an
alternative hypothesis that EF102 encodes a transporter for a PerA substrate precursor
molecule such as glutamate.
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1. Introduction




1.1 Epichloé endophyte life cycle

Epichloé and Neotyphodium spp. are predominately mutualistic filamentous fungal
endophytes of cool season grasses that systemically colonise the intercellular spaces of
the aerial tissues of their host in a strictly regulated fashion (Scott, 2001). Epichloé spp.
may transmit vertically (asexually) through colonisation of host seeds, as well as
horizontally (sexually) through the formation of a fungal stromata over the host
inflorescence, commonly known as ‘choke’, that prevents flowering (Fig. 1.1).
Botanophila flies facilitate transfer of spermatia between fungal stroma of different
mating types, allowing the stromata to mature and release ascospores that infect and
colonise the ovary and ovule when they land on a floret, resulting in horizontal transfer
to a new plant. In contrast Neotyphodium spp. are strictly asexual, being disseminated

only by colonisation of the host seed (Clay & Schardl, 2002).

1.1.1  Endophyte growth in planta

The endophyte is transmitted vertically by colonising the host embryos, inside which the
fungus lies dormant until the infected seed germinates. Hyphae colonise the shoot apical
meristem, which then allows easy colonisation of the axillary buds and leaf primordia as
they form. Grass blade growth is initiated at these axilliary buds through rapid division
of the leaf primordial cells, followed by enlargement and extension of cells along the
length of the expansion zone, which extends approximately 5 cm from the base of the
leaf (Christensen et al., 2008). This mode of extension is incompatible with the standard
pattern of fungal growth, where growth occurs only at the hyphal tip, so a new
hypothesis has been proposed that endophyte hyphae are able to grow by intercalary
extension to avoid being sheared by the expansion of the plant cells to which they are
attached, a novel growth mechanism in fungi (Christensen et al., 2008). Strict control of
fungal growth is essential to maintain the mutualism between endophyte and host. In a
healthy, natural symbiosis endophyte hyphae grow between host cells parallel to the leaf
axis. The presence of more than one fungal hypha per intercellular space is uncommon,
horizontal hyphal branching is rare, and colonisation of the host cells and vascular

bundles does not occur.
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A role for reactive oxygen species (ROS) in this regulation of the symbiosis was
demonstrated by the deletion of the NADPH oxidase NoxA in E. festucae F11 (Tanaka
et al., 2006). This AnoxA mutant exhibited a shift in the symbiosis from mutualism to
antagonism, with infected plants visibly unhealthy and dying early, while fungal
biomass increased dramatically following widespread host infection. Analysis of
cytochemically-stained cells revealed that the accumulation of ROS in the fungal
extracellular matrix (ECM) and at the interface between the ECM and host cell wall
observed in plants infected with wild type F11 was lost in plants infected with the AnoxA4
mutant. NoxR is a fungal protein that regulates NoxA, requiring binding to the small
GTP binding protein RacA to do so. AnoxR mutants have a very similar phenotype to
AnoxA mutants, with unhealthy plants containing highly branched prolific hyphae, but
no obvious phenotype in culture (Takemoto et al., 2006). While ROS have been
previously shown to activate signal transduction pathways that regulate cell proliferation
(Suh et al., 1999) and modify the ECM (Lambeth ez a/., 2000), the regulation of a plant-

endophyte symbiosis is a novel function.

1.1.2  E. festucae and L. perenne as a model system

Perennial ryegrass (Lolium perenne) is an important pastoral grass species in New
Zealand and many other parts of the world, and is naturally found in association with the
asexual endophyte Neotyphodium lolii. N. lolii is very slow growing in culture and quite
intractable towards scientific analysis, so the sexual endophyte Epichloé festucae, from
which N. lolii is thought to descend (Schardl et al, 1994), is used to model this
symbiosis. E. festucae has occasionally been identified in a natural association with L.
perenne, with which it forms a stable and reliable symbiosis ideal for a grass-endophyte

model system (Scott et al., 2007).

1.2 Epichloé taxonomy

Epichloé spp. (Clavicipitaceae, Ascomycota) are divided into two major clades (Fig.
1.2), with the main epichloé clade containing the species E. festucae, E. amarillans, E.
baconii, E. bromicola, E. elymi, E. glyceriae and E. brachyelytri, and the second clade
consisting of the species E. typhina, E. clarkii and E. sylvatica, commonly referred to as

the ‘E. typhina complex’ (Clay & Schardl, 2002). Each species from the first clade

4



infects a specific, distinct host tribe, whereas species from the E. typhina complex infect
multiple host tribes. Asexual Neotyphodium spp. are commonly the result of
interspecific hybridisation between two or more Epichoé spp., however some are
derivatives of a single sexual species, such as N. lo/ii, which is thought to descent from

a single E. festucae ancestor (Schardl et al., 1994).

1.2.1 Hybrid origins are common for Neotyphodium spp.

A molecular phylogenetic analysis of 32 Neotyphodium isolates, chosen because of their
lack of association with agriculture to avoid selection bias, revealed that 20 were
heteroploid, with most of these approaching diploidy (Moon et al., 2004). Loss of
redundant genes following the hybridization event was demonstrated, and two of the
Neotyphodium genotypes showed evidence of a second hybridization event, resulting in
up to three copies of some of the markers tested. All Epichloé isolates tested were

haploid.

Phylogenetic analyses of the B-tubulin (f#b2) and translation elongation factor 1-a (tef7)
genes from the large array of Epichloé and Neotyphodium species revealed that
hybridization events were usually the result of inter-specific hybridization between
different sexual and asexual species (Fig. 1.2; Moon ef al., 2004). A lack of vegetative
incompatibility between Epichloé spp. allows the formation of interspecific
heterokaryons, suggesting that the most likely mechanism for this hybridization is
through somatic fusion (Chung and Schardl, 1997), even though this process is a rare
result of interaction between Epichloé and Neotyphodium spp. (Christensen et al.,
2000). In many cases hybridization appears to have followed loss of sexuality,
suggesting a selective benefit for hybrids amongst asexual Neotyphodium species. These
hybridization events are frequently associated with host species jumps, which may

account for fusion events and loss of the sexual cycle.
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1.3 Benefits of the association

With the exception of occasional fungal stroma formation on the host by some Epichloé
spp., the association between epichloé endophytes and their grass hosts is generally
regarded as a mutualistic symbiosis, and is specifically proposed to be a defensive
mutualism (Saikonnen et al., 2010). The endophyte receives protection and sustenance
in the intercellular spaces of the host, and a means of dissemination through the seed. In
return the endophyte provides its host with a range of benefits, including drought
tolerance (Hahn et al., 2008), increased growth, and protection against both vertebrate

and invertebrate herbivores (Clay & Schardl, 2002).

1.3.1 Bio-protective secondary metabolites are produced by epichloé&

endophytes in planta

A much-researched aspect of this plant-fungal interaction is the production of bio-
protective secondary metabolites (SM) by the epichloé endophytes. The production or
absence of production of a single secondary metabolite by an epichlo¢ endophyte can
dramatically change its agricultural usefulness as a pastoral symbiont. For example, the
fungal indole-diterpene lolitrem B induces the stock toxicosis known as “ryegrass
staggers” (Gallagher et al., 1984), a reversible condition where mammalian herbivores
grazing on endophyte infected pastures develop tremors, ataxia and sensitivity to
external stimuli, a highly undesirable trait in a pastoral symbiont. Similarly the
ergopeptine alkaloid ergovaline is implicated in stock toxicoses that cause considerable
agricultural losses (Bacon et al., 1986; Roberts & Andrae, 2004). In contrast the fungal
secondary metabolite peramine is a potent insect feeding deterrent, shown to inhibit
both larvae and adults of the perennial ryegrass pest Listronotus bonariensis, commonly
known as the Argentine stem weevil (ASW; Rowan et al., 1990). In addition some
endophytes produce loline alkaloids that are potent broad-spectrum insecticides (Riedell
et al., 1991). The anti-insect activities of lolines and peramine are highly desirable in a

pastoral symbiosis, significantly mitigating agricultural losses to invertebrate pests.



1.3.2 Fungal secondary metabolite gene clusters are plant-regulated

The production of a variety of secondary metabolites (SM) is a common feature
amongst filamentous fungi, and genes for their biosynthesis tend to be clustered and co-
regulated (Keller and Hohn, 1997; Fox & Howlett, 2008). Distribution of these clusters
amongst related fungi is often highly discontinuous, with many examples where a
particular fungus may not share production of a particular SM with a close relative, but
does with one more distant (Schardl & Clay, 2002). While some SM genes show
remarkable conservation between species, there is also much evidence that these clusters
can evolve rapidly, driven by duplication, relocation and deletion events (Wong and

Wolfe, 2005).

Horizontal gene transfer (HGT) of SM clusters between fungal species is a mechanism
commonly proposed to explain instances of discontinuous SM distribution, however
evidence is often lacking or inconclusive (Patron et al., 2007). The distribution and
relationships of polyketide synthase (PKS) genes in a range of ascomycotous fungi
shows that while the distribution of PKS genes amongst the fungi analyzed are often
discontinuous, in many cases this can be explained without HGT (Kroken et al., 2003);
however there is clear evidence showing that HGT of genes of bacterial or fungal origin

into fungi does occur (Hall ez al., 2005; Khaldi ef al., 2008).

The epichloé SMs described in 1.3.1 are preferentially produced by the endophyte when
growing in planta, and significant induction in culture has not been achieved to date,
with the exception of lolines in Neotyphodium uncinatum (Blankenship et al., 2001).
This plant-based regulation occurs at the level of gene expression, with those genes
involved in secondary metabolite production being expressed only in planta (Spiering et
al., 2005; Tanaka et al., 2005; Young et al., 2006; Fleetwood et al., 2007). Lolitrem B
synthesis depends on a cluster of 11 fungal genes, spread out over three sub-clusters in
E. festucae Fl1 (Young et al., 2006), and the production of lolines/ergovaline is
similarly dependant on their respective fungal gene clusters (Spiering et al., 2005;
Fleetwood et al., 2007). The lolitrem, ergovaline and loline gene clusters are located in
what appear to be sub-telomeric regions of the endophyte genome (Epichloé festucae
Genome Project, 2011), and are often found associated with transposon relics. An

exception to this general rule is peramine, the production of which requires only a single
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gene, perd, located amongst genes located distal to the telomere in related fungi
(Tanaka et al., 2005; Galagan et al., 2005), which is not always associated with

transposon relics (Fleetwood et al., 2011).

1.3.3 Peramine: distribution and genotype effects

Peramine, a potent insect feeding deterrent, is a pyrrolopyrazine derived from the amino
acids proline and arginine via a diketopiperazine intermediate (Rowan et al., 1986;
Rowan, 1993). Peramine consists of a lipophilic ring system linked to a hydrophilic
guanidinium group, both of which are unique features amongst insect feeding deterrents
(Fig. 1.3). The peramine content of an infected grass host is predominantly influenced
by the fungal genotype, with a significant correlation observed between the genetic
distance of Epichloé isolates and the peramine content of their grass hosts (Vazquez-de-
Aldana et al., 2009). This situation contrasts with that for the regulation of ergovaline,
where plant genotype and environmental factors are more important. This correlation
does not hold across different host species, with secondary metabolite production
profiles varying greatly between symbioses of the same endophyte infecting different
host species (Easton, 2007). The uniform distribution of peramine within the plant also
differs to that of ergovaline, which is extremely heterogenous, indicating differences in
in planta mobility and regulation of accumulation between the two secondary

metabolites (Spiering ef al., 2002).

1.3.3.1 Peramine synthesis pathway and PerA protein structure

Peramine is produced by PerA, a two-module non-ribosomal peptide synthetase (NRPS)
encoded by the gene perd (Tanaka et al., 2005). The first module of this NRPS consists
of an adenylation domain linked to thiolation and condensation domains, while the
second module contains an adenylation domain linked to methylation, thiolation and
reductase domains (Fig. 1.3). The proline precursor 1-pyrroline-5-carboxylate and
arginine are the predicted substrates of modules one and two, respectively. The
adenylation domain of each module provides substrate specificity and activation through
adenylation, the thiolation domains anchor the substrate molecules through a thiol bond,
and the condensation domain catalyses the formation of the peptide bond between the

two substrates. The methylation domain methylates the a-NH, group of the arginine
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substrate molecule, and the reductase domain is predicted to be required for reduction,
cyclisation, and release. A final spontaneous oxidation step is proposed to produce the

final pyrrolopyrazine product, peramine (Tanaka et al., 2005).

1.3.3.2 Conservation and distribution of perd

The gene perA has currently only been identified in the Epichloé/Neotyphodium genera,
within which it appears to be present at the same genomic location in all instances,
though it is not always functional (Scott et al., 2009; Johnson ef al., 2007). The genes at
the epichloé perA locus show high conservation of order and orientation when compared
to other filamentous fungi (Fig. 1.4), with the exception of perd itself, which is often
found flanked by repetitive sequence elements and transposon relics in epichlo€, and is
absent from the other fungi. This indicates that perd was transferred to this genomic
locus at some point before the radiation of epichlo€&; however the origin of perd remains
a mystery, as it is not known whether it originated in an epichloé¢ ancestor before
relocating to its current location, or was horizontally transferred from some other

organism.
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Figure 1.3  Domain structure of PerA and the peramine synthesis pathway

A. Domain structure of the two-module non-ribosomal peptide synthetase (NRPS)
PerA. The first module consists of an adenylation (A), thiolation (T) and condensation
(C) domain, and the second an adenylation, methylation (M), thiolation and reductase

(R) domain. B. Proposed peramine biosynthesis pathway reproduced from Tanaka et
al., (2005). Mol. Microbiol 57: 1036-1050.
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Figure 1.4  Synteny analysis of the perA locus with other filamentous fungi
Conserved synteny of the E. festucae perA locus with other filamentous fungi showing
the order and orientation of genes EFI00-EF112. Putative genes not found in E.
festucae are coloured in grey, and the percentage identities between genes in E. festucae
and F. graminearum are labelled. Reproduced from Tanaka et al., (2005). Mol.
Microbiol. 57: 1036-1050.
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1.3.3.3 PerA locus in E. festucae E2368

The sequenced E. festucae strain E2368 was derived from progeny of an F1 cross of E.
festucae E189 x E. festucae E434 backcrossed to E. festucae E189 (Wilkinson ef al.,
2000). Strain E2368 contains a premature stop codon in perd, reducing the gene length
from 8319 bp in F11 to 7116 bp in E2368. This premature stop codon, which occurs only
2 bp after homology to perd in F11 ends, likely resulted from insertion of the miniature
inverted transposable element (MITE) EFT-3m into the 3’ end of the perd gene
resulting in the deletion of the entire reductase domain (Fleetwood et al., 2011).
Interestingly, the conservation between the truncated perd from E2368 and the same
region in F11 is extremely high, with only a few SNPs and small indels present. In
addition, analysis of the transcriptome data from E2368 shows that this truncated per4
gene is still expressed (Epichloé festucae Genome Project, 2011). This indicates that this
insertion event either occurred very recently, or that the truncated PerA protein may still
produce a dipeptide that retains or provides some selective advantage to the symbiosis.
A large uncharacterised AT-rich transposon relic named EFT-7 is found upstream of
perA in strain E2368, and the identity of the genes upstream of this transposon is not
known due to discontinuity in the genome assembly at this point. This is not the case for
F11, which contains the predicated major facilitator superfamily transporter gene EF102
1.9 kb upstream of perA. Given that both EF102 and perA (EF103) are located at the
ends of their respective contigs in E2368, and the fact that both contigs terminate in an
AT-rich transposon relic, linkage between these genes like in E2368 seems likely

(Epichloé festucae Genome Project, 2011).

1.3.3.4 Detection of peramine in the host guttation fluid

Peramine concentrations in freeze-dried plant tissue samples (herbage) are routinely
determined using high-performance liquid chromatography-UV spectroscopy (HPLC-
UV; Spiering et al., 2002); however this method is not sufficiently sensitive to detect the
very low levels of peramine (< 0.1 ppm) found in cut leaf exudates or guttation fluid.
The latter, produced from the tips of leaves during periods of high humidity, is driven
by specialised tissues called hydathodes, and is utilised by the plant to excrete molecules

(Taiz and Zeiger, 1991). Using an HPLC-mass spectroscopy (LC-MS) based method,
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with a limit of detection of 0.002 ppm, very low levels of peramine can be measured in

guttation fluid (Koulman et al., 2007).

1.4  Transcriptome analysis of a disrupted symbiosis E. festucae mutant

High-throughput whole-cell mRNA sequencing can be wused to generate a
‘transcriptome’, a quantitative representation of gene expression in an organism or
system (Wang et al., 2009). A transcriptome is a powerful tool for analysing changes in
gene expression between identical organisms grown under different conditions, or
between wild type and mutant organisms. Transcriptome data can also be used to

globally define transcription start sites and refine intron positions.

1.4.1 Transcriptome analysis of the E. festucae F11 AsakA mutant

The deletion of the stress-activated mitogen-activated protein kinase sakA from E.
festucae F11 resulted in a switch from mutualistic to pathogenic growth of the endophyte
in planta (Eaton et al., 2010). Comparative analysis between transcriptome data of this
mutant and wild type FI1 growing under identical conditions in planta revealed that
fungal genes associated with the maintenance of the mutualistic relationship, such as the
lolitrem gene cluster and perd, were strongly downregulated in the mutant symbiosis.
Fungal genes encoding hydrolytic enzymes and transporters and plant genes associated
with increased stress and pathogen defence were upregulated in the mutant symbiosis,

indicative of the change to pathogenic growth.

1.4.2 Transcriptome analysis identifies EF'102 as a potential peramine

transporter

EF102 is a gene divergently transcribed from perd that encodes a major facilitator
superfamily (MFS) transporter (Tanaka et al., 2005). The core 12 trans-membrane
domains characteristic of MFS transporters are highly conserved with related MFSs
from other filamentous fungi, however the N- and C-terminal regions are highly
variable (Appendix 7.3.2). EF102 is downregulated in the mutant symbiosis, and is the
only gene proximal to perA that shows any change in gene expression (Appendix 7.1.1).

This indicates that, given the propensity of fungal SM genes to cluster, EF'/02 and perA
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may be components of a two gene co-regulated cluster, with EF/02 potentially

encoding a peramine transporter (Eaton et al., 2010).

1.5 Regulation of epichloé secondary metabolite genes

The regulation mechanisms of SM clusters in epichloé endophytes are not well
understood. The 5' untranslated regions of the 11 genes involved in lolitrem B synthesis
contain several conserved motifs, of which multiple copies are present in each putative
promoter (Young et al., 2006); however it is not known if any of these motifs are
responsible for the plant specific regulation of the cluster genes. Conserved motifs are
also present in the putative promoters of the loline (/o/) genes; however an experiment
using the /ol4 and /olC promoters to drive an ectopically inserted reporter gene did not
show differential regulation, suggesting a position effect on genes in the loline cluster

may be responsible for their condition-specific upregulation (Zhang et al., 2009).

1.5.1 Comparative analysis as a tool for regulatory motif identification

Comparative analysis between sequences from related species is a powerful tool for the
identification of genes and regulatory motifs. Because regulatory elements are
functionally important to an organism, natural selection conserves these sequences
during the evolution of species, resulting in regions of high sequence similarity between
different species when compared to the less constrained flanking intergenic sequence. A
whole-genome application of this principle using four Saccharomyces spp.
demonstrated the power of comparative genomic comparison to refine the yeast gene
catalogue and locate a number of novel and previously identified regulatory motifs
(Kellis et al., 2003). The effectiveness of a comparative genomics approach in
identifying regulatory elements is dependent on the evolutionary distances between the
species. The species must be sufficiently closely related to allow orthologous sequences
to be easily aligned, yet distant enough that non-functional nucleotide sites will have
undergone enough genetic drift to provide sufficient resolving power to identify
conserved motifs. It is also important that the species compared be as taxonomically
close as possible, as only biological aspects that the species share can be identified using

this method.

15



1.6 Aims

This research focuses on the epichloé secondary metabolite gene perd, and addresses
three biological questions: (i) How conserved is the structure and organisation of the
perA locus across Epichloé? (i1) Are there conserved elements in the perd promoter that
may be important for the plant-based regulation of perA4? (iii) What is the relationship
between perA and the divergently transcribed and co-regulated gene EF102? The known
perA locus sequence from E. festucae strains Fl11 and E2368 (Tanaka et al., 2005;
Epichloé festucae Genome Project, 2011), and transcriptome data from plants infected
with FI1 and a pathogen-like F11 mutant (Eaton ez al., 2010) were used as foundations to

initiate experiments that addressed each of these three questions.

The first aim of this research was to determine the peramine production profile and
Lolium perenne infection phenotype of six E. festucae strains, as well as determine the
structure and organisation of the perd locus in these E. festucae strains and a range of

putative peramine-producing Epichloé spp. This aim was split into four main objectives:

1. Determine if the six E. festucae strains selected produce peramine in

planta.

2. Determine if the E. festucae strains selected infect the non-natural host

Lolium perenne as well as F11 does.
3. Determine the conservation of structure and organisation of the perd
locus in a range of Epichloé isolates by PCR amplification of perd, surrounding genes,

and connecting intergenic sequences.

4. Demonstrate linkage between perd and flanking genes EF102 and
EF104 in a range of Epichloé isolates using Southern blotting.
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The second aim of this research was to identify conserved elements in the perd

promoter, and was split into two main objectives:

1. Determine if conserved elements can be identified in the perd promoter

by comparing this region across a range of putative peramine-producing Epichloé spp.

2. Determine if the promoters of perd and EF102 share any DNA motifs.
The third aim of this research was to investigate the relationship of the major facilitator
superfamily transporter gene EF102 to perA, which it is divergently transcribed from

and co-regulated with. This aim had one main objective:

1. Determine if EF102 is a transporter for peramine using deletion analysis.
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2. Materials & Methods
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2.1 Biological material

Bacterial and fungal strains and plant material used in this study are listed in Table 2.1,
plasmids and DNA used are listed in Table 2.2.

Table 2.1: Bacterial strains, fungal strains and plant material
Strain Relevant Characteristics Source/Reference
E. festucae
PN2278 Wild type FI1 Young et al,
(2005)
PN2134 Wild type Fgl Leuchtmann et al.,
(1994)
PN2241 Wild type E189 C. Schardl
PN2131 Wild type Frc5 Leuchtmann et al.,
(1994)
PN2132 Wild type Frc7 Leuchtmann et al.,
(1994)
PN2130 Wild type Frl Christensen et al.,
(1993)
PN2133 Wild type Frrl Leuchtmann et al.,
(1994)
PN2802 AEF102 #11; FI1/AEF102::PtrpC-hph; Hyg"®  This study
PN2803 AEF102 #88; FI1/AEF102::PtrpC-hph; Hyg®  This study
PN2804 AEF102 #153; FI1/AEF102::PtrpC-hph; Hyg®  This study
PN2806 AEF102 #169; F11/AEF102::PtrpC-hph; Hyg®  This study
PN2734 Wild type E2368 C. Schardl
E. coli
TOP10 F°, merA, A(mrr-hsdRMS-mcrBC), Invitrogen
$80lacZAM 15, NlacX74, deoR, recAl,
araD139, Nara-leu)71697 galU, galK,
rpsL(St™), endAl, nupG
PN4137 TOP10/pDBO01 This study
Plant material
G4375-4379 L. perenne cv. Samson This study
G4311; 4380- L. perenne cv. Samson/PN2278; WT Fl1 This study
4384
G4312, 4313 L. perenne cv. Samson/PN2134; WT Fgl This study
G4314, 4315 L. perenne cv. Samson/PN2241; WT E189 This study
G4316 L. perenne cv. Samson/PN2131; WT Frc5 This study
G4305, 4317 L. perenne cv. Samson/PN2132; WT Frc7 This study
G4306, 4307 L. perenne cv. Samson/PN2130; WT Frl This study
G4308, 4309 L. perenne cv. Samson/PN2133; WT Frrl This study
G4385-4389 L. perenne cv. Samson/PN2802; AEF102 This study
G4390-4394 L. perenne cv. Samson/PN2803; AEF102 This study
G4395-4399 L. perenne cv. Samson/PN2804; AEF102 This study
G4400-4403 L. perenne cv. Samson/PN2805; AEF102 This study
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Table 2.2: Plasmids and DNA

Name Relevant characteristics Source/Reference
Plasmid
pDBO1 1.5 kb 102KOLB{f/102KOLBr PCR fragment This study

and 2 kb 102KORB2f/102KORB2r PCR
fragments in pSF15.15

pSF15.15 Amp®, Hyg" Eaton e al., (2008)
pCR4-TOPO  Kan® Invitrogen

DNA

ES8 Wild type E. typhina Schardl et al., (1997)
E425 Wild type E. typhina C. Young

E57 Wild type E. amarillans C. Young

E501 Wild type E. bromicola C. Young

E799 Wild type E. bromicola C. Young

E56 Wild type E. elymi C. Young

WWGI Wild type E. elymi C. Young
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2.2 Common stocks, growth media and conditions

2.2.1 Basic growth media

2.2.1.1 Potato Dextrose medium (PD)

PD medium contained 2.4% (w/v) potato dextrose in sterile Milli-Q H,O, with 1.5%
(w/v) agar added if plating.

2.2.1.2 Luria Bertani medium (LB)

LB medium (Miller, 1972) contained 85 mM NaCl, 1% (w/v) tryptone and 0.5% (w/v)
yeast extract in sterile Milli-Q H»O, with 1.5% (w/v) agar added if plating.

2.2.1.3 Regeneration medium (RG)

RG medium contained 2.4% (w/v) potato dextrose, 0.8 M sucrose and 1.5% (w/v) agar

in sterile Milli-Q H,O.

2.2.1.4 Sterilization conditions
Growth media and other solutions were autoclaved at 121°C for no less than 15 min.
Pouring of growth media plates, subculturing and other contamination-sensitive
activities were performed in a UV sterilized laminar flow unit.

2.2.2  Growth conditions

2.2.2.1 Escherichia coli
E. coli cultures were grown at 37°C overnight on LB agar plates, or in LB broth with
shaking at 200 rpm. Ampicillin was added to a final concentration of 100 pg/mL when

required for antibiotic selection. Cultures were maintained for short periods at 4°C, or

stored at -80°C in 50% (v/v) glycerol.
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2.2.2.2 Epichloé festucae

E. festucae cultures were grown at 22°C on PD plates for 6-9 d, or in PD broth with
shaking at 150 rpm for 5-8 d. E. festucae protoplasts regenerating on RG plates were left
until they grew through the antibiotic overlay (approx. 2 weeks). Hygromycin was
added to a final concentration of 150 pg/mL when required for antibiotic selection.
Cultures were stored at 4°C over periods of several months, or at -80°C for long-term

storage.
2.2.3  Common stock solutions
2.2.3.1 SDS loading dye

SDS loading dye contained 20% (w/v) sucrose, 5 mM EDTA, 1% (w/v) SDS and 0.2%
(w/v) bromophenol blue in sterile Milli-Q H,O.

2.2.3.2 20x SSC Buffer

20x SSC buffer contained 3 M NaCl, 0.3 M sodium citrate in Milli-Q H,0. 20x SSC
was diluted in Milli-Q H,O to obtain 2x SSC.

2.3 Standard E. coli cell methods
2.3.1 Cloning DNA fragments into an E. coli plasmid vector

Cloning of PCR products into an E. coli plasmid vector was performed using the TOPO

TA Cloning® kit (Invitrogen), following the manufacturer’s instructions.

2.3.2 E. coli transformations

One tube of One Shot® TOP10 cells (Invitrogen) per transformation was thawed on ice,
then 2 pL of plasmid (from TOPO® cloning reaction or other) was added to the cells and
incubated on ice for 5 min. Cells were then heat-shocked at 42°C for 30 sec and

returned immediately to ice. 250 pL of room temperature SOC medium, 2% (w/v)
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tryptone, 0.5% (w/v) yeast extract, 10mM NacCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM
MgSO4, 20 mM glucose) was added to each tube and incubated at 37°C with shaking
(200 rpm) for 1 hour. 50 pL of this transformation mix was then spread onto a selective
LB Agar plate with 0.1 mg/mL ampicillin, and 20 pL onto a second selective plate to

ensure sufficient numbers of individual colonies would be obtained on at least one plate.

2.3.3  Screening E. coli transformants

Each E. coli colony growing on selective medium to be analyzed was picked using a
yellow (2-200 pL) pipette tip and resuspended in 6 pL of LB. 3 pL of this suspension
was then stored at 4°C for any future analyses, and the remaining 3 uL was added to 8
pL of cracking buffer (50 mM NaOH, 0.05% (w/v) SDS, 5 mM EDTA) and heated at
100°C for 1 minute, then cooled to room temperature. Once cooled 1 pL of restriction
enzyme (whichever was selected for screening transformants) and 1 pL of RE 10x
buffer (as appropriate for the selected RE) was added to the tube and incubated at 37°C
(or other if required by RE) 10-30 min, depending on how many units of RE added. 2
uL of SDS loading dye was then added to the tube to stop the reaction and the results

visualized via gel electrophoresis.

2.3.4 E. coli plasmid isolation

Plasmid isolation from E. coli was performed using the High Pure Plasmid Isolation Kit

(Roche), as per the manufacturer’s instructions.

24 Standard E. festucae cell methods

2.4.1 Fungal DNA extraction (Byrd et al., 1990)

Fungal colonies were grown on PD agar plates at 22°C for ~7 d, 1 cm” of mycelia were
then taken off the plate and ground in a 1.7 mL microfuge tube, mixed into 50 mL PD
broth and grown at 22°C on a shaker at 200 rpm. After the liquid culture had grown
sufficiently (~7 d) the mycelia were filtered from the PD broth, washed with sterile
Milli-Q H,O0, blotted dry then frozen at -80°C. Once frozen, mycelia were freeze-dried

overnight to remove all water, and the resulting product was stored at 4°C. 0.01 to 0.02
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g of freeze-dried mycelia were ground under liquid nitrogen, dissolved into 800 uL of
DNA extraction buffer (150 mM EDTA, 50 mM Tris, 1% (w/v) SDS, pH 8.0) and
proteinase K added to 2 mg/mL followed by incubation at 37°C for 20 min. The
resulting solution was centrifuged in a benchtop microcentrifuge at 16060 RCF and the
supernatant transferred to a new tube. To this were added 2 volumes each of phenol and
chloroform, followed by a brief vortex and spin for 10 min at 16060 RCF. The aqueous
phase was again removed to a new tube and this phenol-chloroform extraction step was
repeated two more times. Following this 1 volume of chloroform was added to the
aqueous phase, mixed, and centrifuged for 10 min at 16060 RCF. The aqueous phase
was then added to 1 volume of isopropanol, mixed and left for 10 min at room
temperature to allow the DNA time to precipitate, followed by a 10 min spin at 16060
RCF. The supernatant was discarded and the DNA pellet washed with 1 mL of 70%
(v/v) ethanol. The pellet was left to dry at 37°C for 10 min then resuspended in sterile
Milli-Q H,O.

2.4.2 Preparation of E. festucae fungal protoplasts (Yelton et al., 1984)

1 cm?® of E. festucae F11 mycelia, taken from a fresh culture plate, was ground in a 1.7
mL microfuge tube with LB medium using a micropestle, with the resulting homogenate
used to inoculate 50 mL of PD medium that was then grown for 5 d at 22°C, with
shaking (150 rpm). The PD was then poured through a coarse filter, which retains the
mycelia, and the mycelia were washed three times with sterile Milli-Q H,O, follwed by
a final wash with OM buffer (1.2 M MgSO4, 10 mM NaHPO,, pH to 5.8 using
NaH;PO4). To every 1 g of mycelia collected 10 mL of filter sterilized Glucanex
(Sigma-Aldrich; 10 mg/mL in OM buffer) was added followed by incubation at 30°C for
5 hours, with shaking (100 rpm). Samples were then examined by microscope to
confirm protoplast formation (smooth, round cells with low osmotic resistance), and
then filtered through a sterilized nappy liner into a sterile 200 mL Schott bottle. The
filtrate was divided into Corex tubes (5 mL into each 15 mL tube) and overlaid with 2
mL ST buffer (0.6 M sorbitol, 100 mM Tris, pH 8.0) per tube. Tubes were then spun at
2375 RCEF for 5 min at 4°C, and protoplasts, now at the interface between the Glucanex
and ST buffer, were removed by removing the top layer with a 1 mL filter tip then
placed in a fresh Corex tube. 5 mL of STC buffer (I M sorbitol, 50 mM Tris, 50 mM
CaCl,, pH 8.0) was then added, mixed gently, and then spun at 2375 RCF. This step was
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repeated 3 times and samples pooled until protoplasts were contained within a single
tube. Protoplasts were then resuspended in 500 pL STC buffer, and a sample taken for
dilution and concentration estimation using a haemocytometer. Protoplasts were then
divided into 80 pL aliquots and 20 puL of 40% (v/v) polyethylene glycol was added to

each. Tubes were then immersed in liquid nitrogen and stored at -80°C until required.

2.5 Standard plant methods

2.5.1 Plant inoculation (Latch & Christensen, 1985)

Perennial ryegrass seeds were surface sterilized by soaking in 50% (v/v) H,SO4 for 30
min, rinsing in tap water 3 times, soaking seeds in 50% (v/v) chlorine bleach for 30 min,
rinsing in sterile water 3 times, then air drying on filter paper in a laminar flow cabinet.
Seeds were then germinated on 3% (w/v) water agar in petri dishes (8 per plate), and the
plates were placed on their side in the dark for 7 d at 22°C. Using a sterile scalpel and
dissecting microscope in a laminar flow cabinet, a shallow 2-3 mm longitudinal slit was
cut into the 7 day old seedlings between the mesocotyl and coleoptile, and a small piece
of freshly grown fungal mycelia was inserted into the cut. Seedlings were then returned
to the dark at 22°C for 7 d, checked for contamination after 2 d, then transferred to the
light and incubated for another 7 d at 22°C. Seedlings were then planted into root

trainers containing potting mix.

2.5.2 Plant immunoblotting to confirm fungal infection

Four to six weeks after seedlings were planted (provided sufficient tillers have grown) a
tiller was cut using a scalpel as close to the base as possible from each plant to be tested,
dead leaf sheaths were removed and the exposed cut was pressed onto a nitrocellulose
membrane (NCM). The process was repeated for all plants to be tested, with each tiller
being pressed into a separate cell on the NCM and labelled using pencil. The NCM was
then immersed into freshly made blocking solution (20 mM Tris, 50 mM NaCl, 0.5%
(w/v) non-fat milk powder) for 2 hours at room temperature, which was then decanted
off and replaced by 5 mL of blocking solution with 5 pL of primary antibody
(polyclonal rabbit antibodies raised against homogenised mycelium of Neotyphodium

lolii, Christensen ef al., 1993) and incubated with slow (15 rpm) shaking overnight at
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4°C. The following morning the blocking solution/primary antibody was decanted off
and the NCM was washed 3 times in fresh blocking solution. 5 mL of fresh blocking
solution and 2.5 pL of secondary antibody (goat anti-rabbit antibody with an alkaline
phosphatase conjugate, Sigma) was added to the NCM and incubated on a shaker at
room temperature for 2 hours before decanting off and washing the NCM three times in
fresh blocking solution. Developing solution was prepared using SIGMAFAST™ Fast
Red TR/Naphthol AS-MX tablets, as per the manufacturer’s instructions, added to the
NCM, and incubated on a shaker at room temperature for 15 min before decanting off
and washing the NCM in Milli-Q H,O. The NCM was then dried on blotting paper and

the results visualized.

2.5.3 Preparation of infected ryegrass samples for confocal microscopy

Pseudostem samples were taken from endophyte infected perennial ryegrass plants by
cutting near the base of tillers using a scalpel, removing any dead outer layers, then
peeling off sections from the pseudostem, removing the bottom 1 cm, and then cutting
this section in half longitudinally. Leaf samples were taken by cutting out the first 1 cm
of leaf starting from the interface between leaf and pseudostem, and then cutting this
section in half longitudinally. Samples were then placed in 95% (v/v) ethanol and kept
overnight at 4°C, or until required. Samples were then treated in 10% (v/v) potassium
hydroxide for 3 h, washed three times in PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM
Na,HPOy4, 1.76 mM KH,PO,, pH 7.4), and incubated in staining solution (20 pL of 1%
(w/v) aniline blue, 10 pL of 2% (v/v) Tween20, 10 pL of 1 mg/mL Alexa Fluor” 488
WGA (Invitrogen), made up to 1 mL in PBS) for 30 mins, including a 10 min vacuum

infitration.

2.5.4 Confocal microscopy

Imaging of samples was done on the Leica SP5 DM6000B confocal microscope at the
Manawatu Microscopy and Imaging Centre. A final magnification of 400x was used,
and images were taken of hyphae just below the plant epidermal cells, with a stack of at
least 8 images taken with a Z step size of 2 um. Subsequent image modifications were

done using the Fiji image processing package (http://fiji.sc/wiki/index.php/Fiji).
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2.6 Standard DNA methods
2.6.1 DNA concentration measurement

The concentration of gDNA samples was measured on a DyNA Quant 200 Fluorometer
(Hoefer), as per the manufacturer’s instructions. PCR products and RNAse treated
plasmid/gDNA samples were measured on a Implen NanoPhotometer , as per the

manufacturer’s instructions.
2.6.2 Restriction enzyme digestion of DNA
2.6.2.1 Digestion of plasmid DNA

100 ng of plasmid DNA was added to 5 units of restriction enzyme, 2.5 pL of the
appropriate commercial restriction enzyme buffer, and the volume was made up to 25
pL with sterile Milli-Q H>O and mixed well. This reaction mix was then incubated at
37°C (or as appropriate for the restriction enzyme being used), followed by addition of 6
uL SDS loading dye to stop the reaction. Double digests of plasmid DNA were done in
a similar manner, but with 5 units of each restriction enzyme, and a commercial buffer
that was suitable for use with both enzymes. If no suitable buffer was available then
sequential digests were performed, with purification of the digested DNA between

reactions (2.6.2.6).
2.6.2.2 Digestion of genomic DNA for Southern blotting

1.1 pg of gDNA was added to 30 units of restriction enzyme, 5 pL of the appropriate
commercial restriction enzyme, and the volume was made up to 50 pL using sterile
Milli-Q H,O and mixed gently to avoid shearing the gDNA. Reactions were then
incubated overnight at 37°C (or as appropriate for restriction enzyme being used),
followed by addition of 12 pL. SDS loading dye to stop the reaction. 5.6 pL (100 ng) of
this digest was then used to confirm complete digestion before the remaining 1 pg of

digested gDNA was used for Southern blotting.
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2.6.3 DNA Sequencing

DNA sequencing was performed by the Massey Genome Service using the BigDye™
Terminator (version 3.1) Ready Reaction Cycle Sequencing Kit (Applied Biosystems).
Samples contained 500 ng plasmid and 6.4 pmol primer, and sequence analysis was

done using MacVector” 10.0.2.
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2.6.4 Polymerase Chain Reaction

Primers used in this study are listed in Table 2.3.

Table 2.3: Primers used in this study

Name Sequence (5° —3°) Used for

101f TACAAGTGGCAGGATGCTGTGG PCR/KO? Screening
101r TCGTCGTCAATGGTGAGGAACC PCR Screening
101-2f CGTGCTGAGGAAATCTGTTGGAC PCR Screening
101-2r CGCCATCTTCGTCATCATTAGTG PCR Screening
102f GGAAGAGATGGAGTTGAAGAAGCC PCR Screening
102r TCGCCCAGCCTTTTATCCTG PCR Screening
102fullf TAATTCGTACGCCAGAAGGC KO Screening
102fullr GACAAGGACAGGGACAGGAA KO Screening
102-3f GGCTGGTTGGGTTGTTCTTACATC PCR Screening
102-3r TGTGATTTGCGGTCTTGACTGG PCR Screening
102-3bf CGCTCATGCTGCTCTCCTGTTC PCR Screening
102-3br TCCAGCTCCTTATAGGTCAATC PCR Screening
102-3cf GTGAGCCACTGAACGAGTGA PCR Screening
102-3cr ATTTGCGGTCTTGACTGGAC PCR Screening
102-3df GTGGCCGCTCATGATGCG PCR Screening
102-3dr CCGGGAGACTGGGATAGG PCR/KO Screening
PN61f ATCAACACTGTCAACAGCCG PCR Screening
PN61r GCCCTGATGAGCATGGATGT PCR Screening
Pof GCAAACGCCGTCTCTGCTCA PCR Screening
POr GGATCCCCTTAACAACCACT PCR Screening
Rdomf GGTACTTCTGCAAGCAAGGC PCR Screening
Rdomr CCATCTGGCAAGGGCAAGACG PCR Screening
103-4f GGATGTTTTCATACACAACGGGG PCR Screening
103-4r TCATTTGCGAGAGGGACTTACG PCR Screening
103-4bf GTGGCAAAGGCGCTCGCCGACAG PCR Screening
103-4br GGACTGCGTCGAGGAGTGTACG PCR Screening
103-4cf CGCTGTCAGATATGCTCCAA PCR Screening
103-4cr TGTGTCTGCAGTCTTCCACC PCR Screening
104f GTCCACATCAAACAGAAACACCG PCR Screening
104r GAATAACCTTGGCAGGAGGAGC PCR Screening
104-5f AATGGAATCCCTTACCTTGGACTC PCR Screening
104-5r TGACGAGCCTTTACCCGCATAC PCR Screening
105f TTCGTATGCGGGTAAAGGCTC PCR Screening
105r CAGTGTAAAAGCGACAAGGGGAC PCR Screening
YAPI10 GATTTGTGTACGCCAGACAGTCC KO Screening
YAPI1 CTGAACTCACCGCGACGTCTGT KO Screening
102-KO-LB-F = CTGCAGGTGGCCAGGATTCACATCTT KO construct prep.
102-KO-LB-R  TCTAGACGGCCGAATCAAGTATCATT KO construct prep.
102-KO-RB-F  ATCGATTGATGATGGAAGCAGAATGC KO construct prep.
102-KO-RB-R  GTTAACGAATGAAGGAGCTGTCTGGC KO construct prep.
102KORB2-F = ATCGATGGCTGGTTGGGTTGTTCTTACATC KO construct prep.
102KORB2-R  GTTAACTGTGATTTGCGGTCTTGACTGG KO construct prep.

102-103intseq

GTGCGTCTGTGCTTCATCAT
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E56SeqR CGCTGGACAAATGACAGAC Sequencing

OtherSeqR CTCCGCGTCCATTGGTGG Sequencing
AllSeqF AGCTACGAGTCGTATGGTG Sequencing
E57SeqR CTGACGAGGTCAGAGAC Sequencing
E501FSeq GTGGAGCTGTTAGGGATAC Sequencing
E501RSeq TGTTGCAGACACCCTGGCC Sequencing
M13F TGTAAAACGACGGCCAGT Sequenc lng
M13R GAGCGGATAACAATTTCACACAG Sequenc lng

# KO = Knock out

2.6.4.1 Standard PCR

Standard PCR reactions were done using Roche™ Taq DNA Polymerase. Standard PCR
reaction mixtures contained 35.8 pL sterile Milli-Q H,O, 5 pL PCR buffer (supplied
with polymerase), 1 pL primer 1 (10 pM), 1 pL primer 2 (10 pM), 2 pL ANTP mix
(1.25 mM), 0.2 pL. Taqg DNA polymerase (5 U/uL) and 5 pL of template DNA (1
ng/ul) to a total of 50 puL. The reaction mixture was then gently mixed and run on an
Eppendorf Mastercycler” Gradient using the following thermal cycling scheme: Lid
94°C (wait until reached); 1. 94°C 02:00; 2. 94°C 00:30; 3. 60°C" 01:00; 4. 72°C 02:00;
Go to 2, repeat x30; 5. 72°C 07:00; Hold at 4°C.

* Actual annealing temperature dependent on Ty, of primers used.

2.6.4.2 Difficult template PCR
Some regions were not possible to amplify using the standard PCR setup; in these cases
1 pL of H,O was replaced with 1 pL (2% v/v) of dimethyl sulfoxide (DMSO), an
inhibitor of DNA secondary structure.

2.6.4.3 Multiplex PCR

Method performed as per standard PCR (2.6.4.1), but with 1 pL of H,O replaced with 1
pL of 10 pM primer stock for each additional primer.
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2.6.4.4 High fidelity PCR (Expand Hi-F1)

PCR products destined for sequence-critical applications were amplified using the DNA
polymerase Expand High Fidelity (Roche). High Fidelity reaction mixtures contained
35.25 pL sterile Milli-Q H,O, 5 pL PCR buffer (supplied with polymerase), 1 pL
primer 1 (10 pM), 1 pL primer 2 (10 pM), 2 pL ANTP mix (1.25 mM), 0.75 uL Expand
Hi-Fi DNA polymerase (3.4 U/uL) and 5 pL of template DNA (1 ng/uL gDNA, 0.2
ng/pL plasmid) to a total of 50 uL. 1 pL of H,O was replaced with 1 pL. DMSO when
amplifying from a difficult template. The reaction mixture was then gently mixed and
run on a Eppendorf Mastercycler” Gradient using the following thermal cycling
scheme: Lid 94°C (wait until reached); 1. 94°C 03:00; 2. 94°C 00:15; 3. 60°C" 00:30; 4.
720C® 04:00% Go to 2, repeat x10; 5. 94°C 00:15; 6. 60°C* 00:30; 7. 72°C® 04:00° +
00:05/cycle; Go to 5, repeat x20; 8. 72°C 07:00; Hold at 4°C.

* Actual annealing temperature dependent on T, of primers used.
® Elongation temperature 72°C for products < 3 kb, 68°C for products >3kb.
¢ Elongation duration dependant on product size: 45s < 0.75 kb, 1 min < 1.5 kb, 2 min <

3 kb, 4 min < 6 kb, 8 min < 10 kb.
2.6.4.5 High Fidelity PCR (Platinum® Pfx)

Platinum® Pfx (Invitrogen) reaction mixtures contained 19.7 uL H,O, 5 uL PCR buffer
(supplied with polymerase), 1 pL primer 1 (10 pM), 1 pL primer 2 (10 pM), 1.5 pL
dNTP mix (1.25 mM), 15 pLL PCR enhancer (supplied with polymerase), 1 pL 50 mM
MgSOs, 0.8 pL Platinum Pfx (2.5 U/uL) and 5 pL of template DNA (1 ng/uL) to a total
of 50 pL. The reaction mixture was then gently mixed and run on a Eppendorf
Mastercycler” Gradient using the following thermal cycling scheme: Lid 94°C (wait
until reached); 1. 94°C 02:00; 2. 94°C 00:15; 3. 60°C* 00:30° 4. 68°C 02:00°; Go to 2,
repeat x35; 5. 68°C 07:0; Hold at 4°C.

* Actual annealing temperature dependent on T, of primers used.

® Extension time of 1 minute per kb
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2.6.5 Gel Electrophoresis

Agarose gels were made by heating the desired amount of agarose (0.7% w/v for
separation of large DNA fragments and up to 1.6% w/v for separation of smaller
fragments) with 1x TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM Na,EDTA) in
the microwave until the agarose was fully dissolved. The liquid agarose mix was
equilibrated to 56°C in a water bath, poured into the gel tray, had the well moulds
inserted, and left to set. Once set the well moulds were removed and the gel was placed
into a gel electrophoresis apparatus and immersed in 1x TBE buffer. DNA samples
mixed with SDS loading dye were then inserted into the wells at the top of the gel, the
gel apparatus was turned on, and the power pack was set to the desired voltage. Once
the gel had been run it was removed from the gel apparatus and stained for 10 — 15 min
in an ethidium bromide solution (1 pgmL™" ethidium bromide in Milli-Q H,0), and then
destained for 10 min in tap water. Gels were visualized and photographed using a UV

Transilluminator Gel Documentation System (Bio-Rad).

2.6.6 DNA purification following PCR or gel electrophoresis

Purification of DNA from PCR reactions and agarose gels were performed using the
Wizard® SV Gel and PCR Clean-Up System (Promega), following the manufacturer’s

instructions.

2.6.7 A-tailing DNA fragments

A-tailing reactions were carried out using Taq DNA polymerase. 6 uL of DNA was
mixed with 1 pL of Taq PCR Buffer (Roche), 2 pL of 1 mM dATP, 1 uL of Tag DNA
polymerase (Roche) and 1 uL of sterile Milli-Q H,O. The reaction was mixed well then
heated for 30 min at 70°C in a thermal cycler. The A-tailed product was then purified
(2.3.2.6) for use in DNA ligations.
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2.6.8 DNA ligation

Ligation reactions were performed by mixing 20 ng of linearised vector
(dephosphorylated by alkaline phosphatase), 2 pL of 10x ligation buffer (New England
Biolabs), x ng of insert DNA (where the value of x (in ng) was determined by the
equation “[amount of vector DNA] x [length of insert (kb)] / [length of vector (kb)]”),
with Milli-Q H,O added to a total of 20 pL. 5 pL was then removed to 5 pL SDS
loading dye for a before-ligation sample, and 1 pL of T4 ligase (40 units, New England
Biolabs) was added to the remaining 15 pL and mixed well, followed by overnight
incubation at 4°C. The following morning 5 uL. was removed to 5 pL SDS loading dye
for an after ligation sample, which was then analyzed with the before ligation sample
via gel electrophoresis. If the ligation had gone to completion then the ligated product

was used to transform E. coli cells (2.4.2).

2.6.9 Southern Blotting (Southern, 1975)

1 pg of digested gDNA from each sample plus SDS loading dye was loaded into each
well of a large format 0.7% (w/v) agarose gel along with a DNA ladder, and in some
cases an uncut gDNA control. Gels were run overnight at 30 V, stained with ethidium
bromide, destained in water and imaged next to a reference measure using the Gel Doc
equipment. Gels were depurinated in 0.25 M HCI for 15 min, denaturated in 0.5 M
NaOH/0.5 M NaCl for 40 min and then neutralized in 0.5 M Tris, pH 7.4, 2 M NaCl for
40 min before being washed in 2x SSC for 2 min and placed on a blotting apparatus for
overnight DNA transfer to a nylon membrane. The blotting apparatus consisted of 2
“wicks” of 320 x 156 mm Whatman 3MM paper soaked in 20x SSC, the ends of which
were submerged in wells of 20x SSC, with the gel placed on top protected by a plastic
cling-film layer with a square hole cut in the centre slightly smaller than the size of the
gel to prevent short-circuiting of the capillary action which drives the blotting process.
A positively charged nylon transfer membrane soaked in 2x SSC cut slightly larger (~4
mm) than the gel it was to transfer from was then placed on the gel, followed by 2
sheets of Whatman 3MM paper the same size as the gel soaked in 2x SSC, and two
more identical dry sheets. A pile of paper towels was then placed on top of this stack,

weighted down evenly and left to blot overnight. The following morning the nylon
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membrane was removed and washed in 2x SSC before being cross-linked to any

transferred DNA using the Ultraviolet Crosslinker Cex-800 at 120,000 pjoules/cm?.

2.6.10 Radioactive hybridization and visualization (Southern, 1975)

30 ng of the designated probe DNA (plasmid or PCR product) in 11 pL of H,O was
radiolabelled by boiling for 3 min to denature the DNA strands, placing immediately on
ice for 5 min, then adding 4 pL of Roche™ High Prime solution mix, 5 pL of [o->2
P]dCTP (50 pCi total) and incubating at 37°C for 1 hour. 35 pL. TES buffer (10 mM
Tris, 1 mM NaEDTA, 100 mM NaCl, pH 8) was then added to each reaction mix before
being transferred to GE Healthcare G-50 micro-columns and centrifuged for 2 min at
735 RCF, and a further 50 pL TES buffer added to the flow-through, which was used
for hybridization. Southern blots were prepared for hybridization by placing in a glass
hybridization tube with 30 mL of 10x Denhardt’s solution (0.4 M Hepes buffer (pH 7),
3x SSC, 0.02 mg/mL E. coli tRNA, 0.1% (w/v) SDS, 0.2% (w/v) ficoll, 0.2% (w/v)
BSA, 0.2% (w/v) PVP, 18 pg/mL phenol-extracted herring DNA) and pre-hybridized in
a rotisserie oven at 65°C for at least 2 hours. Most of the Denhardt’s solution was then
drained, leaving only 5 mL, and the radioactive probe added. The hybridization tube
was then left overnight in the rotisserie oven at 65°C. In the morning the fluid was
decanted off the Southern blot, and the blot was removed from the hybridization tube
and washed 4 times in 50°C 2x SSC containing 0.1% (w/v) SDS, blotted dry, wrapped
in gladwrap then exposed to X-ray film at -20°C. X-ray film was then developed using
the 100Plus automatic X-ray processor (All-Pro Imaging), with length of exposure
dependant on the strength of radioactivity on the blot.

2.7 Peramine analysis

Methods 2.7.1 and 2.7.2 were obtained from and performed by Mace Wade,
AgResearch Grasslands Research Centre, Palmerston North.

2.7.1 Peramine HPLC-UV analysis

Peramine was extracted from plant material using a method modified from Spiering et

al., (2002) and Hunt et al., (2005). A 50 mg sample of freeze-dried grass tissue was
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extracted for 1 hour with 1 mL of the prepared extraction solvent (50% (v/v) methanol
with 2.064 ng/mL homoperamine nitrate (AgResearch Grasslands) as internal
standard). The sample was then centrifuged for 5 min at 8000 RCF, and a 500 uL
aliquot of the supernatant was transferred to a high performance liquid chromatography
(HPLC) vial for separation on a Synergi Polar-RP 100 x 2.00mm (2.5um) column
(Phenomenex) and analysed by ultraviolet (UV) spectroscopy at 280 nm. The limit of
detection of this technique was 0.1 ug/g for herbage.

2.7.2  Peramine LC-MS analysis

Peramine was extracted as in 2.7.1, and the extract was analysed on a triple-quad liquid
chromatography-mass spectrometer (LC-MS) using the Synergi Polar-RP 100 x 2.00mm
(2.5um) column (Phenomenex). Multiple reaction monitoring focused on the following
molecular weight ranges: Peramine 248.1-175.1, 248.1— 206.1; Homoperamine 262.1 —
203.1, 262.1 — 245.1. The limit of detection of this technique was 0.02 ug/g for herbage.
Gutation fluid samples were analysed by diluting 50/50 with extraction solution prior to
running through the instrument. This improves the limit of detection ten-fold (e.g. 0.01

ug/mL for HPLC, and 0.002 ug/mL for LC-MS). The limit of quantification was 5

times limit of detection.

2.8 EF102 deletion mutant creation

2.8.1 Creation of EF102 deletion construct

The left border fragment desired for the EF102 deletion construct was amplified using
the proof-reading DNA polymerase Expand High-Fidelity (Roche) (2.3.2.4) with PCR
primer pair 102KOLB{f/102KOLBr from an E. festucae F11 gDNA template. The right
border was similarly amplified using the proof-reading DNA polymerase Platinum Pfx
(Invitrogen) (2.3.2.5) with primer pair 102KORB2{/102KORB2r. Each primer
contained a 5’ overhang designed to introduce a restriction enzyme site into the PCR
amplification product (102KO LBf with Pstl site, 102KO LBr with Xbal site,
102KO RB2f with Clal site, 102KO RB2r with Hpal site). PCR amplification products
for the left and right borders were then cloned into the Invitrogen TOPO TA® plasmid
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vector (2.4.1), with the right border fragment requiring prior A-tailing (2.3.4) as it was
amplified using Platinum Pfx, and transformed into E. coli (2.4.2). Transformants were
then screened (2.4.3), and E. coli strains displaying the correct banding pattern were
grown in LB with ampicillin overnight at 37°C. The next day plasmid DNA was
extracted from the E. coli cultures (2.4.4) and used to sequence the insert. Sequencing
results were compared to the Fl1 perd locus sequence (Tanaka er al, 2005) and
plasmids containing the left and right border fragments without sequence errors were
selected to provide the final products for generation of the EF102 deletion construct.
The left border fragment was cut out of the TOPO vector by double digestion of the
plasmid (2.3.1.1) with the restriction enzymes Psfl and Xbal using Roche restriction
enzyme Buffer H at 37°C for 1 hour. The resulting digest was gel purified (2.3.2.6) and
then ligated (2.3.5) into the ampicillin/hygromycin resistance vector pSF15.15, which
had been similarly digested and purified. The sticky ends on the left border and plasmid
fragments from restriction enzyme digestion allowed for selective, directional cloning of
the left border fragment into the pSF15.15 plasmid, with the ligation reaction being
transformed into E. coli, followed by selection and screening to identify correct
transformants from which pSF15.15+LB plasmid DNA was isolated. The right border
fragment was then introduced into the pSF15.15+LB plasmid through a similar process,
using the restriction enzymes Clal and Hpal with Roche Buffer A to create the final

EF102 deletion construct pDBO1.

2.8.2 Transformation of Epichloé festucae (Oliver et al., 1987)

Three 100 pL tubes of protoplasts were thawed on ice, then 2 pL of spermidine and 5
pL of heparin was added to each tube. Tube 1 had 2 pg of deletion construct DNA
added (a purified PCR product (2.6.6) amplified with the primers
102KO_LBf/102KO_RB2r by the DNA polymerase Expand High-Fidelity (2.6.4.4)),
while tube 2 was a protoplast only (negative) control, and tube 3 a positive control, with
5 png of the hygromycin resistance plasmid pAN7-1 being added. All tubes were
vortexed gently then left on ice for 30 min, then 900 puL 40% (v/v) polyethylene glycol
was added to each tube, vortexed gently and maintained on ice. Twelve x 5 mL tubes
were then prepared with 3.5 mL RG agar in each (2.4% (w/v) potato dextrose, 0.8 M
sucrose, 0.8% (w/v) agar, pH 6.5) and maintained on a hot block at 50°C. The following
was added to each tube of RG agar: 1 x 100 pL undiluted protoplast only solution
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(negative control); 1 x 100 puL undiluted protoplast only solution (protoplast viability
control); 1 x 100 pL protoplast only solution diluted 10" in STC buffer (protoplast
viability control); 1 x 100 uL protoplast only solution diluted 10> in STC buffer
(protoplast viability control); 1 x 100 pL protoplast only solution diluted 10° in STC
buffer (protoplast viability control); 3 x 330 pL protoplasts + 1.5 pg pAN7-1 Hyg®
plasmid (positive control); 3 x 330 pL protoplasts + 2 pg 102KO construct; 1 x 100 pL
protoplasts + 102KO construct diluted 10* in STC buffer (burst control). The contents of
each 5 mL tube was then immediately spread onto pre-poured RG plates (16 mL RG per
plate) and incubated at 22°C overnight. The following day plates from groups 2, 3, 4, 5
and 8 were overlaid with 5 mL 0.8% (w/v) agar RG media (no selection), while plates
from groups 1, 6 and 7 were overlaid with 5 mL 0.8% (w/v) agar RG media containing
735 pg/mL hygromycin (selection to a final concentration of 150 pgmL™ hygromycin
when the final volume of the plate (24.5 mL) was factored in). All plates were then
incubated at 22°C for 2 weeks then analyzed. Positive, negative, burst and protoplast
viability controls all worked as expected, so 200 individual transformants (colonies
which had grown through the selective RG layer) were picked off plates from group 7
and grown on fresh PD + Hyg (150 pngmL™) plates for further analysis.

2.8.3 Screening for A 102 mutants

The 200 transformants selected following transformation with the EFI102 deletion
construct were grown at 22°C for 1 week then subcultured to a new PD + Hyg plates.
This process of subculturing was repeated a further 3 times to ensure the nuclear purity
of selected transformants. Following the final round of subculturing and a week of
growth, 1 cm® of mycelia was taken from each transformant to be analyzed and ground
in a 1.7 mL microfuge tube containing 150 uL PD broth (with 150 pg/mL hygromycin)
using a micropestle. Tubes were then incubated at 22°C with shaking (150 rpm) for 3 d.
Tubes were then spun for 10 min at 16060 RCF and the supernatant discarded. 150 uL
of lysis buffer (100 mM tris, 100 mM EDTA, 1% (w/v) SDS, pH 8.0) was added to each
tube and the pellets were ground with micropestles to break up and resuspend the
mycelia in each tube, followed by incubation on a hot block at 70°C for 30 min. 150 pL.
of 5M potassium acetate was then added to each tube, mixed in by inverting tubes 8
times, then incubated on ice for 10 min. Tubes were then centrifuged for 20 min at

16060 RCF and the supernatant transferred to a fresh tube along with 0.7 volumes of
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isopropanol and inverted 6 times to mix. Tubes were spun again at 16060 RCF for 15
min and the supernatant discarded. 300 puL of 70% (v/v) ethanol was added to the pellet
then the tube was spun for 5 min at 16060 RCF and the supernatant discarded. After air-
drying the pellet for 10 min at 37°C it was resuspended in 20 pL of sterile Milli-Q H,O.
2 pL of this suspension was then used from each of the samples to perform a multiplex
PCR reaction (2.6.4.3) with primers 101-2f, 102f, 102r, and 102FULLr, and the
resulting products were visualized via gel electrophoresis to identify correct A702
deletion mutants. DNA from putative deletion mutants was then extracted and used to
confirm the mutant genotype by Southern blotting Bc/l and Ndel digests of mutant
gDNA and probing with the EF102 deletion construct.

2.9 Bioinformatic methods

2.9.1 Multiple sequence alignments

Initial sequence editing was done using MacVector”10.0.2, and an initial alignment of
the 10 different sequences was done using Clustal W (Thompson et al., 1994). The
output was manually refined and annotated using the MSA editor “Jalview”
(Waterhouse et al., 2009).

2.9.2 DNA motif identification

Comparison of the perd4 and EF 102 promoter query sequences was done using the web-
based tool for promoter analysis “Melina I[I” (Okumura et al., 2007) using the criteria
that any motif had to be present in the promoters of both EFI(02 and perA, highly
conserved between all epichlo€ isolates, and detected at a significantly higher level than
expected based on the mononucleotide composition of the tested sequences. The web
interfaces for the MEME (Bailey & Elkan, 1994) and Gibbs (Lawrence et al., 1993)

search algorithms were then used to confirm results.
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3. Epichlo€ perd Locus Comparison
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3.1 PCR analysis of the perA locus in epichloé

The perA locus structure from a range of epichloé¢ isolates was analysed by PCR
amplification of genomic DNA (gDNA) using primers designed to the published E.
festucae F11 perA locus sequence (Tanaka et al., 2005). All intergenic sequences
between EF101 and EF105 were amplified, as well as a representative set of intragenic

sequences for the genes EF101 through EF105 inclusive (Fig. 3.1).

3.1.1 Genes surrounding perA are highly conserved within epichlog

Identical sized PCR amplification products were generated for all isolates using primer
pairs that amplified within EFI101, EF102, EF104 and EFI105 (Fig. 3.2), with the
exception of the E. amarillans E57 amplification product from within £F102, which
was ~10 bp larger than in all other isolates. The intergenic regions separating
EFI101/EF102 and EF104/EF105 were also highly conserved, with all E. festucae
strains generating amplification products of identical length, and only minor differences
observed among epichloé species including a slightly smaller product for the EF104-
EF105 intergenic region in the two E. bromicola strains. No amplification product was

produced to the EF101/EF102 intergenic sequence in E. typhina E425.

3.1.2 PerA and flanking intergenic sequences are highly variable within

epichloé

Amplification products of the same size from the A1-C1 and A2 domains of per4 were
generated for most isolates (Fig. 3.2), except no products were amplified from E.
bromicola E799 and E. elymi E56 for A1-C1. Amplification products from within the
R2 domain of perAd showed considerable variation within E. festucae. Strains F11, Frc7
and Frrl produced products approximately 1000 bp long, whereas products of strains
E189, Frc5, and Frl were 850 bp in size. Fgl produced both the 850 and 1000-bp
products. No product could be amplified from Frc7 with primer pair p9{/103-4Cr.

PCR products from Epichloé spp. other than E. festucae showed significant variations in
the size of the perA-EF104 intergenic sequence when compared to FI1 (Fig. 3.2), but

regions amplified within perd were of the same size. Exceptions to this result were E.
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elymi WWG1, which did not amplify across the per4-EF104 intergenic region, and E.
bromicola E799, which failed to amplify with all primer combinations containing
binding sites within perd, except p9f/p9r. The intergenic region between EF02 and
perd was similarly variable. E. festucae strains F11, Frc7 and Frrl produced products of
1.9 kb, while Fgl, E189, Frc5 and Frrl failed to amplify. All other epichloé isolates
produced a variety of products larger than that observed for Fl1.
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3.2 Southern blot analysis of the perA locus in epichloé

Four Southern blots (Figs 3.3-3.6) were generated using gDNA from the different E.
festucae wild-type isolates (excluding E2368) digested by one of four different
restriction enzymes, and a fifth blot was made using gDNA from E. festucae Fl1, E.
bromicola E799, E bromicola E501, E. typhina EA25 and E. elymi WWG1 (Fig. 3.7).
Each of these Southern blots was then sequentially hybridised to a perd-, EF102- and
EF104-containing probe and developed. A sixth blot was made using gDNA from E.
festucae F11 and E2368, which was probed with the perAd- and EF102-containing probes
(Fig. 3.8).

3.2.1 Southern blot analysis of the perd locus reveals considerable variation

within E. festucae

Analysis of the four Southern blots (Figs. 3.3-3.6) showed E. festucae strains Fl11, Frc7
and Frrl produced identical banding patterns in all cases, with the exception of the Ndel
blot (Fig. 3.4), in which the F11 banding pattern does not match that predicted from the
known F11 sequence of this region. These results demonstrate linkage between perd and
both EF102/EF 104 for these strains. E. festucae strains E189 and Fr1 produced identical
banding patterns on all blots which differ significantly to those observed for Fll,
including a reduction in the size of bands spanning the 3’ end of perd and/or the
intergenic region between perd and EF104, and a large increase in the size of bands
spanning the EF102/perA intergenic region. E189 was also shown to have an identical
banding pattern to E2368 (Fig. 3.8). These results demonstrate linkage between perd
and EF104, but not EFI102 and perA, for these strains. Frc5 showed a very similar
banding pattern to E189/Frl, however in the Ndel digest blot (Fig. 3.4) there was an
increase in size of the EF102-containing fragment, and in the Bcl/l digest blot (Fig. 3.6)
the smallest fragment observed in E189/Frl was missing. An Frc5 sample was not
present in the BamHI digest blot, and instead was replaced by a sample of unknown
identity that mirrors the FI1 banding pattern. Fgl showed banding patterns between the
two extremes, with an increase in the size of bands representing the EF102-perA
intergenic region, but no difference in the 3° end of perd. These results demonstrate

linkage between per4 and EF104, but not EF102 and perA, for Fgl.
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3.2.2 Southern blot analysis shows variation in the intergenic regions flanking

perA within the ephichlog species tested

Each of the different epichloé¢ isolates tested showed a different banding pattern to E.
festcuae Fl1 for the fragments spanning the intergenic regions flanking perA (Fig. 3.7),
however all except E. bromicola E799 showed an identical perd internal fragment to
F11. Cross-hybridisation to the same bands between the different probes demonstrates

linkage between perA and both EF102/EF 104 for all isolates tested.
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Figure 3.3  Southern hybridisation of BamHI digested gDNA from various E.
festucae isolates

Autoradiograph made by hybridizing a Southern blot of BamHI digested gDNA from
six different E. festucae strains (F11, Fgl, E189, Frc7, Frl, Frrl) and one unknown E.
festucae sample (Unk) with a [**P]-dCTP labelled plasmid containing perd in a 12-kb E.
festucae F11 fragment (Tanaka et al., 2005). Any band marked with an asterisk indicates
that band also lit up when probed with a PCR-amplified product from inside the EF102
(red) or EF104 (blue) genes. An annotated map of the perd locus in E. festucae F11 is
shown to the right. The bands above the gene map show the expected fragment sizes
when FI1 DNA is cut with BamHI. The colour of each band indicates whether it is
expected to hybridise to a perd probe (green), EF102 probe (red), or EF104 probe
(blue). Yellow/cyan bands indicate that the fragment is expected to hybridise to both
EF102/perA probes or perA/EF104 probes, respectively. The probe used is annotated
beneath the gene map.
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Figure 3.4  Southern hybridisation of Ndel digested gDNA from various E.
festucae isolates

Autoradiograph made by hybridizing a Southern blot of Ndel digested gDNA from
seven different E. festucae strains (F11, Fgl, E189, Frc5, Frc7, Frl, Frrl) with a [32P]-
dCTP labelled plasmid containing perd in a 12-kb E. festucae F11 fragment (Tanaka et
al., 2005). Any band marked with an asterisk indicates that band also lit up when probed
with a PCR amplified product from inside the EF102 (red) or EF104 (blue) genes. An
annotated map of the perd locus in E. festucae Fl1 is shown to the right. The bands
above the gene map show the expected fragment sizes when F11 DNA is cut with Ndel.
The colour of each band indicates whether it is expected to hybridise to a perd probe
(green), EF102 probe (red), or EF104 probe (blue). Yellow/cyan bands indicate that the
fragment is expected to hybridise to both EF102/perA probes or perA/EF104 probes,
respectively. The probe used is annotated beneath the gene map.
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Figure 3.5  Southern hybridisation of Sa/l digested gDNA from various E.
festucae isolates

Autoradiograph made by hybridizing a Southern blot of Sa/l digested gDNA from seven
different E. festucae strains (F11, Fgl, E189, Frc5, Fre7, Frl, Frrl) with a [**P]-dCTP
labelled plasmid containing perd in a 12-kb E. festucae F11 fragment (Tanaka et al.,
2005). Any band marked with an asterisk indicates that band also lit up when probed
with a PCR amplified product from inside the EF02 (red) or EF104 (blue) genes. An
annotated map of the perd locus in E. festucae Fl1 is shown to the right. The bands
above the gene map show the expected fragment sizes when F11 DNA is cut with Sall.
The colour of each band indicates whether it is expected to hybridise to a perd probe
(green), EF102 probe (red), or EF104 probe (blue). Yellow/cyan bands indicate that the
fragment is expected to hybridise to both EF102/perA probes or perA/EF104 probes,
respectively. The probe used is annotated beneath the gene map.

48



9.1

5.2

—> * *
%
* % *
(@)}
Tp) P~
— (0 0] =
L L LLl L L L L

Figure 3.6  Southern hybridisation of Bcll digested gDNA from

various E. festucae isolates
Autoradiograph made by hybridizing a Southern blot of Bc/l digested
gDNA from seven different E. festucae strains (F11, Fgl, E189, Frc5,
Frc7, Frl, Frrl) with a [**P]-dCTP labelled plasmid containing perd in
a 12-kb E. festucae Fl1 fragment (Tanaka et al., 2005). Any band
marked with an asterisk indicates that band also lit up when probed
with a PCR amplified product from inside the EF102 (red) or EF104
(blue) genes. An annotated map of the perd locus in E. festucae F11 is
shown to the right. The bands above the gene map show the expected
fragment sizes when F11 DNA is cut with Bc/l. The colour of each band
indicates whether it is expected to hybridise to a perd probe (green),
EF102 probe (red), or EF104 probe (blue). Yellow/cyan bands indicate
that the fragment is expected to hybridise to both EF102/perA probes or
perA/EF 104 probes, respectively. The probe used is annotated beneath
the gene map.
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Figure 3.7  Southern hybridisation of BamHI digested gDNA from
various epichloé isolates

Autoradiograph made by hybridizing a Southern blot of BamHI digested gDNA from
six different epichloé species (E. festucae Fll1, E. bromicola ET99/E501, E. typhina
E425 and E. elymi WWG1) to a [*?P]-dCTP labelled plasmid containing perd in a 12-kb
E. festucae Fl11 fragment (Tanaka et al., 2005). Any band marked with an asterisk
indicates that band also lit up when probed with a PCR amplified product from inside
the EF102 (red) or EFI104 (blue) genes. An annotated map of the perd locus in E.
festucae F11 is shown to the right. The bands above the gene map show the expected
fragment sizes when FI1 DNA is cut with Bc/l. The colour of each band indicates
whether it is expected to hybridise to a perd probe (green), EFI1(02 probe (red), or
EF104 probe (blue). Yellow/cyan bands indicate that the fragment is expected to
hybridise to both EF102/perA probes or perA/EF104 probes, respectively. The probe
used is annotated beneath the gene map.
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3.3  Peramine production analysis of E. festucae isolates

Of the seven E. festucae strains analysed only FI1 has been tested for peramine
production. Endophyte-free perennial ryegrass (Lolium perenne) seedlings were infected
with strains Fgl, E189, Frc5, Frc7, Frl and Frrl, and infection was confirmed by
immunoblotting. Infected plants were repotted and grown in a greenhouse until many
tillers were visible. Several tillers were excised from each plant and sent to AgResearch
for peramine analysis. The results (Table 3.1) showed that of the six strains tested only
Frc7 and Frrl were peramine producers. All tested plants were reconfirmed for infection

by immunoblotting post-testing.

3.4  Confocal analysis of E. festucae infected ryegrass samples

Lolium perenne is not the natural host of the E. festucae isolates used in this study,
which normally inhabit specific species of the Festuca genus, so confocal microscopy
was used to investigate the stability of the plant-fungal interaction. Samples were taken
from the leaf sheath and blade of perennial ryegrass plants infected with the E. festucae
strains F11, Fgl, E189, Frc5, Frc7, Frl and Frrl, stained with a mixture of Alexafluor
and aniline blue, and examined by confocal microscopy to examine fungal colonisation
of the leaf tissue. Confocal microscope images were taken of hyphae located just below
the epidermal cells, with a stack of at least 8 images taken with a Z step size of 2 um.
The images show that fungal hyphae were detected in both the leaf sheath and blade for
all samples (Fig. 3.9). The concentration of fungal hyphae appeared to be reduced in
both sheath and blade tissues of plants infected with Frc5 and Frc7 when compared with
other isolates. Hyphae in Frc7, in particular, proved very difficult to locate. Conversely
instances of multiple hypha located in a single intercellular space appeared to be a

common occurrence in E189-infected samples.
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Table 3.1 Whole tiller peramine concentration in plants infected by different

E. festucae isolates

Epichloé festucae strain

Peramine conc. (ppm) ™ ¢

Fgl ND
E189 ND
Frc5 ND
Frc7 19.5
Frl ND
Frrl 137.2

* As determined by combined liquid chromatography/UV spectroscopy
®Limit of detection = 0.1 ppm, Limit of quantification = 0.5 ppm

°ND = Not Detected
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FI1 Sheath ' Fl1 Blade

Fg1 Sheath ' Fg1 Blade

E189 Sheath ' E189 Blade
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Frc5 Sheath _ ' ] Frc5 Blade

Frc7 Sheath Frc7 Blade

Fr1 Sheath Fr1 Blade
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Frr1 Sheath ' ' Frr1 Blade

Figure 3.9  Confocal microscopy of E. festucae infected perennial ryegrass
samples

Representative confocal microscope images of perennial ryegrass infected with different
E. festucae isolates. Samples were taken from the leaf sheath and blade tissue of 7
month old plants grown in the greenhouse and stained with Alexafluor and aniline blue
to identify fungal hyphae (red) and septa (green). The large, bright red structures
observed in some images are host vascular bundles. Images taken are of hyphae residing
immediately below the host epidermal cells at x40 magnification. Each image is a
composite of 8 images, each taken 2 um apart, resulting in a final image depth of 14
pm.
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4. Analysis of the per4 Promoter
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4, Analysis of the EF102-perA intergenic sequence in epichloé

The 5° coding region of both EFI02 and perA, along with the intergenic sequence
separating them, was PCR amplified using a high-fidelity DNA polymerase and
sequenced for the isolates E. festucae F11/Frc7/Frrl, E. bromicola E501, E. typhina
E425, E amarillans E57 and E. elymi ES6/WWGI1. PCR amplification of this region
required the addition of DMSO (a secondary structure inhibitor) and an extended initial
denaturation period. C. Young provided sequence of this region from the genomes of E.
typhina E8 and E. brachyelytri E4804, and sequencing a PCR amplification product
from this region completed the missing E8 sequence. An initial alignment of the 10
different sequences was done using Clustal W (Thompson et al., 1994), and the output
was manually refined and annotated using the multiple sequence alignment (MSA)

editor “Jalview” (Waterhouse et al., 2009).

4.1 Refining the perA translation start site

The multiple sequence alignment (MSA) showed that E. brachyelytri E4804 and E.
typhina strains E8 and E425 had large deletions immediately following the annotated
perA start codon (Tanaka et al. 2005), with the ATG itself being disrupted in the E.
typhina strains (Fig. 4.1). The MSA also showed that that there were frameshift
mutations downstream of the annotated start codon in E. festucae strains Frc7 and Frrl,
which are known to produce peramine (Table 3.1). On the basis of this multiple species
alignment a new start codon was proposed, 183 bp downstream from the original. There
were no sequence changes downstream of this new start site that alter the reading frame
of PerA, and moving the start site downstream did not disrupt any conserved domains of
PerA. The sequence around the new start site (ACCAAUGGUC) also fits reasonably
well with the Neurospora crassa Kozak consensus sequence of CAMMAUGGCU
(Edelmann & Staben, 1994), and the draft epichloé Kozak sequence of
CAMMAUGRMS obtained by aligning the sequences surrounding 41 E. festucae/N.
lolii start codons (Fig. 4.2). The entire MSA is included in the Appendix (7.3.1).
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Figure 4.2 Consensus Kozak
sequence for epichloé

The sequences surrounding 41 start
codons from E. festucae and N. lolii
genes were aligned to determine a draft
consensus Kozak sequence for epichloé.
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4.2 Establishing the transcription start sites of EF102 and perA

An analysis of the transcriptome data set for E. festucae F11 growing in planta (Eaton et
al., 2010) showed that per4A mRNA reads started 534 bp upstream of the start codon in
FI1 (Fig. 4.3), and EF102 mRNA reads started 121 bp upstream of the start codon in
FI1. The sequence between the transcription start sites and start codons of perd/EF102
was relatively highly conserved between the different isolates (Fig. 4.4), with the
exception of several indels shared only by a subset of genetically similar isolates. This
conservation was maintained to a lesser extent for a further 496 bp upstream of the
transcription initiation site of EF/02 in F11, and for 423 bp in perA in Fl1, after which
conservation between the strains breaks down completely, with the presence of large
insertions, shared only by a subset of phylogenetically close isolates. These blocks of
conserved but non-transcribed sequence in the EF102/perA promoters were used for

subsequent motif searches.

4.3 EF102 and perA promoters share a common DNA motif

As EF102 encodes a potential peramine transporter, and is co-regulated with perd, a
comparison of the perd and EF102 promoter query sequences (Fig. 4.4) was done using
the web-based tool for promoter analysis “Melina II” (Okumura et al., 2007). The high
conservation of the perd and EF102 queries between isolates meant that motif search
algorithms could not differentiate between actual functional sites and conservation due
to the evolutionary proximity of the isolates. To compensate for this limitation strict
criteria were applied to remove spurious results. Any motif had to be present in the
promoters of both EF'102 and perA, highly conserved between all epichlo¢ isolates, and
detected at a significantly higher level than expected based on the mononucleotide
composition of the tested sequences. Motifs that occurred multiple times in each
promoter sequence were further analysed. Many of the motifs identified when these
criteria were applied were examples of short tandem repeats that were present in both
promoters, and the application of the further criterium of proximity to the transcription
start site eliminated many of these matches. Application of all these criteria narrowed
the list of potential regulatory candidates to a single 7 bp long DNA motif (Fig. 4.5)
originally identified using both the MEME (Bailey & Elkan, 1994) and Gibbs

(Lawrence et al., 1993) search algorithms. This motif was present 3 times in the EF102
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promoter, at 112, 135 and 149 bp upstream of the EF'/(2 transcription start site in FI1
(Fig. 4.7), and twice in the perd promoter, at 73 and 148 bp upstream of the perd
transcription start site in F11. The central 5 bp of this motif was very strongly conserved
between these 5 sites, with only a single SNP change observed in the element located
148 bp upstream of perd in E. amarillans ES7. There are two additional copies of this 5
bp motif in the EF102 promoter, at 60 and 106 bp upstream of the transcription start site
in FI1 (Fig. 4.7). Given the query sequence background letter frequency of: A = 0.2536,
G =0.2770, T = 0.2107 and C = 0.2587, the expected frequency of this motif in the
combined query length of 9350 bp was 0.6049. The observed frequency of 50 was
significantly higher than this, with a probability of only 1.214 x 10" of occurring by
chance. Conservation between the two motif sites in the perd promoter was higher when
compared to the three sites in the £F'/(02 promoter, with sequence conservation retained
when the motif search length was extended up to 10 bp long, as opposed to only 7 bp
when the EF'102 sequences are included (Fig. 4.5).
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Figure 4.4  Sequence conservation in the promoters of per4 and EF102
Graphical representation of a sequence alignment of the perd and EFI102 putative
promoter regions from 10 different epichlo€ isolates. The intensity of the blue colouring
indicates the strength of sequence conservation, with conservation between at least five
isolates required for colouring. The regions of the per4 and EF102 promoters used to
search for conserved DNA motifs are annotated, along with the location at which the
first mRNA reads for each gene appear (approximate transcription start site).
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Figure 4.5 A conserved DNA motif identified in the promoters of EF102/perA

A. Consensus sequence of the 7-bp DNA motif identified in the promoters of EF102
and perA, as it appears on the coding DNA strand. B. The same consensus DNA motif
as it appears on the anti-sense DNA strand relative to the CDS of EF102 or perd. C.
Alignment of the two DNA motifs in the perd promoter extended to 10 bp to show the
high sequence conservation between these two motifs.
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5. Deletion Analysis of the Major
Facilitator Superfamily Transporter EF102
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5.1 Deletion of EF102

EF102 was deleted by transforming E. festucae F11 with an EF102 deletion construct.
This construct contained the DNA sequences immediately up- and down-stream from
EF102, including the first 234 bp of the EF102 cds, incorporated into the hygromycin
resistance plasmid vector pSF15.15 (Fig. 5.1). 48 of the resulting hygromycin resistant
transformants were screened by PCR (Fig. 5.2), identifying 4 putative AEF/(02 mutants.
Southern blot analysis of digested gDNA from these four AEF/02 mutants probed with
the EF102 deletion construct confirmed deletion of EF102 in all cases (Fig. 5.3). This
Southern blot analysis also showed that tandem insertions of the deletion construct had
occurred at the target locus in all 4 mutants, with the order from highest to lowest copy

number being AEF102 #11, AEF102 #153, AEF102 #169 then AEF102 #88.

5.2 AEF102 chemotype analysis

Guttation fluid was used as a way to investigate peramine transport, as if peramine
transport was disrupted by the deletion of EF102, confining peramine within the fungal
cells, it would be expected that the levels of peramine found in the plant guttation fluid
would drop dramatically or disappear altogether. Perennial ryegrass seedlings were
infected with each of the four AEF102 mutants. After 8 weeks, infection was confirmed
by immunoblotting, and infected plants were re-potted and cut back. Four weeks post-
immunoblotting, guttation fluid and herbage samples were taken from a single plant
infected with each AEF102 mutant, as well as from an F11 infected plant as a positive
control, and an uninfected plant as a negative control. Samples were sent to AgResearch
and analysed by HPLC-UV spectroscopy (all samples; Spiering et al., (2002)), and LC-
MS (guttation samples only; Koulman et al., (2007)).

The results from these analyses (Table 5.1) show that peramine was detected in the
whole tiller samples from all of the mutant- and Fll-infected plants, but not the
uninfected negative control. Higher peramine levels were detected in the wild-type Fl1
sample than in all mutants, however as no replicates of these assays were performed it is
not clear if these differences are statistically significant. No peramine was detected in
any of the guttation samples using the HPLC-UV method, due to detection limits. LC-

MS detected peramine in all samples except the uninfected control. Higher levels of

68



peramine were detected in guttation fluid from the wild type FI1 infected plant than
those infected with A702 mutants #88, 153 and 169. Guttation fluid from the plant
infected with mutant #11 contained more peramine than wild type. The Fl1 herbage
sample was also analysed by LC-MS, however as the peramine concentration in this
sample was well above the linear range of this method the result is prone to large
potential error, and as such the HPLC-UV value for this sample is considered more
reliable. A second LC-MS analysis of the guttation samples was done using a less
peramine-sensitive separation column (Appendix 7.1.2), the results of which

approximately mirror those in Table 5.1.
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Figure 5.1  EF102 deletion construct

A. The 102KO Ileft border fragment was amplified from E. festucae F11 gDNA by PCR
using the proofreading DNA polymerase “Expand High-Fidelity”. The primers used for
this were 102KO_LB_F, which introduces a Ps?I site into the 5° end of the amplification
product, and 102KO_ LB R, which introduces an Xbal site into the 3’ end. Similarly the
102KO right border fragment (amplified using the proof-reading polymerase “Platinum
PFX”) was amplified using primers 102KO RB2 F/102KO RB2 R, which incorporate
Clal/Hpal cut sites into the amplification product, respectively. B. After confirming
sequence fidelity of the 102KO Ieft and right border fragments by sequencing, these
fragments were cloned into the hygromycin resistance vector pSF15.15 using the RE
sites introduced during PCR amplification to ensure correct configuration of the inserts
in the resulting deletion vector. Inset: lane 1 = 1kb+ ladder, lane 2 = uncut EF702
deletion construct, lane 3 = EF102 deletion construct digested with EcoRI. Expected
band sizes are 3.6 kb, 2.7 kb and 1 kb. C. Expected physical map of the deletion mutant.
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Table 5.1 Peramine concentrations in whole tiller and guttation fluid samples
for wild type E. festucae F11 and AEF102 mutant infected plants

HPLC-UV LC-MS
Endophyte Sample . .
Strain Type d Peram:nce conc. Peram})nce conc.

(ppm) ~ (ppm)
102KO #11 Herbage 106.9 NT
102KO #88 Herbage 93.2 NT
102KO #153  Herbage 85.8 NT
102KO #169  Herbage 55.3 NT
Fl1 Herbage >200 116.2
uninfected Herbage ND NT
102KO #11 Guttation ND 0.22
102KO #88 Guttation ND 0.04
102KO #153 Guttation ND 0.05
102KO #169  Guttation ND 0.04
Fl1 Guttation ND 0.09
uninfected Guttation ND ND

*LOD HPLC-UV = 0.1 ppm, LOQ = 0.5 ppm
®LOD LC-MS = 0.002 ppm, LOQ = 0.01 ppm
“ND = Not Detected, NT = Not Tested

4 The values for the whole tiller and guttation samples cannot be directly
compared, as whole tiller analyses were done on freeze-dried samples, while
guttation samples are aqueous.
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6. Discussion
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6.1 The perA locus structure differs significantly within E. festucae

The secondary metabolite (SM) gene perd is widely distributed across Epichloé, though
not always in a functional form, making it an attractive locus to study the organisation
and structure of a SM gene across a wide range of Epichloé spp. Analysis of the perd
locus structure in the seven E. festucae strains Fl1, Fgl, E189, Frc5, Frc7, Frl and Frrl
revealed that these strains can be sorted into four sub-groups (Fig. 6.1). The first group
consists of strains Fl11, Frc7 and Frrl, and peramine production is exclusive to these
strains. The second group consists of strains E189 and Frl, which exhibit identical
banding patterns to the sequenced strain E2368. In E2368 the 3’ end of per4 has been
replaced by the MITE EFT-3m, and the large uncharacterised retrotransposon relic EFT-
7 has been inserted upstream of perA, resulting in discontinuity of the genome sequence
for the putative EF102/perA intergenic region. E2368 was derived from progeny of an
F1 cross of E189 x E. festucae E434 backcrossed to E189 (Wilkinson et al., 2000), so it
is likely that the per4 locus in E2368 originates from E189. Linkage between per4 and
EF104, but not EF102, is shown for group two strains. Frc5 and Fgl are the sole
members of groups three and four, respectively. Frc5 is very similar to group two
strains, however the insertion between EF102 and perA differs, as linkage between these
two genes is shown for this strain. Unlike group two and three strains, the perd
reductase domain is not deleted in Fgl, however a large insertion is present upstream of

perA, thereby thwarting attempts to show linkage between EF 102 and perA.

A region of extended conservation, thought to be important for perd expression, was
identified in the putative perd promoter by aligning the sequences from a range of
different epichloé¢ isolates that are thought or known to produce peramine. Surprisingly,
this region is also conserved between F11 and E2368, and conservation is maintained for
nearly the entire region predicted to be important for regulation of perd expression even
though the reductase domain of per4 is deleted in E2368, and the truncated perd gene in
E2368 is still expressed (Epichloé festucae Genome Project, 2011). This result raises the
possibility that while E189, Frc5 and Frl are unable to produce peramine due to the
deletion of the per4 reductase domain, the truncated PerA may still be produced in these
isolates, and may still produce a dipeptide that retains or provides some selective
advantage to the symbiosis. It is therefore interesting that Fgl, in which the reductase

domain is not deleted, does not produce peramine. Fgl contains a large insertion in the
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intergenic region proposed to separate EF102 and perA that differs from the insertion
identified in the other isolates, so the lack of peramine production in Fgl may be due to
disruption of the 5’ regulatory sequences by this large insertion resulting in the loss of
perA gene expression, or alternatively that there is a nonsense or frameshift mutation in

perA that cannot be detected by PCR or Southern analysis.

In contrast to the large transposon-mediated variability observed around the perd locus
within E. festucae, there is absolute conservation of PCR product sizes for the genes
EF101, EF102, EF104, EF105 and the intergenic sequences separating these genes in
all strains. This indicates that the order and structure of the genes surrounding perAd is
conserved within E. festucae, and that transposon activity in this region is exclusive to
perd and its flanking intergenic sequences, an association often observed for epichloé

secondary metabolite genes (Young et al., 2006; Fleetwood ef al., 2007).

6.2 The perA locus structure is conserved between putative peramine

producing Epichloé spp.

The PCR and Southern blot analyses of E. typhina E425, E. amarillans ES57, E.
bromicola E501 and E799, and E. elymi ES6 and WWG1 showed that the sizes of
internal perAd bands of all these isolates, with one exception, were identical to F11. The
flanking intergenic sequences vary in size between isolates, however multiple sequence
alignment of the EF102-perA intergenic sequence from these isolates showed that the
intergenic sequence proximal to per4 and EF102 remains highly conserved, and that the
differences in size of this region among isolates is due to insertion of a variety of
sequence elements, none of which approach the size of the insertions in E2368, in the
central region where conservation between isolates breaks down. The one exception to
this conservation is E. bromicola E799, which contains the perd A2 domain, but
otherwise shows complete sequence disruption within perAd and its flanking intergenic

regions.
The genes surrounding perd and intergenic sequences separating them show high

conservation within epichlo€, with only minor differences in PCR product sizes being

observed. This shows that, as in E. festucae, the order and structure of genes
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surrounding perA are highly conserved between Epichloé spp., and that transposon

activity is limited to per4 and its flanking intergenic sequences.

6.3  All E. festucae isolates are able to infect Lolium perenne

Confocal analysis of samples taken from the leaf sheath and blade of Lolium perenne
plants infected with E. festucae strains Fl1, Fgl, E189, Frc5, Frc7, Frl and Frrl showed
that all isolates were able to infect both the pseudostem and blade tissue, despite each
only naturally infecting a specific species of the Festuca genus. An apparent reduction
in the endophyte concentration of plants infected with strains Frc5 and Frc7 was
noticed. The statistical significance of this reduction was not determined due to the
limited sample size of the analysis, however reduced endophyte levels would explain
the reduced peramine concentration observed in the Frc7 infected plant material relative
to FI1, as the perA4 locus is near identical between F11 and Frc7, suggesting that genetic
differences are unlikely to be the cause. E189 infected plants appeared to contain
multiple hypha in single intercellular spaces, indicating that this association may not be

as compatible as F11, however the small sample size precluded a statistical analysis.

6.4 A new translation start site was identified for per4

Multiple sequence alignment (MSA) of 10 different epichloé endophytes revealed that
the annotated ATG codon for perA from strain Fl1 was probably incorrect (Tanaka et
al., 2005), as this codon was followed by large deletion and frameshift mutations in
other peramine producing isolates. By analysing this MSA, a new in-frame start codon
was identified 183 bp downstream of the originally annotated start site. This proposed
new translation start site maintains the reading frame for PerA, shows reasonable
similarity to the predicted epichloé Kozak consensus sequence, and is still located well
upstream of the cds for the first predicted functional domain of perA. This result
demonstrates the power of comparative genomics, as has been previously shown for
Saccharomyces spp. (Kellis et al., 2003), to refine gene models. As additional
Epichloé/Neotyphodium genome sequences become available this approach will be a

powerful tool for annotating the correct translation start sites for genes from Epichloé

Spp.
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6.5 Transcription start sites were identified for EF102 and perA

Using transcriptome data from wild type E. festucae F11 grown in planta (Eaton et al.,
2010) the transcription start of EF'702 was located 121 bp upstream of the translation
start site, and the transcription start site of per4 was located 534 bp upstream of the new
translation start site. This perA transcription start site is relatively far upstream of the
translation start site compared to most fungal transcription start locations, and the
number of mRNA reads increase gradually, contrasting other genes such as EF/02, in
which the number of reads increase sharply after initiation of transcription. This result
indicates that transcription initiation in perd does not always occur at a single position,
but rather that -534 bp represents the maximum distance upstream of the translation start
site from which transcription is initiated. Experimental analysis will be required to

confirm whether there are multiple transcription start sites for perA.

6.6 Identification of an extended region of sequence conservation upstream of

the perA transcription start site

Because of the evolutionary proximity of the Epichloé spp. used in this study the rate of
sequence change in the perd promoter was not sufficient to provide the resolving power
required to distinguish functional motifs from a background of non-functional sequence.
In contrast genomic comparison of only four Saccharomyces spp. was sufficient to
identify many novel and previously identified regulatory motifs, as these were
conserved against a background of considerable genetic change (Kellis et al., 2003).
Comparison of the perd promoter from 10 different isolates encompassing 6 different
Epichloé species was able to identify an extended region of conservation upstream of
the transcription start site, but was not able to resolve which motifs within this region
that may be crucial for perA regulation. The level of conservation in this MSA is too
high for standard motif identification algorithms like MEME (Bailey & Elkan, 1994) or
Gibbs (Lawrence at al., 1993) to further refine the motif search, and indeed seems to be
too high even for search algorithms designed to take phylogenetic proximity into
account. Despite these limitations the MSA has identified a 450-bp long region to focus
on for future promoter analysis using experimental approaches such as deletion or site-
directed mutagenesis of these sequences fused to a reporter gene. As conservation in this

region is somewhat discontinuous, the relevance of any motifs identified through
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deletion or comparative analysis can be assayed by referring to this MSA to determine if
they are conserved between peramine producing species. Alternatively high
conservation of this 450-bp long region as a single unit, as opposed to its constitutive

parts, may be crucial for per4 regulation.

6.7 Potential limitations of comparative analysis within epichloé

The high sequence conservation observed in the per4 promoter may reflect an epichlog-
wide issue for the identification of regulatory motifs of biological aspects specific to
epichlog, based solely on sequence conservation between the promoters of orthologous
genes. This should not pose a restriction to the identification of regulatory motifs shared
between the promoters of different genes within epichloé, such as the lolitrem or loline
cluster genes. Likewise the recent sequencing of a multitude of fungi, including the
morning glory epiphyte Periglandula ipomea, that are phylogenetically close to
Epichloé has exciting potential for comparative genomics to identify regulatory motifs

for genes with shared biological functions (Epichloé festucae Genome Project, 2011).

6.8 EF102 and perA share a common promoter motif

MSA of the intergenic sequence separating divergently transcribed and co-regulated
genes EF102 and perd between 10 different epichloé isolates identified extended
regions of conservation in both genes upstream of the transcription start sites. These
regions are proposed to contain regulatory elements that may affect expression of
EF102 and perA. A comparison of the sequence from these regions for 10 different
epichloé isolates identified a 7-bp long DNA motif significantly overrepresented in the
promoters of both genes. This motif was present twice in the perd promoter and four
times in the £F 102 promoter at a comparable distance upstream of the transcription start
site of the respective genes. The 5-bp core of this motif was observed a further two
times in the promoter of EF /(2. Interestingly the two motifs in the per4 promoter share
extended conservation, indicating the sequence recognised by any DNA binding factor
may be larger than the 7-bp motif observed. This may explain why perd is
downregulated to a greater degree than EF102 in the AsakA transcriptome data (Eaton et
al., 2010). Whether these regulatory motifs are involved in regulating per4 and EF102

remains to be experimentally confirmed.
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6.9 A peramine transport role for EFI102 is not supported: alternative

substrate transport hypothesis proposed

EF102 is a predicted major facilitator superfamily (MFS) transporter that was
hypothesised to transport peramine due to the co-regulation of EF/02 and perA in E.
festucae F11 (Tanaka et al., 2005; Eaton et al., 2010). Four independent EF1(02 deletion
mutants were generated to test this hypothesis, with guttation fluid samples taken from
plants infected with each mutant and wild type F11, all grown under identical conditions.
Peramine was detected in all guttation samples except the uninfected control using an
LC-MS-based method, which showed that guttation fluid from plants infected with
AEF102 mutants #88, 153 and 169 all contained less peramine than the wild type
infected plant, while mutant #11 contained more. The increase in peramine for mutant
#11 was unexpected, however this mutant contains an ectopic insertion of the EF702
deletion construct that may have resulted in this anomalous result. The peramine
reduction in the other three mutants was not to the extent expected for a peramine
transport mutant, and as such the single data points obtained preclude determination of
the significance of this reduction; however peramine content in the wild type Fll
infected herbage sample was 2-4 times higher than observed in the mutant infected
samples, indicating that the insertion of the EF102 deletion construct in these strains
may have caused a reduction in peramine production. The EF102 deletion construct
contains the putative perd promoter, and has inserted in tandem in all four independent
AEF102 mutants. These additional promoters may be competing with the native per4
promoter for transcription factors, resulting in reduced peramine production. If this were
the case it would be expected that the mutant strains with the highest EF702 deletion
construct copy number would produce the least peramine. This is not the case, as the
mutant with the highest copy number (#11) actually produces the most peramine,
however insufficient replication makes the statistical significance of these results

unclear.

Another potential explanation for this drop in peramine levels is a reduced availability
of the PerA substrates arginine and 1-pyrroline-5-carboxylate (P5C) in the deletion
mutants. A re-examination of the functional role of MFS transporters revealed that two
MFS subfamilies contain amino acid transporters with representatives in plants, fungi

and mammals (Wipf et al.,, 2002). One subfamily contains known transporters for
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aromatic amino acids, and the other transports glutamate. Both arginine and P5C can be
synthesized from glutamate via the arginine and proline metabolism pathways (Fig. 6.2).
Analysis of the FI1 genome sequence (Epichloé festucae Genome Project, 2011)
revealed that all of the enzymes required for these metabolic inter-conversions are
present in Fl1 (Table 6.1). Transcriptome analysis shows that none of these genes are
symbiotically regulated (Eaton et al, 2010), indicating that any symbiosis-based
regulation of PerA substrate production would occur at a metabolic level by controlling
the availability of precursors such as glutamate. Disruption of plant-fungal signalling
results in a relatively modest reduction in expression of perd and EF102 (3.4- and 2.4-
fold respectively) compared to other secondary metabolite genes, such as in the lolitrem
genes, which are downregulated to a much greater extent (Eaton et al., 2010). These
results correspond well with reverse transcription PCR data obtained from FI1 culture
and in planta samples, which demonstrated that while perd was downregulated in
culture, the change was not nearly as dramatic as observed for the lolitrem synthesis
gene /tmG (Tanaka et al., 2005). This result indicates that the reduction of peramine
production to the very low levels observed in culture (Rowan, 1993) is unlikely to be
achieved through gene regulation alone, making regulation through restriction of a

substrate precursor such as glutamate an attractive hypothesis.

Blast search analysis using the EF102 protein sequence does not identify any matches
where the transporter target molecule has been identified, and a literature search
indicates that MFS amino acid transporters are poorly characterised in fungi. To test this
substrate transporter hypothesis a sufficient number of independent plants will be
analysed for peramine to provide robust statistics on whether the reduction in peramine
production observed in plants infected with the AEFI02 mutants is significant. In
addition a complementation construct should be made and introduced into a AEF102
mutant to see if this restores wild type levels of peramine, as was previously shown for a

AperA mutant strain using an ectopic complementation construct (Tanaka et al., 2005).
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6.10 Conclusions

The association between transposon DNA and secondary metabolite (SM) genes is well
established in epichloé. This study adds to this body of research by demonstrating that
the SM gene perd and immediate flanking intergenic sequences are often found
associated with both larger and smaller transposon relics that appear to be directly
responsible for the taxonomic discontinuity of strains that produce peramine across
Epichloé. In contrast the genes surrounding perd and their associated intergenic

sequences are highly conserved across epichlog.

Analysis of Lolium perenne plants infected with seven E. festucae isolates showed that
all isolates were able to infect the stem and blade tissue of their host, despite only

naturally infecting plants of the Festuca genus.

Transcription start sites were identified for the co-regulated genes perd and EF102, and
the translation start site of perd was refined. Conserved regions were identified in the
promoters of both genes, and comparison between these two regions identified a shared
DNA motif. Deletion of EF/02 did not appear to affect peramine transport, however it
did cause a 2- to 4-fold reduction in peramine production, resulting in an alternative
hypothesis that EF102 is a transporter of glutamate, a known precursor for the PerA
substrates arginine and 1-pyrroline-5-carboxylate. The lack of replication limited the
conclusions that can be drawn based on peramine levels in mutant versus wild type
samples. The decision to only obtain single samples was based on cost and the
assumption that deletion of a peramine transporter would result in a dramatic guttation
fluid peramine chemotype. In hindsight this decision impacted the significance of
conclusions reached, however sufficient evidence was gathered to reject the initial

hypothesis and develop an alternative hypothesis.
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7. Appendices
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71 Supplemental tables

7.1.1 Gene expression changes around the perd locus in the AsakA mutant
relative to wild type F11 (Eaton et al., 2010)

Direction of Fold

Gene Name Change Difference” Q-value Significant?”
EF96 + 2.0 0.0049 no
EF97 - 1.2 0.4259 no
EF98 + 1.8 <0.0001 no
EF99 + 1.3 0.0449 no
EF100 - 1.2 0.0005 no
EF101 + 1.1 0.9094 no
EF102 - 24 <0.0001 yes
perd (EF103) - 3.4 <0.0001 yes
EF104 + 1.0 0.9738 no
EF105 - 1.8 0.0002 no
EF106 - 1.1 0.7576 no
EF107 - 1.1 0.8770 no
EF108 + 1.9 0.0001 no
EF109 + 1.2 0.2861 no

*Where 1.0 = no change.
® Results were considered significant if fold change was > 2 and Q-value was > 0.05

7.1.2  Peramine concentrations guttation fluid samples for wild type
E. festucae F11 and AEF102 mutant infected plants

Endophyte  Sample ~ LCM3
Strain Type Peram:lnbe conc.
(ppm)

102KO #11 Guttation  0.124
102K O #88 Guttation  0.008
102KO #153 Guttation  0.008
102KO #169 Guttation  0.002
FI1 Guttation  0.026
uninfected Guttation ND

*LOD = 0.002 ppm, LOQ = 0.01 ppm
® ND = Not Detected
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7.2 Vector maps

7.2.1 pSF15.15 (Eaton et al., 2008)

pSF15.15

3887bp
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7.2.2 pCR4-TOPO (Invitrogen)

33 bp
73 bp e
' ! ! 33 bp 60 bp
A [
e =
M13R T3 232¢ g= T7 M13F
| éﬁig |T kS 3 |

5
2 pCR'4-TOPO'
4.0 kb

7.3 Multiple sequence alignments
7.3.1 MSA of the EF102-perA intergenic sequence from 10 epichloé isolates

MSA of the EF102-perA intergenic sequnce from 10 epichlo¢ isolates is shown over the
next 14 pages, with the beginning of both genes included. Intensity of colouring
indicates the level of conservation, with conservation between at least 50% of the
isolates required for the lightest shade. ATG codons for EF102 and perA are coloured
bright green, and the originally annotated perd ATG codon is coloured red.
Transcription start sites for both genes are coloured pink in the Fl1 sequence, 7 bp
motifs are bordered in red, and 5 bp motifs in cyan. Sections of extended conservation
between smaller sub-sets of isolates have been re-coloured to aid comprehension, with
the intensity of colour representing conservation within this sub-set of isolates.
Sequence missing from some isolates at both extremes of the MSA due to different
primers being used to amplify this region in these isolates.

&9



062 - - 2539001 €2z
587 - - 2D20vOL 81z
pOE - - 2D20vOL stz
01zZLL ar1
zze - - ssz
tf7 D¥VYIVIDLDOLID - DLLWYDLWIOLL1D3L - DL1D0L1D¥ ¥DOWDLlwdovD gzz
807 1 DONNONSSISSESE - - - - - - - - |§ SIS ESSIISSN | 5510101300010 SISSINISE - EOOFOINSONS - - - - - - - - 431
EET--D¥VYIVIDLDOLID - -DIL¥VYDLWIDLIDDL - - DLDL1DL1D0110V ¥IO¥DLVYIOWD - - 042
S£% D¥VYIVIDLDOLDD - DILWYDLWIDLLIDDL - OLDLDL1ID0L1DY ¥IOWDLVWIOWD €42
Zgt D¥VIVIDLDOLDD  DOLVVYDLYIDLLIDDL  OLDLDL1D0L1DV ¥IOWDLVIOVD €42
zzzd-- - DLVED Jvv- - -[O¥D0vEY - -D¥v¥DvONI O L DEDEYOODIDoEEODoFEDEDD e - 091
2120~ - -¥1vOV J¥Y- - - J¥DIw¥YYIOV¥I¥ODOWIDLO¥OIw¥0 001 00WYO0OMYOWIS WY - €51
PPZ D¥VYILDDBY IYV-- -J¥DVLYYY-D¥OV- - - - - - - B¥93wD08 13 0WMOS RWOWD Y -0 - - - - - - - - - - - - - - - - - 181
SP13- - -¥oVEY D¥D-- - 2% 0LV Y- D¥I0D VoI DL BN w000 1S L MEOS EWONOs -V - - - - - - - ----------- 8z

$$23--D022@00vOL¥I0vD2008¥0 LMD wE0E0wD L v SN0 - - -8 L N0 L BSOS - - - - - - - - - 81
LT =m - - - mmm - —- - — - - - - -@080v 0L vOENOE - - - SIS | B L 8 RIS - S - - - - - - - - - - -------- 981
TET === === --------mmmm——— oo DLVDLYDLYDLYDLYOL 2L

§9ZPVLLVL DLl---¥DLl¥DLYDLVYOL )
ZLZIVLLIVL DLVDLYDLYDLYDLVYOL e
ZLZDVLLVL DLVYDLYDLYDLYDLYOL )

LY
LY

211D iRy L L1 1
211D 1Y L1 A T
120V L L L1

¥6 1ID0%3020V JVLDOYWYDLIDVOVIDLDD1 203120V L]
¥6 112D 20% D210¥YDLDV¥DIVIDLDDLDDD1L D0V Ls]

¥6 113D a1 3910¥D210%0vID10D21303120V L]
¥6 1120 JLW 20L0VDIL0¥DYIDLDILDDD1L DY sl
¥6 LD J1¥ J010%D310¥IV¥IDLDD1L203120Y L]

-

-

— - -

&3 eUNydA1 ™3

§Z#3 BUIydAii Ty
FOREI 1AaAYIEIg T
I053 EjoNWoIg T
953 w3

oMM Twdfa 3

£ 5T SUBJJIIBLIE T
T414 @EINI53Y 3

£ 24 aEImIsay g

I/4 @eanisay 3

&3 EunydA1 3

§Zr3 euydAT3
POREI 1A2AYIEIG T
1053 Ejoxurodg °3
953 A3

oMM e ™3

£ 5T SUEJJIIEWE T
T4d4 @EINISHY T
£244aeanisay T3

I/4 7 @eInisay 3

g3 euydA1™3

§ZH3 PUIydAITT
POREFI 1Aj2AYIEIg T
053 Ejoxwolg 3
953 @™y

oMM T2 g

£ 53 SUEjjLIEWE T
[444 @EIMISHY T
£2a4TaeInisay Ty

I/4 @E3M153y 3

g3 eunydA1 ™3

§Z#3 EUIydATT
FOgF3 LIAjaAYyoRIg T
[053 EjoiL0ig T3
953 IwA@R ™3

oMM Twdfa 3

£ 53 SUE[jLiEWwE "3
T44 " @EINI53Y 3

£ 24 aEImIsay g

I/4 @eanisay 3

90



zasl- - -
L6FL---
98F L1l L
LBEL- -
Lh
Skl -
Tt ==~
£9S -
Eif===
125-=---

juiafa Nige NEL n jn iu 1 e L o o fuda N Wpe W ju u u ju Nie A o ba o L2 N e AL e fu e 1a R Ape NI je o du 1 ope ) jm o Ju L0 N e R e o o 0 N e N o e m i
JIDLOLVIID 1L

TLrDL2LY
0P DLDLY

=== 162
....... 98z
....... 50€
JYVIV-- 112
....... £2E
....... sz
I¥YI¥ID60E
....... PEE

Lllllll
Lllllll

O A I R

g3 eunyddr "3

§2p3 vugdAl T3
FORET 1Ay IR T
1053 vosnuog 3
953 fuidpe 3

IO Ay 3

£ 537 suejewe g
[4d4 @eamsay 3
£3i4TeeInise Ty

Tj4 #ramsa g

g3 vungdir 3

§2¢3 ewydAr™ g
pOREI LAY ITIG T
053 Bposiosg 3
953 A3

T ey

Z53 sunpjaewe 3
[4i4 @e3IN)823 7

£ avanisa) '3

Iid ewanisay ™3

g3 euyddr "y

243 BUIdAI T
POREI 1ARAYIEIG T
T53 Ejoxweig ™3
953 A3

oMM Tidfa ™3

25T sumfjiieune 3
[4i4 BEINISE T

£3a4 avansa) 3
[i472e3nisay™3

#3 BuiydAr Ty

73 PuydAl T
FifEd Ladjadyaeig 3
[053 rmjoaiodg 3
453 nuda"y

TOMM jtdpa 3

£ 53 suejjiieue g
[444 aE2misay 3
FriqTaeanisy Ty

Tj4 #eamsa 3

91



131 U-M.._. ._U.Iu.—.uu.r E1:FA
190¥D152322039090V 1 871V aY VOLIVVWADIVIV DLIWY SLaLiovi390vavwaL 1231 vavad0a
EZROVYLOVLIOVLIODDLYYLOVILYDOVDILYYYILOLODYDLYYEADOYIOYIO00avEDYYLIVIVYYDOINLE.L L TEL
304 3V3I3IDVVIVLIIVIOVIVLLLLIVDLELD1I3320%--30L0VAVLIOVIIDIVLIEL VYL L1D1333) 919
R 15
Bll=====csccccccacccacccnciaiaaaas 2L
L 10¥00VILLLLLYOL@LD1L33000vED20L0YAYI000YL01D 119
s A — ; R T T S, it e
BlE==-======== 664
fIB==memcmnas VEL

cro B vBRRA VRO LY
oLy

-======y@Y1D

............... DLLIVOIDIILYN 545
- DLLD¥DDaLYY Sty
.................. - LLLDVDDDLYY ERS

D113v0321LYY

N = R R S e R A e e S e J30¥DO¥DvIDvI000LD00% 300100V YDVYYIVODvivyL €95
BN L= =55 reaeSqaamanssqaamassssss = J0¥DI¥D¥2IDL0000L003vI0D0L00VYOYYIVIDYYDL 86
28011 5-¥vy20vDavOvIIL0dvYOvIILYYIIL1YDIVI30330¥013v-00001033¥300103vYovyavyavyil iap
DO = = 5, 0 e R J0DDVVOVYIVVDVYDL 86E
209130-¥¥30103¥0a%I31L00-¥OVIILVYIOLYIIVIZNI30¥ L 0vyyvaDL00aYI00L00YYOVY Y vaOvaL s6b
200L00-¥¥DDL00vDvYIDL0D-YOYIDLYYIDLYDDYID0020WDLDYYYYDDLODDYDIDDLDOVYDYYDYYROIWOL 0ot
.............................................................................. zry

e e T o 1 ]

e e e e L el

m_wlmtx.._ubl,m

§Z13 PupydAl "7
wam.wmu.:.‘.éu.__:umﬁﬂ.m
T053 Ejowosg "3
Q53 TwdjaTy

IO Tdpa g

£53 SUBjLIRWET Y
[444 ae3n1sa; "7

S Tavansap Ty

)4 apanisa ™3

83 Eunyddr ™3

§Zpd euydArTy
FOFET HARAYITI] T
b LI N I
953 A3

1OMM Tidpa T3

2537 sueewe ™y
[444 aramsa; g
Jai4Taeinisa; Ty

T4 avanisaj 3

83 TunydA1 ™y

523 EUydAI T3
pOREI IARAYIRIG ™Y
L% R
953 fwde 3

194 a3

£ 517 supyLewe 3
[444 aE3nsa; ™y
Z22447aeansapTy

[14 aeanisa ™y

83 euydAr ™3

§2¢3 BUiydAI
POREI tARAYIRIG "3
Ios3 lmhﬁ..!E__u._El.m
953 ATy

[ DM a3

253 sumjrrene
[444TaE2N1534 73

£2a4 aranisap Ty

[} aesnisa; ™3

92



|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| g3 euydAr "y

.............................................................................................. 73 BUYdAL T
F 1) R e e 00 9011 rOSEI HIARAyIEg T
BT === === === LYLLD20VLYYDLDI0VLIOV.IDDLD2Y. 00l I0YIaVDEYIDVLLLIYLIOLDaY LI YLIYLLIOYLIOVYDOYYIDDvILLYY.LOWDID FRE T053 Ejow0g 7
BEE-=-13331711VLI1333vIvyvLnInvIaviiol33vinvillvIiIdvonwiaviiolviolo3vllvinll 33V OFYavYyaInnnnl vwv.livan ges o537 ey
PZEYYLODDLYLLVLLIDDVLIYYYLDDDVIOVLLDLIDVLIDVLLLYLIOVIDW LDV L LDLYLIDLDDVLLYLIDLL DY LDYYDYYIODDDLYYY.LDV2D TER Hm_____.....__.u__E._ﬁ___uww
L e e T 1¥13¥00O¥LIIV-111110103%11VIvI1IIDVIOVY I ¥YLIDD0VLIONDYLIOVY PEL £537surjjarue T
mmEmEEEmmEmEmsssssEEEsEsssssEEEEEsssssEEEEEEEsESESEEEEEEEsssEEEEEEEEssEEEEEEEEEsEEEEE==E======== [4if aE3NI53) "3
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| £244 awanisap =3
mmEEEEEmmsmEmssEssEEEEEsssssEEEEEsssEsEEEEEEssEsEEEEEEEEsESEssEEEEEssSssEEEEEEEEssEEEEEE=E======== [id " #E3nIsa; "y
.............................................................................................. g3 EUNdA T
.............................................................................................. §213 TUdAI T
SOTTAILYENIILIL19981F Y1311 0vYYaLlYY¥LDaYI¥ L L¥WNaIY103313Y13%Iv L1091 0900V vYYLlLIvyeviOLa319v 10113099V 2101 roRed gadyieig ™y
86 NDRI0Y- - - - - JLYORYII LYY LGBV I VYL 300NV IGO0V IOVYLIYIVLI DL 3V0DLn00nnYIVYYILYYYYLIOL D1 IVLI DL VIL 568 T053 Ejo3jueg 3
AEHYLD00V---- L1 1¥DOYDl LYYyl L0LDaY I LYY L O00vI0WI0000YI0WYLO0Y - - - - - - - - s s e oo 984 953 fudpa" 3
DEBWLDIDV- - -~ - LLWDOVODLoVYILDLOaVILYYLDD0WIOVIDIDOWIOVYLIYIV -~ -~~~ - - ngs [OMM Tidj2 =3
EEZJDVIOVLIVIOVLLYDOVDILVYYILLDLOIVILYVLIDOWIOVIODDOWLIWYLYIY -~ -~ - - - oo ooooooooooooooooooooo 829 453 sueyewe”3
.............................................................................................. [4i4 @EIN153) 3
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| £3ad aeanisap Ty
.............................................................................................. Ti4 aeanisag ™3
.............................................................................................. g3 eUNjaA T
.............................................................................................. SZrI TuydAI T
TI0TDLD2022220220% L 0VLYYLOVIYDLDOYIDYYDLLYYOLDLLLDDDD21LYIY2000%2YDL0DD1L20LYIYI20VLIDLYIVILODYYDLDLL RIG vﬁmvuu_twﬁ___icumunuu
FEEOVLIDIDVLIINLII00LIVOLOLYLIOVLIL L9010l LYYLDDIVLIO0LDVLIID0D320VLILOLLOvVLIDDYYIVLIYYLYLIVIVLIVYYYLDDDDDL 108 1053 wjoywosg 3
953 widfa™
.............................................................................................. TOMM a3
e e e £ 537 suelLewe Ty
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 444 BE3N153) 7
.............................................................................................. £rifTavangsagTy
.............................................................................................. Tj4 awanisap™3

[i§==== 788 3 EunydAr"3
Z16300VLILL00D0VIVIVYLILYILYLIDWYYILODYOVLIDOWYI¥YILLIDLIVLIIOLLO0YYYLIOLDLODVLIIVIDLLIDVLIOVYOWDLDO0DL b78  #0RET LIAadyIEig 3
008 YV LYYLYIVLVYYOVYLOVLIINIVILLILII0009YLIVLIIVLIYIDOVLILIDLI9¥I010003VIIvV1II0019vL13130¥I1vL1va3993030030 L0s 1053 EjeauoIg 3

.............................................................................................. 953 w23

.............................................................................................. [oMM Twdja g
.............................................................................................. Z 5T suBjeLIE TS

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| [ 444 avanisap g

SEmEmEsEEmEsEEssEEssEssSEEssEsSEEEsSEsSEEESSESEEESEEESSEEEESESSSSSESEESEsSEsEssssssssssss=ss===s= £2i4aeanpsay Ty

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| Tid avanisay 3

93



g3 wupyddr "

§ZE3 euydA™y
pORPI 1ARAYITIG T
1063 Ejowog 7
953 jwAa g

TOMM Tldja ™y

£ 57 sunyLeuie T3
[444Tae3N81 7y

Z244 avansay T3

Tid #E3Msai—3

#3 BUydA g

523 EupydAr "7
FOREI ARy g T Y
T053 Ejo3Uleg 3
953 1udfe "y

T Tudpa 3
£537suejpene Ty
Htmlwmu_:umwu_ 7

£ 34 Taeangsap Ty

Tj4 ae3nisal ™3

83 EUpydAr "3

S euydATy
FORET LUAfRAYIENG T
1053 BjoNuwog 3
53 ey

IO Tdpa g

253 sueyewe™y
[ aeanisap Ty
£i4TaeInisap "3

Tjd awanisaj 3

g3 vuydAr™y

5243 EUNdA "3
rOSEI MARAYIRIG T
T053 Ej0W0Ig "
953 w3
Hm_____..__..____u._Eh___qu.

Z53 sunyrwe Ty
[4i4 @E3N}535 7T

£344 awanisap 3

T4 aeanisay ™3

94



g3 wupyddr "

5§23 euydAl™y
FORET LIARAYIRIG T
ALETDDD0DYI00333323009300Y303203L090% LYY I00vI02230933000%000000Y 11 0% 130909900 0yyOvVLLIOvIL031YYvILOVILOYY +RZL Hammuan...mEM.__me
SRTT 953 e g
Tast I Teadpa Ty
£ 53 SuUBlLIEWE "3

[4id awangsap g

424 aeInsay Ty

[jd awanisaj 3

g3 vuydAr T3

§2p3 BUNdAL™
FOREI LIAfRAYITIG T
EREIVWOYILOYILODLYYYIL0OYILYLIYYYIL0LD3030YYLLOLD13301311111119YvOvvYIL0013v0300211313%LyYvDd0LlvOYLLD 0611 1053 BjonwoIg ™
PETT T60T 953 w3
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| £ 53 SUBjjLIBWE T
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| [4id aesngsap g
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 224 aepInisag 3
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| T4 aeanisaj 3

.............................................................................................. g3 wupyddi g
mmmsEEmmsEEsEEssEEsEEsEEEsEEsEEEEEEEEEEEEEEEEEEEEEEEsEEEEEEsEEssEEsEEsEEEsEEsEEEEEEEEEEEmE=E==== §2¢3 eunydir™3
.............................................................................................. rOgrI Ay 3

GETTOLLYYLOLLDLD100%DY0ODLOLID1L002300%YLYYYYLLLODDLL130232311030%L030vyDLDL0vDvvI0D0vDI00YYIOVLIYILDDIDL 5601 10537 Ejenwolg ™3

DEOT LBE 953 IwAR 3
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| £ 53 suejjewe g
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| [ 444 ae3nisa ™y
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 23447 9EIN158) 3
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| T4 aeanisaj ™3

.............................................................................................. g3 runydAr g
s msssssssssssssssssssEssEEsssEEsEssEsEssEs s EssEsEsEEEssssEsEEsssEsEsssssssEsssssssss====== 23 PuydAl ™3
.............................................................................................. PORPI tIAfRAYITIG T
T053 EjowWog 7
953 nwAa g

IO Tdpa ™y

£ 53 sunyriewe 3
[ 44 aE3N}E0
Z£244 avanisay T3
114 eeanisa; ™3

95



ZE0T YYDYYOVYDLYDLDOYYYDODYYIVYYDVYIOVLIYYYYYLLOLYDDYYYDLOVDODIDVYDLOYYDILOVYY.LLDLDDYYDLDDDLODYIVIVLDL 666 N

PZOTYYOVY DO LY L OVY YD DVYIVYYOVY LYY LIYYYYYLL DL YOOVYYDLIVODIDIVYILIVYDILIVYYLL DL D0VYDLYIOLODVIVIVLOL TE6 L. T T N A
kg e, o o e o o kL POSET HIARAYIELG Y
£54TWLIVLIDIDIVLIIDIDLLLD0DIVIIIVLIVIDDIDNDI330VWLLOVLIYYIVIDIDVYDDIVYYOVYYYYVLLOVIOVLIVIYLLOVILYILYYVILOVD 0991 T053 Efoowo.g ™3
£521 EZZ1 Eu“.‘Eh___nJu
69391 DzoT ToAW e 3
SEEYWLVLVLIOLYLIIDOLYOVILLYYILALDDODLLLLYYLLOLD10L01030000001010¥230L1YYILIvIv¥IIIvLIOvIVIOYYDDLILYYIDIDL 206 £53 7 surjpvweT g
[444 " BEINIS T

£3a4 avanisapTy

Ti4 aeansay™3

LT e e e e R T B o B B A 41 g3 EUOA "]
D& B R S e R ll ~ =~ = = ===~ == e e e cc e d e dc o e a M cdc oMM e M eddE N eccscMaNemMcsdasasesasana pOE §ZpI TUydAI T
e e o e e e = e ) e o e FOREI HARAYIELG Y
ESOT LOVYYOVILOVILOL LYYYILD0IL L 1YYV ILOVILOYYYOVLLIDVILDILYYYILOYILOWYYIVILOVILYILYYYILOVILOYYYIVILD 99581 T053 ejoonwo.g ™3
S mmsmememeememsssssssmsemsssasssssssssssssssssssssssssssssssssssssssssssssssss====s=sss=====-= 953 e "3
.............................................................................................. TOMM Twida 3
T0EDYLLO3031LYIYI030lwydllll 1119393101 w30303vyvLlIvI3003330% 12133230 vv0D11313130vDYyLLa1l33vvI0L1lvvyDY BO8 £537suejtivue Ty
.............................................................................................. T4i4 " @EINIS3) 3
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| £aadavanisapTy
.............................................................................................. I147aean1say ™3
SessesssmssssssssssssssssssssssssSss=sssss=s=sss=ss=sSss=sss=Ss=sssss=s=ss=s.=s=sssss=s=ss=s=s====== 83 eutydir™3
.............................................................................................. g LT RS e

e T I T E E T E O I P E T TP O FEO T ORI P TP T EC ET T TS T P P E T FEC T FETO FE FEO E E P E T TP T FE FE R TP FEC E E T P E E P E E FE T E E E P E P R PR E R R R R R R R TR R O ?QM?WI.:EU._...:.UM.-HH.W
SOSTVILOILYYYILLVILOVILOVILDDLVYYILOVILOVYYOVILOVILDDLVYYILOVILOVYYOVILOVLILIDILVYYILOVILOVYYOVILOVD 2401 T053 wjoouwo.g "3
.............................................................................................. TOMM Twidja ™3

LR DDBLBLIDEL DYDY DDILLY = i i o 98 £53sueyRwEy
.............................................................................................. T4i4 apan1sa;™3
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| £ad4TaEInsa Ty
.............................................................................................. T14 2e2nsay 3
memmmmmm - e = smmmmma= smmmm=a. smmmm=a= smmmmma smsma-- smsma=a- s=ssa=s= s=ssm==w == 83 eunydAr™3
FZpT TUNjdAL T

e i ] i | A i i, s S i e |, kSl ) ik | 0 i i, | A, | FORFI HIAfRAYIEIG T
TZPTLOILYYYILODIL LI LYYV ILOVILOVYYYYILOOL LYYV LILIOVLIIVIVOVYDOLILVIVOVLILIINYYYYIVLIYYODIvav¥I33330090VI0330 BLET T053 weuwo.g 3
ey ko i e e e o o e 2 o e o e g Wk L B o e e 953 1widpa™3
.............................................................................................. TOMM Tda 3
L L O L L L L T L L £ 53T SuBjjiiewETy
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| T444 @02n1535 ™7
.............................................................................................. 2 avanisay Ty

.............................................................................................. T4 awanisap™3

96



1Z+1 3011 ======--1LIlNLO¥DDI¥LODVY

£2ET 201 1 v LSS SRR - [ - - v DS v | v D) - - - - - - - L1¥1OVDDIVLIDVY 2621
Rl e NI B I 0 B DLLYLLODLDYLIOYDDIVLIDYY [FAN
PITZ2OLLY ---. - - - - - - - LO¥W.10VDDIVLIOVDD 02 5£02

BIOT20L1Y
OEDZ2DLLY

LOYLILOVLIOWDOOYLLIYLOYOD
S---LDVLIDWDDOVLLYLDVDD

---UUU._. U({_UUJ__{_ ._.UU{_._.._. .a__._.U_UUU._.(._.u._.tu_.___._.u._.(u-uuu-uuu-uu---- ._..mm-
---23831 IYYIIVY 133911 W10 18V 101l YIVLI0]l -YIVIVIVLIOLYIVLIYD BOZT

TLTT 0823001 DYV IIVY L23301L1 WLDDD LWL -~ - mmmmm s s s s s s e BOTT
20%3531 J0YIIVY 233911 W1 I@ESSvIESOvOLOVLI L v-20309191893030110 ev6l
20823001 20YIIVY L2330L1L WL LIRS0V IRYY DL -OWLIEDDLYDDYDDO3DYDLDVL 2kl
2 133011 L O3vIEVLILl-3¥1IE031v00vDD332vaLlDvL 8581

............ ] 1811
LD22312VL1IvLL 96

££01 LODDLOVLILIYLL 086
2401 L022L0VLLIVLL BLE
99€T-L1¥IV¥1lDLlDOLlD------- ¥1lOLL1lDDDDYWILLVYLDYYDLDLLLIVYDVYDLYILDL1LDDDDLYVYIVLIVYLLIYLIDDDDVYDODVLIDDLYDYDD22DDV 1811

A0ZTYLVOVLDLOLOVLIDDDLYYLlDLLDDD0VILLYYLDYYDLOLLLYDYYDLYOLDLL0000LlY--V.iVLLIYLOD0¥YVYDOOVYLOLLvDYD22200V alll

16T D0@YOLOLLOEOLLDD0L1IYLILIYIVLILDDDL LY LEDYlO DD Y YR Y Y LYL YIRLLYIVLIOOYLIYYYYLYLDILDD BFET
TEFT LYEIDLVYLLLYVDIDIVYYYYIDILLYLIDL WYL 11 21 1LI¥vD OYLovvo@EnD L BVET
LSRTLVEIDLYLLLYDINIYYYYYYILLIYLL vl L1 J1LLLavYD vl vy qu<I ras1
0911 L - -------------=--= VYL 1L =l 1ovLln OYLLD009395039000908 101090 1L #R0T
te__.r .Er u_.r .ru&_._ru u_._}_uuue_._r_.qu.ru_{._r.__.._.-._.uum
u_
u_

L6
BL6 WYL L1 2L LI¥.LD L¥DODADDVLLVILODBAYLYL -1 P06

826 LAAE 11 a1 131D L¥00800Y1L1vDLD08vIY. -1 £06
0811 O30YLIVLI333133030Y1L00YL30Y30- - - -¥1L01Y-- 101 ¥IvLI1L¥I390103v 1 I vIvIVLIOaVIYYYLOIvO32YLI01313933333v 1 £601
STITDADYLLYLDD3L33030YIO0WLD0D20VIDLYIDLIYIYVLDLYIVLOLYIODDL DD - - - YIVIVIDOVIWYY L DDOYWDODVLI DL D1 30323230% 1 5201
LPET [TA
£941 0491
£R01 D0VOYY 19313 L00YYLML L0301 1030 L1Vl IndVLIvIvLlvYIL330Lv1IYa--~---~ 301 966

G6EDDYOYY
E0EDOVOVY
Z06D0YDYY

213000Vl
3132300Vl
JL3000vvYl

VLY LLIDODWLYIOLLIELLD0D0LLYIYLLYILDD
Jv1wl1923001vI01181 192391 1v3I¥L1v3I13D
VLYl LIDODNLYIOLLIALLDDDLLYIYLLYILDD

IVIQLEY DYVEY 1

.:.&._._{E utﬁtﬁtkﬂ.—_
L¥vVE LY DYV Y VLV
L¥vRLHY Ovviy wivil

73 eUpydAr ™3

§Z¢3 EUydAI "3
PORET TARAY IR G ™Y
1053 TjoweIg 3
953 wdpa™g

IoMM i3

253 suegjewe™y
[444 aeanisa) 3

g Taranysa; "y

I14 aransa; ™3

23 eupyddr™3

§2p3 vUydA) ™y
#0RET LARAYIENG T
[0 vfosuoig 3
953 1idja 3

IOMM Twde 3

£ 517 SUBjiIEWE "]
[444 awanmisa; 3

4244 oEIMISA; ]

Ij4 awamsa; 3

g7 rupydAr T

S EUydAI T3
rOgEI Ldjadyorig T3
1053 Bjo3wIoig T
953 w3

oMM Tdpa ™3

£ 53 surjjrwie ™3
[404 aE3nsa; "y

Z2aq awanysa) Ty

[14 eeanisa; ™y

F3 vuydd) "y

§7#3 EUYIAITF
PORPT HIARAY IR T
T(053 Bp00Ig 3
953 a3

[ DM Tudje 3

AE5F supfjiiriie °g
[444 " @BIMISa; T

£2aq @wamsa) Ty

[14 ae3nisa; ™3

97



g3TeUNdA T

§2¢3 EUydAI T3
PORET ARG T
Tir53 |n.__.uu‘E_n__hh|_w.
953 1A Ty

oMM Tuidpa ™3

A53 sumjjraveie 3

[ 444 @E3n588577F

£y avanisap” 3

[i4 eeangsar™y

g3 eUydAr ™y

§ZF3 PUYdAI T
PORPI LMARAGICIG T
053 Ejosuiosg 3
a53 ATy

TOMM Tuidpa ™3

253 sueypeie T

[ 444 T@EINFSB; T

Z2a4 awanisap "3

[i4 aeanysar™y

................ “1LLL1dE aps1 g eundAI Ty
................ LLllllll 99T £203 EUjdAL
..................... 111l GEEL PORPI IARAYICIG™ Y
SR 1 ) - - - - - - - R v - - - T | | vy D - - e - - - - - - - g0zz T053 Bjo3wodg 3
...................... 5691 953 fudfa T3
...................... 5012 TIAWM Twida ™3
........................ g9f1 £53 suegjpivuie T
O02vL0OYD mmmmm—-- BOZT _..t....umnuaneu_w

||||||||| H.UU_...__.._. 2% 4] L EIZT L34 avanisal °3
DOOVLOVD LLELLLL et [147oeImsay ™3

LAYVAnOLIaLE 22t §3 EUydAr Ty

o 14 o L Lo Wil B N - TR §2p3 EUdAI ™7

A¥D3DDLIDLD srel 0T ARG Ty
2¥D2DDLDDLD 5112 T053 Ejo3ju0g 3
.............. I¥HINOLYILH 0791 953 TwAf T
.............. IYDIDDLYDLD TED7 T Tdie ™3

......................... SOEL £5T surypeie g
........... TETT [4i4 @E2N154 7
........... 9ETI £ avamsap Ty

memmmmmmm== GET] [14 @exnsa ™3y

98



GEGT DL
DBEET D,

181
08T

9081 = - LA A
TLiz-8 ” SB0Z
52 -0 = 591¢
0£92 -1 ! 3:1
Gpel - Yivl paLl
2891 - A PEST
9891 - - ge51
S8A9T - . LGST

OF8T o - ) \OVEEN - BB ol L ol -------~--~-~ 7oL
1081 bnl TRODYEENE - i | v ) - - - EZLT
BTLT L w0 | LR - ST L BT | oYL LY LY OO0 L YL Y Y L O - | LIS 00D Y - oo vDlM OB hnY L LDvvll - - - - - - - - - - - - obaT

892 [ - | A R ) - - - - - - - - -~ - - - - -~~~ -~ . 2192
FOTZ L - ELOZ
2857 S 1 - WV SIS R - - - - - - - - - - 0052
ESLT N D YYLOVL= === 8501
£65T N0 YYINYL---- 0051
65T M0 WYOWYL=- === 0151
9651 M0 YYOWVL---- 60ST

-

=====111311 £252
YYLIVDLIVLIVYYL BLBT
........ pive

1 Tl fot e ottt Dot o bt o 2ril
Tl ==vewemescucceneceuenn €041
1T g daivintessabia e i _ PLST
2252 bEVE
BLBT E6ET
£lve GIET
ST A e H et e e M e ) B6ST
P AT R o TR . OFT
1 ottt st o d e 4a!

Blgl == == csasss s s e ==

Ertl

73 BupydAr Ty

§Zp3 TUNdAl 3
vawvmn.__.,.._.ﬁ___ﬁcumﬂnm
T053 wjoduosg 3
953 wdeTg

TOAMM dpa 3

£ 5§37 SuBjjlieweTy
T4i44 @E2n1531 ™7
£aigavanisapTy

Tj4 aeanisay 3

g3 TupydAr 3
§ZpdeuydAr Ty
FORET 1ARAYIRLT T
I053 Bjoiolg 3
53 ATy

T e g

£ 537 sueyewe™y
[444 avanisaj g
Fi4TaeInisapTy

Tjd avanisal 3

g3 wupyddl" 3
FEZE3euydirTy
POREI LARAYITIG T
1053 Efodwosg 3
953 A3

104 Tdpa ™

Z 57 sunyewe 3
[ai4Taeansar ™y

2344 aean1say Ty

[i4 aeanisa ™y

g3 vuydAr—3

§Z2+3 RUNdAI T
rpOSEI HIARAYIRLG 3
T053 Efodutolg 3
a53 ATy

TOMM Ttuidfa 3

253 sumjrrenie 3
444 @EINIEB; T

£ad4 avanisap 3
Ti47aeansy ™y

99



917 S - - - B L - v L e e e e - - - - -
pO1Z -

266 T [ | O O - - - - - - - - - - - - - - ----------“-“=-"=-=“--=“-="=-“=="=-="=-=-==-""==-=%2=-===%====%=-"=-"======= TL6T

i 01562

il ¥ 7Eb7

i 9 0s8¢

i 5 £E07

2961 0 698l

9961 D £48T

5961 5 2481

N e L LR LT a0z

TE0Z=========-ccscsmcmcsmccsescmmmmama= LLET

BLET === ------=----- 7681

LYy 1582

Ly BEEZ

LY 8522

3 BEET

LW SELT

L BT

LY BLLT

83 EWydAr™y

£ZpT PuydAl T
rORFI ARy IEG "
T053 TjoNwosg 3
953 twidpa"g

ToMM Twdia =3

£ 53T SUBjjLIEWE ™Y
[id aeanisag ™3

FET I TET T Tt

)4 awanisal ™3

23 vutydAr"3

§2pd EuydAr ™y
#ORET LOARAYIRIG T
1053 EjoWog 3
953 wiAfe "3

o Tadpa Ty

457 supjLieue T3
[4i4 @EINIS31 T
22447aean1say Ty

[id #e3nisa;—3

g3 eUydAr™y

5713 EUdAI T
FOREI 1AfRAYIEIG T
1053 Eloxwolg 3
953 w3
HEJE&WJM

2537 suejiewe ™y
[4i4 @E2N153) '3

£2ag avanisap 3

Ti4 aeanisayr™3

73 BuydAr "3

§Zp3 vuUpdAl g

O ET LA @AY RG]
1053 wjonwosg 3
953 TwAe"g
ToMM e T

£ 51 SUBjjlIBUIE T
[444 avanisap g
JigTaeansapT'y

Tid avanisay 3

100



08re
SOEZ

S6EZ
FLEE

[§3 2
SEE?
SEEZ

GLVE L L 98EZ
poEz L _ L 1Lz

PEEE : i L 108E
ETEE OZEE

OEEE L ) LEEE
PEEZ : Irze
rEEE Rz

b T
£L1E

oowe . n - —

BTZE GBETE
ELa griz
ovie (1A
Ovee 0512
st ol e ot fhor
1 h A ettt fdh ol b Rt e th o Bl il o R e e o e sl b ottt e ot i S s o s SELE
60.2 i - ! 5192
L V3INa1Va3 31 213390va00LVaL 21 VNBIVLDDILIVaV" 23VaVD3300 VL DL LVALDLIL
U = o e e e e e . o e Lee
Sbk12 1 2502
GB¥TE i 9502

83 vupydAr Ty

§2pF BUjdALITF
rogE3 tnd@dyarig T3
1053 Bjo3fwosg 3
953 fwiA "3

90 Tdpa Ty

£53 sunjLewe 3
[4id avanisay 3
£2447eEInysa 3

[14 avanisaj ™3

g3 vupdA "y

§Z¥3 BUYdALITT
rOREI 1Aadipaesg T
T3 Ejo30lg "3
953 1A T
Hm.______._...__nﬁEa___uum

£53 FUBNLIBUIT 3
T TR TE T
224 avanisal '3

14 eedmsa ™y

R eundArTy

§Z#3 TupydAr™3
POFPI HIARAYIRIG TS
T3 Ejo3waig 3
953ty

Iamm |__E&mum

253 suepeue Ty
[4i4 aB3MISDY Y
£2agavanisap Ty

Ij4 aexnsay ™3

83 EUgdAr™3

FZpT TupydAI T
FORPY INARAYIRIG Y
[53 mjoduwosg 3
953 A"y

TOMM Tdia g
£§37surjpiewe ™y
[444 aeamsay 3

2244 aeanisay Ty

T4 sean1say 3

101



5822 ¥ _ 2692
GRLE : 9697
6827 9692

EFBZ i 0542
5242 ! . L zenz

L L T T TeeeeeT,eeeeTTEeEeEeTETTTETETeTETEETETETETETTETETETETETETETETETETETETETETETETETETETETEETETETETETETETETETETETETETETETETETETETETETETETETTETTETETETETETETETETETETEETETETETETE

LOZEN ) 4 h L FLIE
! TRSE
BGSE

09z
08¢

EbiZ ; 1 oLaz
1897 vig LLDx 4 ls] i REST

ELTE J 2 L 080t
08sE ; o LBYE

2657 1 X ik Lh vOs7
10821 L 09 BOSE
10971 1 _. n BOSZ

5592 a5z
LESZ b
BLOE ] A Q86T
S9erE X EGEE
£E0sE otre
£052 kT2
£05¢ tive

g3 TUpdAl g

EZp3 eUNdAL ™
#0RET LRARAYIRIG T
1053 BjoNwWoIg
953 w3

TOMM Tdra g

£ 53 suByLIEWE T
[ aeansap Ty

4244 aeInsay 3

T4 aeanisaj 3

B3 TuydAr T

523 eUydAr™
PORPI LARRAYITIG T
1053 Ejadjwioig ™3
953 Juidfe 3

[0 a3

253 surnjre Ty

| T AT VT Tt

£ avamsap Ty

T4 aenisai™3

g3 EUydA T

£ZpT TUydAI T
PO8FI 1AARAGIRIG Y
T053 TjoNwosg "3
953 twdpa—g

TOMM fdia 3
£537suwejtieue™ 3
[id "aeanisag g
£2idTaeanysag Ty

Ti4 avanisag 3

73 rupyddr ™3

23 euydArTy
#O8FI LAY IRIG T
1053 B0 oG 3
953 wde 3

IO Tdfa ™y

£ 53 sueypewe 3
[444 |nuu__._,__un«__|.u

£244 aeanisay "3

[id aEanisa; ™y

102



........................................... 83 ewiydA1—3

0862 8E67 §zp3 euiydlr™3
7982 0282 p08pI 1A2AYdRIG™3

........................................... 1053 gjodiwoig ™3
vove z9¢¢ 953 1wih2™3
118¢ 69.€ IOMM 1WA ™3

........................................... /§3 sugjjewe™3
8787 9842 [444 ae2n1say 3
2€82 0642 Z2147aeanisay T3
72582 0642 I/472e2n1sa) ™3

103



7.3.2 MSA of EF102 and homologues from Periglandula Ipomea,
Gibberella zeae and Metarhizium anisopliae: N- and C-terminal

domains show significant sequence variation.

1MKGINSGSE G K 1GG CT Y SIBG VGCGEG

1---M--SGH ------- DR HSTBH G A- - S MSD
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7.4 Supplemental Southern blots

7.4.1 Southern blot from Fig. 3.3 probed with EF102

7.7 kb

850 bp
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7.4.2 Southern blot from Fig. 3.3 probed with EF'104

3.5kb

7.4.3  Southern blot from Fig. 3.4 probed with EF102

7.9 kb
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7.4.4  Southern blot from Fig. 3.4 probed with EF'104

690 bp

7.4.5 Southern blot from Fig. 3.5 probed with EF102

2.3 kb
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7.4.6 Southern blot from Fig. 3.5 probed with EF104

4.3 kb

7.4.7 Southern blot from Fig. 3.6 probed with EF102

9.1 kb
7 kb

7.4.8 Southern blot from Fig. 3.6 probed with EF'104

52 kb

108



7.4.9 Southern blot from Fig. 3.7 probed with EF102

7.7 kb

850 bp

7.4.10 Southern blot from Fig. 3.7 probed with EF'104

3.5kb
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7.4.11 Southern blot from Fig 3.8 probed with EF102

7.7 kb

850 bp
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