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Abstract

Epichloé festucae is a filamentous fungus that forms a highly regulated mutualistic
symbiosis with perennial ryegrass. The spatially and temporally controlled
production of reactive oxygen species (ROS) by the fungal NADPH oxidase (Nox)
complex regulates this interaction by restricting fungal growth in planta. Whilst
much is known about the importance of ROS in plant-fungal interactions,
comparatively little is known about how its production is regulated. In plant and
mammalian systems, production of ROS by the Nox complex is regulated via lipid
signalling. Cytosolic Nox components containing lipid-binding domains are
targeted to specific phosphoinositide enriched at certain locations within in the
plasma membrane. Once assembled, specific lipids then directly activate the Nox
complex. It is hypothesised that similar regulation also occurs in fungi. This study
investigated whether lipid signalling could play a role in regulating the fungal Nox
complex. The lipid-binding PH domain of Nox protein Cdc24 was found to be
necessary for membrane localisation, supporting a role for lipid signalling in fungal
Nox complex regulation. To identify potential lipid targets for the cytosolic Nox
proteins, a comprehensive analysis of E. festucae membrane lipid composition was
carried out using a suite of biosensors. These biosensors consisted of mammalian
lipid binding domains of known specificity fused to a fluorophore, enabling live cell
imaging of phosphoinositide localisation both in culture and in planta via
fluorescence microscopy. Phosphatidylinositol 4,5-bisphosphate was detected in
the plasma membrane and septa in culture and in planta. A striking asymmetric
gradient was observed at the hyphal tip, with enriched fluorescence in the sub-
apical region. Similar to yeast, phosphatidylinositol 4-phosphate was localised to
golgi vesicles in culture. In contrast, phosphatidylinositol 3-phosphate was found
in vacuolar and endosomal membranes. Biosensors for phosphatidylinositol 3,4-
bisphosphate and phosphatidylinositol 3,4,5-triphosphate, localised to the
cytoplasm in culture and in planta, suggesting that these phospholipids were
absent under the growth conditions examined. These results confirm a role for
lipid signalling in fungal Nox complex assembly and provide insight into
membrane lipid composition, identifying candidate phosphoinositide targets for

assembly.
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1. Introduction







Plants and fungi have an interconnected history in the natural ecosystem, with
interactions ranging from beneficial to pathogenic (1). Originally, only pathogenic
interactions were documented and the idea of beneficial symbiosis wasn’t
proposed until 1898 when fungal hyphae were identified in seeds (2). These
beneficial interactions are now recognised as one of the most successful strategies
employed by plants, allowing them to adapt to a variety of environmental niches
and withstand environmental change (3). Fossil records and molecular data
revealed that beneficial interactions have existed since the Paleozoic era, where
fungal associations aided plants in the colonisation of land (4). Most plants studied
in natural ecosystems form symbiotic associations with fungal endophytes
resulting in increased fitness (5, 6). The term ‘endophyte’ being a generic term for
any organism that lives within (‘endo-’) a plant (‘-phyte’) (7, 8). The Epichloé fungal
endophyte genus (Ascomycota, Clavicipitaceae) form symbiotic interactions with
cool season grasses of the sub family Pooideae, including perennial ryegrass
(Lolium perenne), the most commonly sown grass in New Zealand pastures and a
globally important pasture grass (9). These endophytes increase the tolerance of
the host plant against biotic and abiotic stresses (9-11). The production of
secondary metabolites by Epichloé festucae protects the host plant from biotic
stresses, such as insect and mammalian herbivory (11-14). In addition, E. festucae
affects the osmotic balance of the host plant, increasing the tolerance to abiotic
stresses, such as drought (15, 16). In return, the host plant provides E. festucae
with a stable environment, a continuous supply of nutrients, and source of

dissemination via colonisation of seeds (17).

1.1 The E. festucae - L. perenne model system

Epichloé endophytes were originally classified into two distinct genera:
Neotyphodium, which has a strictly asexual life cycle; and Epichloé, which has both
sexual and asexual life cycles. In response to fungal nomenclature changes in 2011,
these genera have been merged and are now collectively placed in the Epichloé
genus (18, 19). Both E. festucae and its asexual derivative E. festucae var. lolii form
beneficial mutualistic interactions with perennial ryegrass, Lolium perenne. While
E. festucae var. lolii is the predominant symbiont of L. perenne in nature, the

artificially induced interaction with E. festucae is better suited for laboratory



experimentation (20). E. festucae grows relatively fast, forming a consistent white
fluffy mycelial colony in culture in one week, compared to E. festucae var. lolii
which has an unstable colony morphology and requires multiple weeks to grow
(21, 22). Additionally, E. festucae can be easily manipulated using molecular
techniques yielding good transformation frequencies (23) and inoculations with
strain FI1 typically achieve a 90% infection rate with L. perenne in the laboratory
(24). Furthermore, the genomic sequence of two E. festucae strains, FI1 and E2368,
are now available (Schardl et al, 2013; Winter et al, 2018), assisting genetic
analysis and manipulation and making E. festucae an ideal model organism for

studying mutualistic symbiotic interactions.

1.2  E. festucae life cycle

E. festucae has the ability to undergo both sexual and asexual life cycles (Figure

1.1).

1.2.1 Asexual life cycle

The E. festucae life cycle is primarily asexual. In this mode of reproduction, there
are no external reproductive structures as the fungus is vertically transmitted
through the seeds of the infected plant. During vegetative development of the host
plant, hyphae colonise the intercellular regions of the true stem via polarized tip
growth. From here hyphae spread into the leaf primordia and axillary buds to
infect the growing leaves (11). When the host undergoes reproductive
development the hyphae colonise the inflorescence tissues including the ovary and
ovules. Immediately after fertilisation, hyphae gain entry to the embryo sac and as
the embryo matures, hyphae become widespread throughout the embryo and
surrounding tissues (20). When seed germination occurs, hyphae infect all plant
tissues above ground, with the pattern of growth very dependent on the tissue

being colonised (1, 25, 26).

1.2.2  Sexual life cycle

When Epichloé enters the sexual life cycle, the formation of the host inflorescence

primordia results in a switch from restricted mutualistic hyphal growth to



Figure 1.1. The two different life cycles of Epichloé festucae. Reproduced from Oberhofer (27).



proliferative pathogenic growth and initiation of stromata (sexual structure)
formation (9). This results in a disease called ‘choke’ where the emergence of the
host inflorescence is blocked (Figure 1.2) (28). Conidia, which act as spermatia, are
abundant on these structures. Female flies of the genus Botanophila consume and
transfer conidia in their gut and ovipositor. Oviposition occurs on stromata formed
on different host plants, and the flies also excrete conidia through faeces onto
these tissues. If a different mating type is present, fruiting structures, called
perithecia, containing asci with eight ascospores will develop (13). Ascospores are
released into the air and will infect neighbouring plants through the florets.
Epichloé benefit from flies as reliable vectors, while fly larvae benefit by using the

fertilised stroma as a food source (13, 29, 30).

Figure 1.2. Epichloé festucae stromata on fine fescue causing ‘Choke’ disease. Reproduced

from Scott, Becker (20).



While E. festucae is capable of entering the sexual lifecycle, in its natural hosts,
including Festuca rubra (fine fescue) and Festuca longifolia (hard fescue), there

have been no reports of ‘choke’ in associations with perennial ryegrass (20).

1.3  Growth of E. festucae

1.3.1 Growth in axenic culture

E. festucae is predominantly cultivated on potato dextrose agar and forms a white
fluffy colony expanding at 1 to 3 mm per day. It can utilise a range of carbon and
nitrogen sources and often starts to senesce 2 to 3 weeks after cultivation when
nutrients become limiting (20). Young hyphae at the edge of the colonies grow in
parallel-unbranched bundles, which appear to be stuck together by an unknown
adhesive (31). When stained with Calcofluor white, both the tips and septa
fluoresce brightly, indicative of active chitin synthesis (20). Towards the middle of
the colony, hyphae branch frequently and are found in two distinct layers: one
attached to the agar, for continued access to nutrients; and another forming
bunches of at least 10 hyphae growing on top of one another. In this region, coiled
structures that often produce conidiospores are common, although in E. festucae
FI1 formation of conidiospores is sparse and sporadic (32). Older hyphae in the
centre of the colony frequently fuse with each other to form an interconnected
hyphal network. This is necessary for colony formation enabling nutrient transfer

and signal transduction (20, 33).

1.3.2 Conidiogenesis and conidiospore germination in culture

The ability of E. festucae to sporulate is variable between different strains. For
example, strain FI1 produces very few conidiospores, whereas strain E2368,
derived from a backcross of progeny E189 and E464, was selected on the basis of
its ability to sporulate and readily produces conidiospores (34, 35). To increase
sporulation in Fl1, nutrient limitations and specific media can be employed;
however, this normally reduces the growth rate of the fungus (36). Instead, E2368
is preferentially used for conidiospore studies. The mature conidiophore is a
unicellular phialide, which forms either at the tips of long, thin, unbranched

hyphae or from branches radiating off hyphal coils (20). Oval shaped conidia



develop at the tip of a phialide and are released through either the production of a
new conidium or mechanical shear as seen in Epichloé typhina (37). Spores
germinate readily on both PD and water agar. Initially a single germ tube emerges
from one end of the conidium, then either a branch will form or a second germ
tube will emerge from the opposite end. After 15-24 hours a range of germ tube
lengths are observed. At 72 hours a three dimensional mycelial net forms including

phialides which produce more conidiospores (20).

1.3.3 Growth in planta

E. festucae systematically colonises all vegetative and reproductive tissues above
ground, including leaf blade, sheath, and pseudostem tissues (20). When
introduced through vertical transmission or artificial inoculation E. festucae grows
within the apoplastic spaces, initially via tip growth, forming a branched mycelial
net in the shoot meristem. Once hyphae colonise the leaf primordia they attach to
the plant cell wall (38, 39). Host leaf cell expansion triggers a switch to stretch via
intercalary growth effectively synchronising the growth of the fungi with the plant
(25, 38). This switch is essential as it avoids mechanical shear and hyphal breakage
when the leaf tissue rapidly expands (9). Leaf tissue can expand by 1 cm a day,
whereas the growth rate of E. festucae on potato dextrose agar is just 1-3 mm per
day (20). Such closely co-ordinated growth requires strict regulation that involves
communication between the fungus and host plant resulting in restricted fungal
growth. Unlike obligate biotrophic ascomycetes, E. festucae has no specialised
feeding structures, such as haustoria. Instead, it relies on direct uptake of nutrients
from the apoplastic space or by transport between the fungus and its host plant.
This is likely because E. festucae has maintained a number of genes involved in
primary metabolism so is less reliant on the host plant for key nutrients (16). In
addition to endophytic growth, E. festucae is also observed growing epiphytically.
Endophytic hyphae form expressoria which breach the cuticle allowing the fungi to
grow and form conidia from coiled structures on the plant surface, as seen in
culture (40). The presence of epiphyllous hyphal nets is thought to increase the
resistance of the plant host to fungal pathogens through ‘niche exclusion’ or by

biosynthesis of bioprotective metabolites (41).



1.4  Regulation of fungal growth in planta

Establishment and maintenance of an E. festucae symbiotic network in L. perenne is
dependent on a number of signalling pathways, including the cell wall integrity
(CWI) (42), pheromone response/invasive growth (PR/IG), and stress-activated
mitogen-activated protein (MAP) kinase pathways (43); cAMP/PKA signalling
(44); calcineurin signalling (45); and reactive oxygen species (ROS) signalling from
the NADPH oxidase (Nox) complex (12, 23, 46-48). Together these pathways
achieve two main objectives: suppression or evasion of plant defence responses
(12, 46) and regulation of fungal growth inside the host plant (14, 49, 50).
Disruption of E. festucae genes in these signalling pathways frequently leads to a

severe host phenotype characterised by fungal senescence and host stunting.

In particular, ROS produced by the Nox complex has been identified as an
important regulator of symbiosis in filamentous fungi, enabling both beneficial and
pathogenic infection (46, 51). In E. festucae the timed and localised production of
ROS by the Nox complex is necessary for the regulation of hyphal growth in planta
(46). Nox catalysed ROS production is a universal signalling system among multi-
cellular organisms and the reactive nature of H202 makes it an ideal second
messenger for signalling (52). Two ROS producing Nox isoforms have been
identified in E. festucae, NoxA and NoxB (46). Tanaka, Christensen (46) showed
that noxA mutants lose apical dominance and the ability to fuse resulting in
unrestricted pathogen-like growth with a significant increase in fungal biomass
indicative of an antagonistic interaction. This causes severe host plant stunting,
precocious senescence, and an increased mortality rate. Deletion of noxB similarly
causes host stunting; however, unlike AnoxA, AnoxB retains the ability to fuse in
culture (40). The ability of AnoxB mutants to fuse is significant because cell-cell
fusion is essential for an endophyte to develop a stable hyphal network in planta
(42). This indicates that NoxB regulates the association between E. festucae and
perennial ryegrass in a different way to NoxA, as seen in Magnaporthe oryzae (36,
40, 51). It is proposed that ROS produced by the NoxA isoform are an important
regulator of fungal growth, where bursts of ROS negatively regulate hyphal tip
growth preventing excessive colonisation (23). Despite its importance, very little is

known about how the complex itself is regulated. Insights into potential



mechanisms for regulation of the fungal Nox complex can be gained based on

conserved mammalian and plant systems (23, 53, 54).

1.5 Lipid signalling in Nox complex assembly and activation

The Nox enzymes are most well characterised in mammalian systems, where they
are divided into three sub families: Nox1-Nox4, Nox5, and Duox. Fungal NoxA and
NoxB isoforms are both homologues of the mammalian Nox2 isoform (Figure 1.3).
Nox2, found in the membranes of phagocytes and neutrophils, is responsible for
the oxidative burst response to invading pathogens. Due to the important role
Nox2 plays in the immune system the regulation of the complex is well established

(53, 55).

A key mechanism for regulating Nox2 in mammals is through lipid signalling.
Interactions between specific phosphoinositides (PPIs) and cytosolic Nox proteins,
p47phox, p67phox, and p40phox, enable the assembly of the cytosolic proteins with the
membrane bound, gp91rhox and p22prhox (56-58). Upon an unknown activation
signal, the cytosolic Nox proteins are phosphorylated resulting in a conformational
change. Protein interaction domains and lipid-binding PX domains are exposed
allowing p47prhox, p67rhox, and p40prhox to interact and translocate to the membrane

bound proteins (53).

p67Phox, does not contain any lipid-binding domains (LBDs), instead it is likely
recruited via interaction with the other cytosolic proteins p47rhox and p40phox (59).
Protein kinase C (PKC) also plays an important role in recruiting p67rhox, PKC is a
lipid-regulated kinase that is activated by second messengers DAG and inositol
triphosphate. PKC isoform, PKCB, is necessary for p47prhox and p67prhox
phosphorylation and translocation in human meningeal cells (60). Overexpression
of PKCS8 in human neuroblastoma cells leads to increased recruitment of p67rhox
and increased ROS production (61). While, inhibition of PKC in vivo leads to
reduced p67phox phosphorylation, suggesting PKC likely induces p67rhox membrane

translocation (62).
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Figure 1.3. Composition of the mammalian Nox2 complex (left) and fungal Nox complexes containing NoxA and NoxB isoforms. Reproduced

from Scott (58).
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PX domains in p40prhox and p47rhox are crucial for the recruitment of these cytosolic
proteins in the mammalian Nox2 complex (53). The PX domain of p47rhox has
several potential lipid targets. It preferentially binds to vesicles containing
phosphoinositide 4-phosphate (PI[4]P) and phosphoinositide 3,4-bisphosphate
(PI[3,4]P2) (63-65). Additionally, the PX domain may be capable of binding acidic
phospholipids, such as phosphatidic acid (PA) (64, 66-68). The p40rhox PX domain
has one lipid target, specifically binding phosphoinositide 3-phosphate (65, 68).

E. festucae does not contain homologues of p40rhox and p47prhox, Instead, BemA is
thought to be a functional homologue of both mammalian proteins (48). The BemA
protein is a strong candidate to fulfil this function given that it physically interacts
with NoxR and contains protein interaction domains, SH3, PB1, and PX, similar to
those found in p47rhox and p40prhox, These domains would facilitate interactions
with other proteins and the plasma membrane (PM), necessary for complex
assembly and activation (48, 69, 70). In yeast, Bem1p binds PI[4]P in the PM,
making PI[4]P a potential target for Nox activation (65). However, the BemA PX
domain is not required for membrane localisation in Neurospora crassa (71),
suggesting that BemA is dispensable for NoxA function. Takemoto, Kamakura (48)
found that yeast polarity protein Cdc24 is also part of the Nox complex. It contains
both PB1 and PH domains and also physically interacts with NoxR and BemA,
exhibiting specific co-localisation at the hyphal tip and septa. Previous work by
Toenjes, Sawyer (72) additionally identified that the localisation of Cdc24 is
dependent on its lipid-binding PH domain in yeast. While the lipid target of the
Cdc24 PH domain remains unclear, Cdc24 is likely the central protein in the
recruitment of cytosolic Nox proteins in fungi, responsible for the membrane

localisation of BemA and NoxR.

1.6 Fungal membrane lipid composition

Very little is known about the fungal membrane lipid composition making it
difficult to predict the target of the PH domain of Cdc24. Fungi are known to
generate  PI[4]P, phosphoinositide 4,5-bisphosphate  (PI[4,5]P2), and
phosphoinositide 3-phosphate (PI[3]P) (73, 74). However, based on homology of

12



mammalian PIKs, PI[3,4]P2 and phosphoinositide 3,4,5-triphosphate (PI[3,4,5]P3)

may also be present in the membranes of E. festucae.

1.6.1 PI[4]P

In plants, mammals, yeast, and fungi PI[4]P exists in two separate pools generated
and maintained by different phosphatidylinositol kinases (PIKs) (75-79). Yeast
possesses two PIKs, Pik1 and Stt4, which are both essential for viability and unable
to substitute for each other (80). Pik1l produces PI[4]P in trans-Golgi vesicles and
is proposed to have a role in Golgi-to-PM transport (81). Mutants with impaired
Pik1 kinase activity exhibit defects in the secretion of newly synthesised proteins
(82, 83). Stt4 produces PI[4]P in the PM and has a role in actin organisation and
integrity of the yeast cell wall (75, 84). In Candida albicans PI[4]P in the Golgi and
PM have distinct functional roles, both crucial in the transition from yeast to
filamentous growth. PI[4]P in the Golgi is required for membrane trafficking, while
PI[4]P at the PM forms an asymmetric gradient along the hyphal tip where it is
concentrated in a tight cap at the tip apex (78). It is very likely that this PPI is
present and important in E. festucae as homologues for both PIKs are present
(Figure 1.4). As mammalian p47prhox and Bem1 both have a strong affinity for
PI[4]P, this PPI may play an important role in assembly of the Nox complex in E.

festucae.

1.6.2 PI[4,5]P2

PI[4,5]P2 is present in the inner leaflet of the PM in plants, mammals, and yeast
(85-91). This PPI controls many cellular processes in yeast and mammals
including, endocytosis, exocytosis, establishment of cell polarity, and actin
polymerisation (90, 92-94). In Saccharomyces cerevisiae, P1[4,5]P2 is generated by
the essential protein Mss4p which converts PI[4]P to PI[4,5]P2 (84, 95). PI[4,5]P2
and Mss4p are mainly localised along the PM, where they are required for actin
organisation (84, 95). Similarly, in C. albicans P1[4,5]P2 and Mss4 are both localised
long the PM and are required for the yeast-to-hyphal growth transition (96).
Furthermore, PI[4,5]P2 and MssD are asymmetrically distributed in both budding
and filamentous cells, maintained by Stt4 and the actin cytoskeleton (96). In N.
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crassa, MSS-4 is proposed to have a key role in establishing polarised growth

through the production of

PISK
PI3K,,,, MSS4 PI5K
VPS34 PI[3]JP —>» PI[3,4]P, MSS4
VPSA mssb mssD
PTEN
PI TEP1 PI[3,4,5]P,
tepA
SttD/pikA
S T?lzlleP?K 1/ ] HmSSD
LSB6 Pi41P PI[4,5]P, PI3K,
MSS4
PISK
Figure 1.4. Predicted PPIs in Epichloé festucae. Phosphoinositides found in mammalian

systems (bold type), enzymes involved in their production (green), genes that encode these
enzymes in yeast (purple), and genes predicted to encode these enzymes in filamentous fungi

(orange). Adapted from Eaton (97).

PI[4,5]P2 (96). P1[4,5]P2 was distributed along the PM as seen in S. cerevisiae and
C. albicans and also at hyphal septa (98). MSS-4 was found to localise in a ring-like
membrane domain immediately behind the apex of growing hyphae. The PM
localisation appeared patchy possibly indicating association with membrane
microdomains (98). A similar result was also seen in A. thaliana (99) and tobacco
(100) pollen tubes, where Mss4 localised in the apical region of the tube tip. The
conservation of localisation of PI[4,5]P2 and Mss4 homologues across the
kingdoms emphasises the important role this PPI plays in mammals, yeast, and
fungi. E. festucae has a Mss4 homologue, MssD, so it is highly likely that PI[4,5]P2 is
produced (Figure 1.4). While there is no record of mammalian cytosolic Nox
proteins having an affinity for PI[4,5]P2, the addition of exogenous PI[4,5]P: is able
to stimulate ROS production in tobacco pollen tubes (101).
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1.6.3 PI[3]P

PI[3]P plays a major role in endocytic trafficking (81). Previous studies in yeast
and mammals, indicate that PI[3]P is highly enriched on early endosomes and in
the internal vesicles of both multi-vesicular endosomes and vacuoles (102-105)
and additionally to the trans-Golgi network (TGN) in plant cells (106). Yeast
possess only one PIK to generate PI[3]P, Vps34p, while mammals possess three
classes of PI3Ks, two of which (type-III and type-II) produce PI[3]P (80, 107, 108).
In yeast, PI[3]P is crucial in TGN-to-vacuole transport and is essential for protein
sorting, with point mutations in Vps34p resulting in a severe defect in vacuolar
protein sorting (109). Turnover of PI[3]P by dephosphorylation, phosphorylation,
or degradation is equally important (81). Wurmser and Emr (103) found that
PI[3]P must be transported from the cytoplasmic membrane leaflet where it is
synthesized to the lumen of the vacuole to be degraded by resident hydrolases. E.
festucae possesses a homologue for yeast Vps34p, VpsA, which is predicted to
generate PI[3]P (Figure 1.4). In mammals, PI[3]P can directly bind the PX domain
of p40rhox (65, 68, 110, 111). Despite the absence of p40rhox PI[3]P is a promising
target for lipid signalling in fungi. PI3K suppression by inhibitors prevents the
translocation of cytosolic proteins in plants, resulting in low ROS generation and
disruption of seed germination (112). Additionally, exogenous PI[3]P can rescue
ROS production in Arabidopsis root hairs as well as in broad bean guard cells (63-

65,113, 114).

1.6.4 PI[3,4]P2

PI[3,4]P2 is present in the mammalian PM with several specific binding proteins
including TAPP1 and TAPP2, lamellipodin, and Akt, which regulate processes like
cell adhesion, chemotaxis, and migration (115-119). This PPI is well studied in
mammals due to its role in cancer metastasis where binding of lamellipodin to
PI[3,4]P2 at the leading edge of the cell enhances cell mobility and tumour
metastasis (120, 121). PI[3,4]P2 has also been implicated in the late stages of
clathrin-mediated endocytosis where synthesis of the PPI by PI3KCZa at the
invagination neck recruits PX-BAR domain protein sorting nexin (SNX) 9 and its

close homologue SNX18 which mediate membrane constriction and progression of
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the endocytic pathway (122-127). Levels of this PPI are regulated through the
action of kinases, such as class I PI3Ks, and phosphatases, such as SHIP2
(PI[3,4,5]P3 to PI[3,4,]P2) and INPP4A (PI[3,4]P2 to PI[3]P) (115). It is predicted
that this PPI is produced by MssD in E. festucae, as yeast Mss4p has dual substrate
specificity in vitro, also converting PI[3]P to PI[3,4]P2 (Figure 1.4) (84). PI[3,4]P2is
a potential target of the fungal cytosolic Nox proteins as mammalian Nox protein,

p47phox, binds PI[3,4]P2 (63-65).

1.6.5 PI[3,4,5]Ps

PI[3,4,5]P3 is found at the PM of the leading edge in mammalian cells (80, 89),
where it serves as a potent signal for survival and proliferation (91, 128, 129), and
is associated with cytoskeletal rearrangements (130). It is produced by a class I
PI3K (91) and is rapidly turned over by phosphatases like PTEN, which converts
PI[3,4,5]P3 to PI[4,5]P2 to inhibit cell growth and survival (131). This PPI was
thought to be absent in yeast due to the absence of any class I PI3K homologues
and an inability to detect PI[3,4,5]P3s. However, deletion of the PI[3,4,5]P3
phosphatase Ptnlp, PTEN homologue, made the PPI detectable in levels
comparable to those found in mammalian cells (131). PI[3,4,5]P3 synthesis in
Schizosaccharomyces pombe requires vps34p and its3p, suggesting a novel
biosynthetic pathway evolved before the appearance of class I PI3Ks (131). E.
festucae, like yeast, do not possess class I PI3Ks but do have a mammalian PTEN
homologue, TepA, suggesting fungi also use an alternative pathway for PI[3,4,5]P3

synthesis (Figure 1.4) (131, 132).

1.7 Methods for measuring PPI composition

Many methods have been developed to investigate membrane lipid composition in
mammals, plants, and fungi, the most common being; high performance liquid
chromatography (HPLC) (74, 84, 131, 133-135), electron microscopy (EM) (102),
and biosensors (96, 136-139). Each of these has distinct advantages and
limitations. In HPLC, lipids are extracted from whole cells, deacylated, and
analysed by anion exchange HPLC (140, 141). Lipids are identified through various

methods, such as co-chromatography with [3H] standards or by an online detector
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(74, 142). The advantage of this method is that it reveals all PPIs present and
relative quantities. However, the main limitations are that you do not know where
the lipid is localised nor can you visualise the lipid dynamics. EM analyses fixed
cells, which are cut into thin sections and labelled with a specific probe (102). The
high resolution of this method allows identification of the PPI in specific
organelles, and can detect PPI in organelles that other probes may not be able to
access (102). The main limitation of EM is that you are unable to visualise the lipid
dynamics, as the cells are fixed. It is also possible that you will not detect lipids
already bound to proteins (102). The biosensor method is now the most commonly
used due to the advantage of viewing lipid dynamics in living cells, crucial for
understanding lipid signalling. Additionally, biosensors may be able to compete
with PPI binding proteins revealing a localisation overlooked in EM. However, this
method has some limitations: light microscopy used to visualise the biosensors is
comparatively low resolution compared to EM; the biosensor must be
overexpressed to detect sufficient fluorescence, which may interfere with PPI
distribution; and PPIs may be masked or inaccessible to the biosensor so will

appear incorrectly absent (102, 131).

1.8  Aims of this study

Given both plant and mammalian Nox complexes are regulated by lipid signalling,
it is hypothesised that the regulatory mechanisms are likewise conserved in fungi.
To explore the role lipid signalling plays in assembling the fungal Nox complex this

study addressed the following aims and objectives:

1. Investigate whether the putative lipid-binding PH domain of Cdc24 is
necessary for its localisation to the hyphal tip.
- examine localisation of Cdc24 with and without the PH domain in axenic
culture

2. Using a suite of LBD biosensors, identify which PPIs are present in the
membranes of E. festucae under various conditions.
- examine biosensor localisation in axenic culture
- examine biosensor localisation during conidiospore germination

- examine biosensor localisation in planta
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. Assess whether altering the levels of P1[4,5]P2 has an effect on growth in
culture or on the mutualistic fungal-plant symbiosis.

- overexpress mssD

- analyse impact on axenic culture phenotype

- analyse impact on PPI distribution

- analyse impact on fungal-plant symbiosis
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2.1

Biological materials

Plasmids, bacterial strains, fungal strains, and plant material used in this study are

listed in Tables 2.1 and 2.2.

Table 2.1. Plasmids used in this study

Plasmids Relevant characteristic(s) Source or Reference
pRS426 AmpR/URA3 Christianson, Sikorski
(143)

pSF16.17 PtrpC-nptll-TtrpC; AmpR; GenR Saikia and Scott (144)

pSF15.15 PtrpC-nptll-TtrpC; AmpR; HygR Saikia and Scott (144)

pPN83 pBlueScriptll® KS(+) containing Pgpd- Tanaka, Christensen
EGFP-TtrpC; AmpR (46)

pCE105 pRS426 containing PgpdA- PLC PH This study
domain-eGFP-TtrpC; AmpR

pCE106 pRS426 containing PgpdA- HGS FYVE This study
domain-eGFP-TtrpC; AmpR

pCE107 pRS426 containing PgpdA- BTK PH This study
domain-eGFP-TtrpC; AmpR

pCE108 pRS426 containing PgpdA- PLEKHA2 PH This study
domain-eGFP-TtrpC; AmpR

pCE109 pRS426 containing PgpdA- PLEKHA3 PH This study
domain-eGFP-TtrpC; AmpR

pCE110 pRS426 containing PgpdA-mCherry-PLC This study
PH domain-TtrpC; AmpR

pCE111 pRS426 containing PgpdA-mCherry-HGS This study
FYVE domain-TtrpC; AmpR

pCE112 pRS426 containing PgpdA-mCherry-BTK This study
PH domain-TtrpC; AmpR

pCE113 pRS426 containing PgpdA-mCherry- This study
PLEKHAZ2 PH domain-TtrpC; AmpR

pCE114 pRS426 containing PgpdA-mCherry- This study

PLEKHA3 PH domain-TtrpC; AmpR
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pCE125

pCE126

pCE101

pCE127

pCE124

pRS426 containing PgpdA-eGFP-TtrpC; This study
AmpR

pRS426 containing PgpdA-mCherry- This study
TtrpC; AmpR

pRS426 containing PgpdA-mssD-TtrpC; This study
AmpR

pRS426 containing PgpdA-cdc24-eGFP- This study
TtrpC; AmpR

pRS426 containing PgpdA-cdc24APH- This study
eGFP-TtrpC; AmpR
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Table 2.2. Organisms used in this study

Organism/Strain Relevant characteristic(s) Description Source or Reference
E. coli
DH5a F-, ¢80lacZ, AM15, A(lacZYA-argF), U169, N/A Invitrogen

recAl, endAl, hsdR17 (rk-. Mk-), phoA,
supE44, A-, thi-1, gryA96, relA1

ES10
ES11
ES12
ES13
ES14
ES15
ES16
ES17
ES18
ES19

ES34
ES35

DH5a/pCE105
DH5a/pCE106
DH5a/pCE107
DH5a/pCE108
DH5a/pCE109
DH5a/pCE110
DH5a/pCE111
DH5a/pCE112
DH5a/pCE113
DH5a/pCE114

DH5a/pCE125
DH5a/pCE126

PLC-eGFP (PI[4,5]P2) biosensor
HGS-eGFP (PI[3]P) biosensor
BTK-eGFP (PI[3,4,5]P3) biosensor
Plekha2-eGFP (PI[4]P) biosensor
Plekha3-eGFP (PI[3,4]P2) biosensor
mCherry-PLC (PI[4,5]P2) biosensor
mCherry-HGS (PI[3]P) biosensor
mCherry-BTK (PI[3,4,5]P3) biosensor
mCherry-Plekha2 (PI[4]P) biosensor
mCherry-Plekha3 (PI[3,4]P2)
biosensor

eGFP control

mCherry control

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study

23



ES36
ES32

ES6

ES3

E. festucae
PN2278
PN2734

PN4175
EFS1-EFS3
EFS4-EFS6
EFS7-EFS9
EFS10-EFS12
EFS13-EFS15
EFS16, EFS17
EFS18-EFS20
EFS 21-EFS24
EFS25-EFS27
EFS 28-EFS31

DH5a/pCE127
DH5a/pCE124
DH5a/pCE101
DH5a/pCE98

Wild-type F11
Wild-type E2368

PN2278/pCT74

PN2278/pCE105
PN2278/pCE106
PN2278/pCE107
PN2278/pCE108
PN2278/pCE109
PN2278/pCE110
PN2278/pCE111
PN2278/pCE112
PN2278/pCE113
PN2278/pCE114

cdc24-eGFP
cdc24APH-eGFP
mssD over expression

mssD knockout cassette

N/A
N/A

eGFP control

PHpLc-eGFP (PI[4,5]P2) biosensor
FYVEncs-eGFP (PI[3]P) biosensor
PHerk-eGFP (PI1[3,4,5]P3) biosensor
PHpiekha2-eGFP (PI[4]P) biosensor
PHpiekna3-eGFP (PI[3,4]P2) biosensor
mCherry-PHpLc (PI[4,5]P2) biosensor
mCherry-FYVEncs (PI[3]P) biosensor
mCherry-PHsrk (PI[3,4,5]P3) biosensor
mCherry-PHpiekhaz (P1[4]P) biosensor
mCherry-PHplekha3 (P1[3,4]P2)

biosensor

This study
This study
This study
This study

Young, Bryant (145)

Wilkinson, Siegel (34),

Young, Aiken (35)

Lorang, Tuori (146)

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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EFS32, EFS33
EFS34, EFS35
EFS88-EFS90
EFS92-EFS94
EFS85-EFS87
EFS75, EFS76

EFS59-EFS61
EFS69-EFS71
EFS65

EFS77, EFS78
EFS62-EFS64
EFS79

EFS72-EFS74
EFS66-EFS68

EFS80-EFS83
EFS84
L. perenne

A11104

PN2278/pCE125
PN2278/pCE126
PN2278/ pCE127
PN2278/pCE124
PN2278/pCE101
PN2734/pCE105

PN2734/pCE106
PN2734/pCE108
PN2734/pCE109
PN2734/pCE110
PN2734/pCE111
PN2734/pCE112
PN2734/pCE113
PN2734/pCE114

PN2734/pCE125
PN2734/pCE126

L. perenne cv. Samson; endophyte free

eGFP control

mCherry control

cdc24-eGFP #3, #9, #10

cdc24APH-eGFP #11, #23, #24

mssD OE #17, #20, #53

PHpLc-eGFP (PI[4,5]P2) biosensor

FYVEncs-eGFP (PI[3]P) biosensor

PHpiekha2-eGFP (PI[4]P) biosensor

PHpiekna3-eGFP (PI[3,4]P2) biosensor

mCherry-PHpLc (PI[4,5]P2) biosensor

mCherry-FYVEncs (PI[3]P) biosensor
mCherry-PHsrk (PI[3,4,5]P3) biosensor
mCherry-PHpiekhaz (PI[4]P) biosensor

mCherry-PHpiekha3
biosensor
eGFP control

mCherry control

(PI[3,4]P2)

This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study

This study
This study

AgResearch
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2.2  Media, growth, and storage conditions

All media were prepared using ultrapure water from the Barnstead Nanopure
water purification system (Thermo Scientific™ Barnstead™ Nanopure™) and
sterilised by autoclaving at 121°C for 20 mins. All methods involving live cultures
or substances used in conjunction with live cultures were performed under sterile

conditions.

2.2.1 Escherichia coli

2.2.1.1 Luria-Bertani (LB) medium

LB medium contained 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% NaCl,
and pH adjusted to 7-7.5 with NaOH (147). LB agar additionally contained 1.5%

(w/v) agar.
2.2.1.2 Solid Culture

E. coli cultures were incubated overnight on plates containing ~25 mL LB agar
(Section 2.2.1.1) at 37°C, supplemented with antibiotic when appropriate (Section
2.3.1.4).

2.2.1.3 Liquid culture

A single colony from solid culture (Section 2.2.1.2) was inoculated into a sterile
test tube containing 5 mL LB medium (Section 2.2.1.1) and grown over night at
37°C, with shaking at 200 rpm. Antibiotics were added when appropriate (Section
2.3.14).

2.2.1.4 Antibiotic concentrations

Ampicillin was added to liquid or molten media, post-autoclaving, under sterile

conditions to a final concentration of 100 pg/mL.
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2.2.2 E. festucae

2.2.2.1 Potato dextrose (PD) medium

PD medium contained 2.4% (w/v) potato dextrose. PD agar additionally contained

1.5% (w/v) agar.
2.2.2.2 Regeneration (RG) medium

RG medium contained 2.4% PD and 0.8 M sucrose; pH adjusted to 6.5 with NaOH.
RG agar additionally contained 1.5% (w/v) agar for plates and 0.8% (w/v) agar for

transformation overlays.

2.2.2.3 Solid culture

Cultures were grown at 22°C for 5-10 days on plates containing ~25 mL PD agar
(Section 2.2.2.1) or RG agar (Section 2.2.2.2). When antibiotic was required,
hygromycin or geneticin was added post-autoclaving to a final concentration of

150 pg/mL or 200 pg/mL, respectively.

2.2.2.4 Liquid culture

Approximately 1 cm? of mycelia were diced and scraped off the surface of a freshly
grown solid culture colony (Section 2.2.2.3). For DNA isolation and protoplasting,
mycelia were added to sterile 125 mL flasks containing 50 mL PD medium (Section
2.2.2.1). For long-term storage, the mycelia were added to a sterile bijou bottle
containing 2.5 mL PD medium (Section 2.2.2.1). Both were then incubated at 22°C

for approximately 4 days, shaking at 200 rpm.

2.2.2.5 Short-term storage

Solid cultures plates were stored at 4°C for up to 6 months.
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2.2.2.6 Long-term storage

2.2.2.6.1 Mineral oil slants

Slants were prepared by setting 5 mL PD agar at an angle in a 15 mL falcon tube
and inoculated with a small piece of mycelium. The slants were incubated at 22°C
until 50% was covered (~7 days), then sterile mineral oil was pipetted over the
mycelia until fully submerged (~4 mL). The lid was closed to the first stop, sealed

with Parafilm, and stored at 4°C.

2.2.2.6.2 Glycerol stocks

After mycelia were grown in liquid culture (Section 2.2.2.4), 2.5 mL of 30%
glycerol was added to the bijou bottle. 1 mL of the mycelia mixture was added to a
1 mL cryotube in duplicate. Cryotubes were then placed in a Nalgene™ Mr. Frosty
freezing container and put in the -80°C freezer overnight. Tubes were then moved

to a cryobox and stored at -80°C.

2.3 DNA isolation

2.3.1 Isolation of plasmid DNA from E. coli

E. coli cells were grown as previously described (Section 2.2.1.3), and plasmid DNA
isolated using the GeneJet Miniprep Kit (Thermoscientific) according to the

manufacturer’s instructions.

2.3.2 Isolation of crude genomic DNA (gDNA) from E. festucae

E. festucae cultures were grown on PD agar plates (Section 2.2.2.1) for 7-10 days.
Mycelia from an entire colony were scraped off using a scalpel, placed in a
Eppendorf tube containing 150 uL of lysis buffer (100 mM Tris-HCl adjusted to pH
8.0, 100 mM EDTA, 1% SDS), and incubated at 70°C for 30 mins while the cellular
contents are released. 150 pL of 5 M potassium acetate was then added to each
tube, inverted 6 times, and incubated on ice for 15 mins to precipitate any proteins
present. Tubes were then centrifuged for 20 mins at 17,000 x g at 4°C, pelleting the

cell debris and proteins. Using a pipette, the supernatant was transferred to a fresh
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sterile Eppendorf tube containing 200 pL chilled isopropanol, inverted 6 times, and
incubated overnight in a -20°C freezer to precipitate as much DNA as possible. The
tubes were then centrifuged for 15 mins at 17, 000 x g to pellet the crude gDNA,
the supernatant carefully discarded using a pipette. The DNA pellet was then
washed by adding 300 pL of chilled 70% ethanol, centrifuging at 17, 000 x g for 5
mins, then removing the supernatant with a pipette. The pellet was left to air-dry
for 30 mins then resuspended in 30 uL sterile deionised water. To improve the
quality of the gDNA, the tubes were incubated at 70°C for 15 mins, centrifuged at
17, 000 x g for 15 mins, and the supernatant, containing crude gDNA, was
transferred to a fresh sterile tube leaving behind any impurities. Samples were

stored at -20°C.

2.3.3 Isolation of pure gDNA from E. festucae

The method for small-scale isolation of gDNA from fungal liquid cultures was
adapted from Byrd, Schardl (148). Mycelia were grown up in liquid culture as
previously described (Section 2.2.2.4) and harvested by pouring each culture
through a fabric liner. The mycelia were rinsed three times with deionised water
and blotted dry. Each strain was scraped into a 15 mL Falcon tube and freeze dried
for 24-48 hours. The mycelia were then ground to a fine powder under liquid
nitrogen. 10-20 mg of each strain were added to a 2 mL Eppendorf tube and
resuspended in 800 pL extraction buffer (150 mM EDTA, 50 mM Tris-HCI, 1% SLS;
pH 8.0). Proteinase K was added to each tube to a final concentration of 2 mg/mL
and incubated at 37°C for 20 mins. Tubes were then centrifuged at 17, 000 x g for
10 mins. The supernatant was then transferred to a new 2 mL Eppendorf tube.
0.5/0.5 volumes of phenol/chloroform were added to each tube and mixed
thoroughly. Samples were then centrifuged at 17, 000 x g for 10 mins and the
upper aqueous phase was carefully transferred to a new tube. The
phenol/chloroform steps were repeated twice more, followed by a final
chloroform step using 1 volume of chloroform. The upper aqueous phase was then
transferred to a tube containing 1 volume of chilled isopropanol to precipitate the
DNA and incubated for at least an hour at -20°C. The DNA was then pelleted by
centrifugation for 10 mins at 17, 000 x g. The pellet was washed with 1 mL of
chilled 70% (v/v) ethanol and centrifuged for 5 mins at 17, 000 x g. The
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supernatant was discarded, and the pellet air-dried at room temperature. The

pellet was then resuspended in 100 pL sterile deionised water and stored at -20°C.

2.4 DNA manipulation

2.4.1 DNA quantification

Crude gDNA was quantified using the NanoPhotometer (Implen) according to the

manufacturer’ s instructions.

Pure gDNA was quantified using the Qubit® 2.0 fluorometer (Thermo Fisher

Scientific) according to the manufacturer’s instructions.

2.4.2 Restriction endonuclease digestion

To confirm the identity of an extracted plasmid, plasmid DNA was digested using
commercial restriction enzymes (Roche and NEB) in an appropriate buffer. The
digests were carried out in 10 pL reaction volumes, containing 10 units of enzyme,
1X buffer, and 1 pg of DNA. Each digest was then incubated for 1 hour at 37°C and
the fragment sizes were then identified by gel electrophoresis (Section 2.4.3) and

compared to expected values.

2.4.3 Agarose gel electrophoresis

DNA samples were separated on gels prepared from molten agarose, 0.8% (w/v) -
1.8% (w/v) depending on the size of the DNA fragments. Gels were immersed in 1x
Tris/Borate/EDTA (TBE) buffer (89 mM Tris, 89 mM boric acid, 2 mM NazEDTA,
pH adjusted to 8.2) and loaded with DNA samples mixed with 2-5 pL loading dye
(20% (w/v) sucrose, 5 mM EDTA, 1% (w/v) SDS, and 0.2% (w/v) bromophenol
blue) depending on the amount of DNA loaded. Gels were then run at 100-110

volts/cm, until the dye front was approximately 1 cm from the bottom of the gel.

To visualise DNA, the molten agarose was either mixed with 1 uL. SYBR™ safe per 1
mL molten agarose prior to pouring the gel, or the gel was post-stained by
immersion in 0.2% ethidium bromide for 15-20 mins. A UV Transilluminator Gel

Documentation System (Bio-Rad) was used to visualise and photograph the gel.
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2.4.4 Gel purification

DNA fragments for sub-cloning were purified from agarose gels (Section 2.4.3.)
using the Wizard® SV Gel and PCR Clean-UP system (Promega), as per the

manufacturer’s instructions.

2.5 RNAisolation and manipulation

2.5.1 Isolation of total RNA from fungal mycelia

Mycelia grown in liquid culture (Section 2.2.2.4) were filtered through sterile
fabric liners and washed three times with sterile deionised water, mycelia were
pressed between paper towels to remove as much water as possible and then flash
frozen with liquid nitrogen. Samples were ground into a fine powder with a mortar
and pestle and 1.2 mL of TRIzol® reagent (Invitrogen) was immediately added and
mixed well to protect from RNases. After the resulting mixture reached room
temperature, 1 mL was transferred to an Eppendorf tube and centrifuged for 5
mins at 12, 000 x g at 4°C. 1 mL of supernatant was moved to a new tube
containing 0.2 mL chloroform, mixed well, incubated at room temperature for 2-3
mins, and centrifuged for 15 mins as above. 0.6 mL of the aqueous phase was
transferred to a new tube containing 0.6 mL isopropanol and 0.3 mL high salt
solution (0.8 M sodium citrate, 1.2 M NaCl, in DEPC-treated H20), inverted 6 times,
and incubated at room temperature for 10 mins to precipitate the RNA. Tubes
were then centrifuged as above for 10 mins to pellet the RNA. The supernatant was
discarded using a pipette then the pellet was washed by adding 75% ethanol (in
DEPC H:20), centrifuging for 5 mins at 7, 500 x g at 4°C, and removing as much
supernatant as possible using a pipette leaving the pellet to air dry. The pellet was
then resuspend in 100 uL. RNAsecure solution (Ambion), incubated at 60°C for at

least 10 mins to inactivate any RNases, and stored at -80°C.

2.5.2 RNA quantification

RNA was quantified using the NanoPhotometer (Implen) according to the

manufacturer’ s instructions.
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2.5.3 DNase I treatment

RNA used for RT-PCR (Section 2.6.2) was first treated with RNase-free DNase |
(NEB). 5 ug RNA was treated with 1 unit of DNase in a 50 pL reaction volume with
1x DNase Reaction Buffer and incubated at 37°C for 10 min. DNase I was
subsequently inactivated by the addition of 3 M NaOAc and 250 pL absolute
ethanol and stored at -20°C overnight. The mixture was then centrifuged for 15
mins at 17, 000 x g, 4°C to pellet the RNA. The pellet was then washed with 70%
ethanol, centrifuged for a further 30 mins, dried, and re-suspended in 30 pL
RNase-free water. RNA concentration was re-determined following DNase I

treatment.

2.5.4 Determining RNA quality

Electrophoresis of total RNA samples to check quality was performed on
denaturing SDS agarose gels (0.3% SDS, 1.2% agarose). Gels were stained using
ethidium bromide and visualised as described in Section 2.4.3. High quality RNA
samples displayed two distinct ribosomal RNA bands.

2.6 Polymerase chain reaction (PCR)

PCR was performed using a Biometra® T1 Thermocycler. Primers used in this

study are listed in Table 2.3.
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Table 2.3. PCR primers used in this study

Name

Sequence (5’ - 3’)

Target sequence Used for

pRS426-Pgpd-
F

Pgpd-R
Pgpd-F
pRS426-TtrpC-
R

hgs1

hgs2

hgs3
mCherry-F
btk1
plekha3-1

mss5

mssé6

mss7

GTAACGCCAGGGTTTTCCCAGTCACGACGAATTCCCTTGTATCTCTACA
GGCGGATTTTAGGCTCAAGTC

GACTTCAGCAACATCTCCTGG
GCGGATAACAATTTCACACAGGAAACAGCCCATCTTAGTAGGAATGATTTT
ggATTCGTCAAGCTGTTTGATGATTTCAGCTACTTCTTGTTGAGCTGCTC
ACAGCTACCCCGCTTGAGCAGACATCACCATGGAGCGCGCCCCCGACTGGG
EEE%TGCTCACCATTCCTCCTCCTCCTCCCTTCTTGTTGAGCTGCTCGTAGC
ACAGCTACCCCGCTTGAGCAGACATCACCATGGTGAGCAAGGGCGAGGAG
AGATTCGTCAAGCTGTTTGATGATTTCAGCTACTCGAGGATCTGGCAGCC
AGATTCGTCAAGCTGTTTGATGATTTCAGCTAGGTGAGGCAGGCCTTGC
ACAGCTACCCCGCTTGAGCAGACATCACCATGCCCTCGTTTCTCAACGAC

AGATTCGTCAAGCTGTTTGATGATTTCAGCTAAACCATGCGTACGCCGCT

GCAAGCAAGCGGAAGATTCTC

gpdA promoter, Fwd
gpdA promoter, Rev
gpdA promoter, Fwd
trpC terminator, Rev

trpC terminator, Rev

Screening
oS TR doney | D oogis
strains
Fwd
HGS FYVE domain,
Rev
mCherry, 5’ Fwd
trpC terminator, Rev
trpC terminator, Rev
mssD, Fwd
Screening
mssD, Rev mssQ OF
strains
mssD, Fwd
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mss12

mss13

cdcl

cdc3

cdc4

CCAGTTTGGAAGTGCTTTAGC

AGAAATCGGTCGTCACTCTCG

ACAGCTACCCCGCTTGAGCAGACATCACCATGGCCCATGCTCCCCTCCTTC

GCACCCCGACATTCCCAGAGC

TTGGCCCTCGCCAACGCAGAAG

Mssmss7D, Fwd
mssD, Rev
cdc24, Fwd
cdc24, Fwd

cdc24, Rev

mssD KO
screen

Cdc24
construct
screen
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2.6.1 Standard PCR amplifications

Standard PCR reactions werem performed using OneTaq® DNA polymerase (New
England Biolabs, Inc.) in 12.5 pL reaction volumes with 1x OneTaq standard buffer,
200 pM dNTPs, 0.2 uM forward primer, 0.2 uM reverse primer, 1.25 units OneTaq
DNA polymerase, and <1000 ng DNA template. Reaction conditions were: one cycle
at 94°C for 30 s; 29-35 cycles at 94°C for 30 s, 50°C for 30 s, 68°C for 1 min/1kb

product; one cycle at 68°C for 5 min.

2.6.2 Reverse-transcription PCR (RT-PCR)

For quantitative reverse transcription PCR (qRT-PCR), reactions were performed
with the QuantiTect Transcription Kit (Qiagen), according to the manufacturer’s
instructions. 1 pg of DNase treated RNA was used in a 20 pL reaction volume.
cDNA synthesised from RNA was either directly used in qRT-PCR or stored at -
20°C.

2.6.3 Quantitative reverse transcription PCR (qRT-PCR)

qRT-PCR reactions were prepared in 384-well plates using a 10 pL reaction
volume containing 1 pL. DNA (diluted to 10 ng/pL), 1x SsoFast™ EvaGreen®
Supermix (Bio-Rad), and 0.5 puM of each forward and reverse primer. Two
technical replicates were included in each experiment for reproducibility. Primers

used for qRT-PCR in this study are listed in Table 2.3.

Table 2.4. qRT-PCR primers used in this study

Name Sequence (5’ - 3’) Target sequence

TC399 AAAAAGCAACCGAATGCAAG EF-2 Fwd
TC400 CGAGACGACATAACTACATGTATCAAA EF-2 Rev

TC407 TAGCTGGCGTTATGGAAAGG S22 Fwd
TC408 CGATTGTGCGACTACTACCTCA S22 Rev
AC33 TGCGTGACAAAACTCTCCAG MSSD OE Fwd
AC34 AGCCTTTCTCACGTTCTCCA MSSD OE Rev
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2.6.3.1 Cycling conditions

qRT-PCR was performed using the LightCycler® 480 Instrument II (Roche).
Reaction conditions were: one cycle at 95°C for 30 s; 40 cycles at 96 for 5 s and
60°C for 10 s; melt curve at 65-95°C with a ramp of 0.4°C/ s. Signal was acquired at

the end of each extension step and during the melt curve.

2.6.3.2 Data analysis

Relative amounts of cDNA between target and reference genes were calculated by
comparison of the two concentration values calculated using the 2(2¢p) method
(149), reflecting degree of expression. Fold difference was then calculated by
comparing the relative expression of the gene of interest in over expression strains

to that in the wild-type (WT) FI1 strain.

2.7 Transformation techniques

2.7.1 Preparation of E. festucae protoplasts

Mycelia were grown in liquid culture as previously described (Section 2.2.2.4),
harvested by filtering through a sterile fabric liner, and washed using sterile water
followed by OM buffer (1.2 M MgS04.7H20, 100 mM NazHPOs, pH adjusted to 5.8
using 100 mM NaH2P04.2H20). 50 mL of 0.45 pm filtered-sterilised Trichoderma
harzianum lysing enzyme (Sigma-Aldrich L1412; 10 mg/mL in OM buffer) was
added to flasks containing approximately 4 g of mycelia in each. The flasks were
incubated at 22°C overnight, shaking at 80 rpm. The mixture was then filtered
using a sterile fabric liner and the filtrate, containing the protoplasts, was divided
into 5 mL aliquots, and carefully overlaid with 2 mL of ST buffer (0.6 M sorbitol, 1
M Tris-HCI, pH adjusted to 8). Tubes were centrifuged at 2375 x g for 5 mins at 4°C
and the interface which forms between the lysing enzyme solution and ST bulffer,
containing the protoplasts, was removed into a fresh tube using a pipette. 5 mL of
STC buffer (1 M sorbitol; 1 M Tris-HCI, pH adjusted to 8; 50 mM CaClz) was added,
mixed gently, and centrifuged at 2, 375 x g. This step was then repeated, pooling
the samples together after each repetition, halving the number of tubes each time

until one tube remained, which contained all the protoplasts. 500 pL of STC buffer
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was used to resuspend the protoplasts in this tube. The concentration of
protoplasts present was calculated using a haemocytometer and the mixture was
then diluted as to contain 1.25 x 108 protoplasts/mL using STC buffer. 20 pL of
40% PEG (w/v) was then added to 80 pL aliquots of protoplast solution and the
tubes stored at -80°C.

2.7.2 Co-transformation of E. festucae protoplasts

Protoplasts were transformed using a method adapted from Itoh, Johnson (150).
One tube of protoplasts per sample DNA and two extra tubes for controls were
thawed on ice (Section 2.7.1). 3 pg of sample plasmid and 2 pg of antibiotic
resistance-encoding plasmid were added to each sample tube along with 2 pL of 50
mM spermidine (Sigma) and 5 pL of 5 mg/mL heparin (Sigma). To another tube
only the antibiotic resistance-encoding plasmid as well as spermidine and heparin
were added (positive control); and to the last tube, nothing was added (no DNA
control). The tubes were incubated on ice for 30 mins, then 900 pL of 40% (w/v)
PEG solution was added. The tubes were mixed well and returned to ice for a
further 20 mins. For the sample transformations, five 200 pL aliquots of each
transformation mixture were suspended in 3.5 mL of 0.8% soft RG overlay pre-
warmed to 50°C and poured over thin 1.5% RG plates of known volume (Section
2.2.2.2). For the no DNA control, two 100 pL aliquots were resuspended and plated
as above (antibiotic resistance negative control and neat cell viability control). A
serial dilution was then made using STC buffer producing 101, 102, and 103
dilutions, 100 pL aliquots of each were then plated as above (cell viability 101, 102,
and 103 dilutions). For the positive control, a 100 uL aliquot was suspended in agar
and plated as above. Plates were incubated at 22°C overnight then overlaid with
0.8% soft RG agar containing appropriate antibiotic selection (Section 2.2.2.3), or
no antibiotic for the cell viability controls. Plates were then incubated at 22°C for
up to 14 days. Isolated colonies growing through the antibiotic overlay were
picked from the sample plates and placed on PD plates containing antibiotic
(Section 2.2.2.3). Colonies were nuclear purified by three successive subculturing
rounds, only taking a very small amount of fresh mycelia from the colony edge

each time.
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2.8 Isolation of E. festucae spores

Five E. festucae colonies were subcultured onto five PD agar plates (Section
2.2.2.1) and grown for 6-8 days at 22°C. To the first plate, 2 mL of sterile deionised
water was added and a glass spreader was used to scrub the colonies for
approximately 1 minute. The plate was then tilted and the liquid transferred to the
next plate. This was repeated for all plates adding more deionised water if
necessary. The liquid from the last plate was filtered through sterile glass wool
into an Eppendorf tube and plated for microscopy (Section 2.10.2). Both FI1 and
E2368 E. festucae strains were used. E2368 biosensor strains were specifically

generated as they produced more spores.

2.9 Plantinoculation and growth

2.9.1 Seed sterilisation

Endophyte-free L. perenne seeds were surface sterilised using an adaptation of the
method of Latch and Christensen (151). Seeds were soaked in 50% (v/v) H2S04
with 2% (w/v) available chlorine for 30 mins, rinsed in water three times, soaked
in 50% (v/v) chlorine bleach for 30 mins, and rinsed in sterile deionised water

three times. The seeds were left to air-dry in the laminar flow cabinet.

2.9.2 Seedling germination and inoculation

Surface-sterilised L. perenne seedlings (Section 2.9.1) were placed on water agar
plates (3% (w/v)) and incubated at 22°C for 7 days in continuous darkness.
Germinated seedlings were then inoculated with E. festucae mycelia, freshly grown
on PD agar (Section 2.2.2.3), using the method of Latch and Christensen (151). In
this method, fungal mycelia are introduced to the seedling via a small incision
along the shoot apical meristem. Seedlings were incubated at 22°C for the next two
weeks, 7 days in continuous darkness followed by 7 days in light conditions. The
seedlings were then planted into root trainers containing pre-watered commercial
potting mix and grown in a temperature (19°C) and light (16 h light / 8 h dark)
controlled growth room. Light was provided with Gro-lux bulbs (Sylvania). Plants

were watered when necessary.
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2.9.3 Endophyte detection in planta

To screen for systemic endophyte infection, L. perenne plants were immunoblotted
6-8 weeks after planting. Tillers were cut close to the base of the pseudostem and
pressed onto a nitrocellulose membrane (NCM). The NCM was then immersed in
blocking solution (20 mM Tris, 10 mM HCI, 50 mM NacCl, 0.5% non-fat milk
powder, pH adjusted to 7.5) for 2 hours with gentle shaking at room temperature.
Blocking solution was decanted off and 15 mL of fresh blocking solution mixed
with 5 pL primary rabbit polyclonal antibody raised to E. festucae var lolii
(AgResearch) was added and incubated over night at 4°C with gentle shaking. The
membrane was well rinsed with fresh blocking solution and incubated for 2 hours
with 15 mL blocking solution mixed with 1.5 pL anti-rabbit alkaline phosphatase-
conjugated secondary antibody (Santa Cruz Biotechnology, INC) at room
temperature. The membrane was again thoroughly washed with fresh blocking
solution and developed with Fast Red chromogen (Sigma-Aldrich, F4648) for 15
mins. The spots from infected tillers changed from green to dark pink, whereas

those from uninfected plants appeared light pink.

2.10 Microscopy

2.10.1 In culture hyphal analysis

Slide plates were made by pouring a thin layer of 3% (w/v) water agar as a base.
When the layer solidified a sterile slide was placed on top and overlayed with 8-10
mL 1.5% (w/v) water agar. One colony of an E. festucae strain was subcultured
either side of the slide (42). After 6-9 days, a thin section of agar was excised using
a scalpel and transferred to a clean glass slide where a coverslip was applied. The
hyphal morphology and localisation of fluorescent constructs was examined in
culture using the Olympus [X83- based Multidimensional Imaging Platform. Images
were acquired using the QImaging Retiga 6000M camera, using the 60x, numerical
aperture (NA) 1.42 lens. Data was acquired using Olympus CellSens Dimensions
V1.13, using a bin of 2x2. Hyphae were imaged using Differential Interference
Contrast (DIC) optics. eGFP tagged constructs were imaged using a standard FITC
filter set (excitation, BP460-495; emission, BP510-550; and dichroic filter,
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DM575). Strains containing mCherry tagged constructs were imaged with a altered
of red filter (excitation, BP520-550; emission, LP565; and dichroic filter, DM565).
Samples stained with Calcofluor white were imaged using a modified DAPI filter
set (excitation, BP330-385; emission, LP420; and dichroic filter, DM400). Images

were further optimised using Image].

2.10.2 Conidia analysis

Three spots of conidia solution (Section 2.8) were pipetted along the length of a
slide plate (Section 2.10.1). Two more spots were applied on top of each of these
three spots, allowing time for each spot to dry in between. Slide plates were then
incubated at 22°C for approximately 19 hours. A thin section of agar was excised
using a scalpel and transferred to a clean glass slide where a coverslip was applied.
The hyphal morphology and localisation of fluorescent constructs was examined in
culture using the Olympus [X83- based Multidimensional Imaging Platform. Images
were acquired using the QImaging Retiga 6000M camera, using the 60x, numerical
aperture (NA) 1.42 lens (phialides) and the 100x, NA 1.4 lens (conidia). Data was
acquired using Olympus CellSens Dimensions V1.13, using a bin of 2x2. Hyphae
were imaged using Differential Interference Contrast (DIC) optics. Fluorophores
eGFP and mCherry, and Calcofluor white were excited with a mercury lamp using

standard FITC filter cubes. Images were further optimised using Image].

2.10.3 In planta hyphal analysis

Tillers were freshly harvested and sections of sheath tissue, approximately 0.5 x 1
cm, were taken from the innermost leaf at the base of the pseudostem. These
sections were mounted in approximately 20 pL of deionised water and covered
with a glass cover slip. In planta localisation of biosensor constructs was examined
using the Leica SP5 DM6000B Scanning Confocal Microscope driven by LAS AF
V2.7.3.9723. Images were acquired using 40x oil immersion objective, NA 1.25
lens. eGFP biosensors were excited at 488 nm by a laser and emission was
captured from 495 nm - 600 nm. mCherry biosensors were excited at 561 nm by a
laser and emission was captured from 571 nm - 612 nm. Images were further

optimised using Image].
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2.11 Bioinformatics

E. festucae genomic and protein sequence were accessed from the E. festucae
Genome Project at the University of Kentucky (http://www.endophyte.uky.edu;
(152)). Other fungal gene and protein sequences were retrieved from the NCBI
(https://www.ncbi.nlm.nih.gov) and FungiDB (http://fungidb.org/fungidb/)
databases. Multiple amino acid sequence alignments were generated by ClustalW
using the Gonnet matrix with an open gap penalty of 10.0, an extended gap penalty
of 0.02, and a 30% delay divergent. Pairwise alignment identity scores were
generated through a global alignment with free end gaps using the Blosum62

matrix.
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3.1 Cdc24 localisation

Lipid signalling in mammalian and plant cells involves localised synthesis of
specific PPIs to form lipid domains for recruitment of enzyme complexes such as
the Nox complex, through binding of individual components that contain LBDs
such as PH and PX domains. Interaction of these LBDs with the membrane
combined with their ability to form protein-protein interactions with each other
leads to recruitment and assembly of the complex at the membrane (53, 153). One
key cytosolic component of the fungal Nox complex is the guanine nucleotide
exchange factor Cdc24. This protein is known to preferentially localise to tips of
growing hyphae and to septa in E. festucae (48). However, the mechanism
responsible for this specific localisation is unknown. InterProScan analysis
predicts that Cdc24 had three domains: a calponin homology domain (CH) at the
N-terminus, potentially involved in actin binding (IPR036872); a pleckstrin
homology domain (PH), involved in binding PPIs (IPR033511); and a Phox and
Bem1 domain (PB1) at the C-terminus, which functions as a protein binding
module through PB1l-mediated heterodimerization or homo-oligomerization
(IPRO00270) (Figure 3.1A). PH domains generally have a strong affinity for a
specific PPI with lower affinity for other PPIs (154, 155), suggesting that the PH

domain of Cdc24 may crucial for localisation of this protein in E. festucae, as it is in

yeast (72).
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Figure 3.1. Cdc24-eGFP and Cdc24APH-eGFP localisation constructs.
Polypeptide structure of Cdc24-eGFP (A) and Cdc24APH-eGFP, with amino acids (aa) 425-580
removed (B). InterProScan identified three domains; the Calponin homology (CH, IPR036872;
purple), Pleckstrin homology (PH, IPR033511; blue), and Phox and Beml interaction
(PB1, IPR000270; yellow) domains. Both polypeptides are C-terminally fused to enhanced green
fluorescent protein (eGFP; green) with a 5x Glycine linker, enabling visualisation of the protein in

vivo.
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3.1.1 Generation of transformants

To investigate whether the PH domain of Cdc24 is indeed necessary for its
localisation, two constructs were prepared by Dr Carla Eaton (Appendix 6.2.1), one
with the WT gene fused to eGFP (pCE127) and the other with the internal PH
domain deleted also fused to eGFP (pCE124) (Figure 3.1; Appendices 6.3.1.1 and
6.3.1.2). Transformants were generated by co-transforming WT E. festucae strain
F11, protoplasts with each construct and pSF16.17 for antibiotic selection (Section
2.7.2; Appendix 6.3.4.1). Geneticin resistant transformants were picked and
nuclear purified with three rounds of sub-culturing. Crude genomic DNA was
extracted (Section 2.3.2) and used as template to PCR screen the transformants for
presence of the construct. Three primer pairs spanning the 5, middle and 3’
regions of the construct were used to confirm successful integration of each
construct (Section 2.6.1; Figure 3.2). Transformants found to contain bands
corresponding to the predicted sizes for each of these reactions were selected for

further analysis.

3.1.2 Culture analysis

Strains were sub-cultured onto 1.5% (w/v) water agar slide plates, grown for 6-9
days, and analysed on the fluorescent microscope (Section 2.10.1). The construct
expressing the WT gene fused to eGFP, Cdc24-eGFP, localised to the centre of
hyphal septa and infrequently at the PM of hyphal tips as seen in previous studies
(48), (Figure 3.3A; Appendix 6.4.1). There was also high level of background
fluorescence possibly due to overexpression of the construct but most likely from
free eGFP, as a previous western has shown that eGFP is prone to cleavage
(Appendix 6.5). The construct expressing Cdc24 with the PH domain removed
fused to eGFP, Cdc24APH-eGFP, mislocalised and was not present in any hyphal
tips analysed or at the centre of septa (Figure 3.3B; Appendix 6.4.2). The intensity
of fluorescence was stronger across some septa than in the cytoplasm, however, it
is unclear whether this was due to specific localisation or due to compression of
the cytoplasm against the septa by vacuoles. Importantly, these results suggest
that the PH domain of Cdc24 is essential for normal localisation to the hyphal tip

and is likely also important for localisation to septa.
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Figure 3.2. PCR screen of Cdc24-eGFP and Cdc24APH-eGFP transformants. (A) Strategy for
screening the cdc24-eGFP construct, pCE127, using three primer pairs covering the start (pRS426-Pgpd-
F/Pgpd-R, 1412 bp; blue arrows), middle (cdcl/cdc4, 3222 bp; orange arrows), and end (cdc3/pRS426-
TtrpC, 2702 bp; purple arrows) of the construct. (B) Gel electrophoresis of PCR screen with primers pairs
amplifying the start, middle, and end of the cdc24-eGFP construct for strains EFS88-90. @ = negative
control. M = 1kb plus ladder. Approximate fragment sizes are given in kilobases. (C) Strategy for
screening the cdc24APH-eGFP construct, pCE124, using three primer pairs covering the start (pRS426-
Pgpd-F/Pgpd-R, 1412 bp; blue arrows), middle (cdcl/cdc4, 2650 bp; orange arrows), and end
(cdc3/pRS426-TtrpC, 2702 bp; purple arrows) of the construct. (D) Gel electrophoresis of PCR screen
with primers pairs amplifying the start, middle, and end of the cdc24APH-eGFP construct for strains
EFS92-94. @ = negative control. M = 1kb plus ladder. Approximate fragment sizes are given in kilobases.
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Figure 3.3. Localisation of Cdc24-eGFP and Cdc24APH-eGFP.
Differential interference contrast (DIC) and fluorescent microscopy (eGFP) images of hyphal tips
and septa from three independent transformants of (A) Cdc24-eGFP (#3, EFS88; #9, EFS89; and
#10, EFS90) and (B) Cdc24APH-eGFP (#11, EFS92; #23, EFS 93; and #24, EFS94). Fluorescence
signals have been pseudocoloured green and the DIC signal appears in grey scale. Mycelia were

grown on 1.5% (w/v) water agar for 6 days at 22°C. Bars = 5 pm.

3.2  Localisation of lipid-binding domain biosensors in Epichloé festucae

To identify potential PPIs involved in lipid signalling, a comprehensive analysis

was carried out to detect and localise predicted PPIs present in E. festucae.

A suite of LBD biosensors was designed in silico by Dr Carla Eaton (Appendix
6.2.2). Each was designed to target a specific PPI, including PI[3]P, PI[3,4]P2,
PI[3,4,5]P3, PI[4]P, and PI[4,5]P2, through a mammalian (Mus musculus) lipid-
binding protein domain of known specificity (Appendix 6.1), fused either N-
terminally to mCherry or C-terminally to eGFP (Appendix 6.3.2). In addition,
control constructs were generated to express free mCherry and eGFP and confirm
the fluorophore did not influence the biosensor localisation (Appendix 6.3.2). Each
construct was codon optimised based on E. festucae codon bias as determined

from a codon bias matrix generated by Dr Pierre-Yves Dupont.

3.2.1 Generation and screening of biosensor transformants

Transformants were generated by co-transforming WT E. festucae strain Fl1
protoplasts with each construct and a plasmid for geneticin resistance, pSF16.17
(Section 2.7; Appendix 6.3.4.1). Geneticin resistant transformants were picked
then nuclear purified with three rounds of sub-culturing. Some transformants had
reduced radial growth, likely due to overexpression of the construct interfering
with normal cellular activity, so were discarded. Both crude and pure gDNA were
extracted from strains with WT morphology (Sections 2.3.2 and 2.3.3) and used as
template to PCR screen the transformants. Two or three primer pairs spanning the
construct were used to confirm the successful integration of the biosensor

construct (Section 2.6.1; Figures 3.4 to 3.9).
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Figure 3.4. PCR screen of eGFP and mCherry control transformants. (A) Strategy for screening
the eGFP construct, pCE125, using two primer pairs covering the start (pRS426-Pgpd-F/Pgpd-R,
1412 bp; blue arrows) and end (Pgpd-F/pRS426-TtrpC, 2764 bp; purple arrows) of the
construct. (B) Gel electrophoresis of PCR screen with primers pairs amplifying the start and end of
the eGFP construct. @ = negative control. M = 1kb plus ladder. Approximate fragment sizes are
given in kilobases. (C) Strategy for screening the mCherry construct, pCE126, using two primer
pairs covering the start (pRS426-Pgpd-F/Pgpd-R, 1412 bp; blue arrows) and end (Pgpd-F/pRS426-
TtrpC-R, 2461 bp; purple arrows) of the construct. (D) Gel electrophoresis of PCR screen with
primers pairs amplifying the start and end of the mCherry construct. @ = negative control. M = 1kb

plus ladder. Approximate fragment sizes are given in kilobases.
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Figure 3.5. PCR screen of PI[3]P lipid-binding domain biosensor transformants. (A) Strategy
for screening the HGS-eGFP construct, pCE106, using three primer pairs covering the start
(pRS426-Pgpd-F/Pgpd-R, 1412 bp; blue arrows), middle (Pgpd-F/hgs3, 1359 bp; orange arrows),
and end (hgs2/pRS426-TtrpC-R, 1588 bp; purple arrows) of the construct. (B) Gel electrophoresis
of PCR screen with primers pairs amplifying the start, middle, and end of the eGFP construct. @ =
negative control. M = 1kb plus ladder. Approximate fragment sizes are given in kilobases. (C)
Strategy for screening the mCherry-HGS construct, pCE111, using three primer pairs covering the
start (pRS426-Pgpd-F/Pgpd-R, 1412 bp; blue arrows), middle (Pgpd-F/hgsl, 2169bp; orange
arrows), and end (mCherry-F/pRS426-TtrpC-R, 1643bp; purple arrows) of the construct. (D) Gel
electrophoresis of PCR screen with primers pairs amplifying the start, middle, and end of the
mCherry construct. @ = negative control. M = 1kb plus ladder. Approximate fragment sizes are

given in kilobases.
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Figure 3.6. PCR screen of PI[3,4]P: lipid-binding domain biosensor transformants. (A)
Strategy for screening the Plekha2-eGFP construct, pCE108, using two primer pairs covering the
start (pRS426-Pgpd-F/Pgpd-R, 1412 bp; blue arrows) and end (Pgpd-F/pRS426-TtrpC, 2809 bp;
purple arrows) of the construct. (B) Gel electrophoresis of PCR screen with primers pairs
amplifying the start and end of the eGFP construct. @ = negative control. M = 1kb plus ladder.
Approximate fragment sizes are given in kilobases. (C) Strategy for screening the mCherry-Plekha2
construct, pCE113, using two primer pairs covering the start (pRS426-Pgpd-F/Pgpd-R, 1412 bp;
blue arrows) and end (Pgpd-F/pRS426-TtrpC-R, 2780 bp; purple arrows) of the construct. (D) Gel
electrophoresis of PCR screen with primers pairs amplifying the start and end of the mCherry
construct. @ = negative control. M = 1kb plus ladder. Approximate fragment sizes are given in

kilobases.
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Figure 3.7. PCR screen of PI[3,4,5]Ps lipid-binding domain biosensor
transformants. (A) Strategy for screening the BTK-eGFP construct, pCE107, using two primer
pairs covering the start (pRS426-Pgpd-F/Pgpd-R, 1412 bp; blue arrows) and end (Pgpd-F/pRS426-
TtrpC, 2764 bp; purple arrows) of the construct. (B) Gel electrophoresis of PCR screen with primers
pairs amplifying the start and end of the eGFP construct. @ = negative control. M = 1kb plus ladder.
Approximate fragment sizes are given in kilobases. (C) Strategy for screening the mCherry-BTK
construct, pCE112, using three primer pairs covering the start (pRS426-Pgpd-F/Pgpd-R, 1412 bp;
blue arrows), middle (Pgpd-F/btk1, 2382 bp; orange arrows), and end (mCherry-F/pRS426-TtrpC-
R, 1643 bp; purple arrows) of the construct. (D) Gel electrophoresis of PCR screen with primers
pairs amplifying the start, middle, and end of the mCherry construct. @ = negative control. M = 1kb

plus ladder. Approximate fragment sizes are given in kilobases.
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Figure 3.8. PCR screen of PI[4]P lipid-binding domain biosensor transformants. (A) Strategy
for screening the Plekha3-eGFP construct, pCE109, using two primer pairs covering the start
(pRS426-Pgpd-F/Pgpd-R, 1412 bp; blue arrows) and end (Pgpd-F/pRS426-TtrpC, 2764 bp; purple
arrows) of the construct. (B) Gel electrophoresis of PCR screen with primers pairs amplifying the
start and end of the eGFP construct. @ = negative control. M = 1kb plus ladder. Approximate
fragment sizes are given in kilobases. (C) Strategy for screening the mCherry-Plekha3 construct,
pCE114, using three primer pairs covering the start (pRS426-Pgpd-F/Pgpd-R, 1412 bp; blue
arrows), middle (Pgpd-F/Plekha3-1, 2169 bp; orange arrows), and end (mCherry-F/pRS426-TtrpC-
R, 1643 bp; purple arrows) of the construct. (D) Gel electrophoresis of PCR screen with primers
pairs amplifying the start, middle, and end of the mCherry construct. @ = negative control. M = 1kb

plus ladder. Approximate fragment sizes are given in kilobases.
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Figure 3.9. PCR screen of PI[4,5]P: lipid-binding domain biosensor transformants. (A)
Strategy for screening the PLC-eGFP construct, pCE105, using two primer pairs covering the start
(pRS426-Pgpd-F/Pgpd-R, 1412 bp; blue arrows) and end (Pgpd-F/pRS426-TtrpC, 2860 bp; purple
arrows) of the construct. (B) Gel electrophoresis of PCR screen with primers pairs amplifying the
start and end of the eGFP construct. @ = negative control. M = 1kb plus ladder. Approximate
fragment sizes are given in kilobases. (C) Strategy for screening the mCherry-PLC construct,
pCE110, using two primer pairs covering the start (pRS426-Pgpd-F/Pgpd-R, 1412 bp; blue arrows)
and end (Pgpd-F/pRS426-TtrpC-R, 2831 bp; purple arrows) of the construct. (D) Gel
electrophoresis of PCR screen with primers pairs amplifying the start and end of the mCherry
construct. @ = negative control. M = 1kb plus ladder. Approximate fragment sizes are given in

kilobases.
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Transformants with bands corresponding to the correct size, suggestive of full
construct integration, were selected for further analysis. Arvina Ram carried out
western blot analyses to check for expression of each fusion protein (Appendix
6.5). The molecular weight (MW) of free eGFP and eGFP fused to the LBD was
predicted wusing https://www.bioinformatics.org/sms/prot_mw.html. Bands
corresponding to the predicted MW were detected in all transformants analysed
(Appendix 6.5.1). Similarly, strains shown to contain the LBD-mCherry sequences
were also analysed. Bands corresponding to free mCherry and biosensor fused to
mCherry were detected (Appendix 6.5.2). The presence of free fluorophore in all
biosensor strains was likely the result of cleavage of the LBD from the fluorophore
as seen in previous studies (156). Transformants found to express the intact fusion

protein were selected for further analysis.

The lipid composition of fungal membranes is known to change or fluctuate in
response to different environmental conditions and growth stages (157, 158). To
get a comprehensive picture of the PPIs present in E. festucae, biosensor
localisation was analysed under three different conditions: vegetative growth in
culture, asexual conidiation and phialide development, and intercalary growth in

planta.

3.2.2 Localisation during vegetative growth in culture

The lipid composition was first analysed in four different regions of the mycelium
growing in culture: the young hyphal tip, with active apical growth; hyphal fusion
sites, where hyphae growing side by side fuse; branch points, with polarisation
changes in both new and established branches; and mature hyphae. Biosensor
strains were sub-cultured onto 1.5% (w/v) water agar slide plates, grown for 6-9
days, and analysed on an fluorescent microscope (Section 2.10.1). Representative
images of control strains were selected to show localisation of the free fluorophore

in all figures (Figures 3.10-3.14; Appendix 6.6).

3.2.2.1 PI[3]P biosensor

In hyphal tip cells the LBD of both the mCherry and eGFP PI[3]P biosensors

localised to small mobile structures, likely vesicles, which rapidly oscillated
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between directed movement and random ‘wriggling’, an observation consistent
with trafficking along the cytoskeleton (Figure 3.104; Video 3.1) (159). In the older
hyphal structures, the PI[3]P biosensor localisation changed. In addition to the

Controls PI[3]P Biosensor




Controls PI[3]P Biosensor

Figure 3.10. PI[3]P biosensor localisation in Epichloé festucae axenic cultures. Differential
interference contrast and fluorescent microscopy images of the PI[3]P biosensor localisation in (A)
hyphal tips, (B) fusion points, (C) branch points, and (D) mature hyphae. Representative images
from control strains expressing cytoplasmic mCherry (EFS34 and EFS35) and eGFP (EFS33) and
independent transformants expressing the PI[3]P biosensor either N-terminally fused mCherry
(EFS18 and EFS20) or C-terminally fused to eGFP (EFS4 and EFS6) have been included.
Fluorescence signals have been pseudocoloured green or red and the DIC signal appears in grey

scale. Cultures were grown on 1.5% (w/v) water agar for 6-9 days. Bar = 5 um.
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vesicle-like structures seen in the hypha tip, the PI[3]P LBD localised to the
periphery of rounded structures of varying sizes, likely vacuoles and endosomes as
is seen in plants, mammals, and yeast (Figure 3.10B-D; Video 3.2) (102, 106).
Background cytoplasmic fluorescence is seen throughout all hyphal structures,
likely due to the cleaved fluorophore (Appendices 6.6.3 and 6.6.4). While the
identity of these structures was not determined, the mobility and form of the two

structures suggested they were vesicles and vacuoles.

3.2.2.2 PI[3,4]P2biosensor

Fluorescence in the PI[3,4]P2 biosensor strains was observed throughout the
cytoplasm in all hyphal tips, fusion sites, branch points, and mature cells analysed
(Figure 3.11). This suggests that either this PPI was not present or inaccessible to
the biosensor under vegetative growth conditions. The observed fluorescence is
likely due to the cleaved free fluorophore as the grainy fluorescence seen within
the cytoplasm was also seen in the control strains (Figure 3.11B, C; Appendices
6.6.5 and 6.6.6), as were the spots of fluorescence associated with damaged or

abnormally thin hyphae.

3.2.2.3 PI|3,4,5]P3 biosensor

Similar to the results for the PI[3,4]P2 biosensor, fluorescence in the PI[3,4,5]P3
biosensor strains was indistinguishable to that of the free fluorophore controls
(Figure 3.12; Appendices 6.6.7 and 6.6.8). This suggests that this PPI was either

absent under the conditions tested or inaccessible to the biosensor in these cells.

3.2.2.4 PI[4]P biosensor

In all hyphal structures examined, the LBD biosensor for PI[4]P localised to
mobile structures in the cytoplasm. These are likely to be Golgi vesicles, where the
moment is consistent with the stop-and-go cytoskeleton trafficking commonly
associated with Golgi transport (Figure 3.13; Video 3.3) (160). Additionally, PI[4]P
accumulates in Golgi vesicles in both mammalian cell lines and C. albicans (78,
161). In older hyphae, fewer vesicles were present and the biosensor was more

frequently
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Figure 3.11. PI[3,4]Pz biosensor localisation in Epichloé festucae axenic cultures. Differential
interference contrast and fluorescent microscopy images of the PI[3,4]P2 biosensor localisation in
(A) hyphal tips, (B) fusion points, (C) branch points, and (D) mature hyphae. Representative images
from control strains expressing cytoplasmic mCherry (EFS34 and EFS35) and eGFP (EFS33) and
independent transformants expressing the PI[3,4]P2 biosensor either N-terminally fused mCherry
(EFS25, EFS26, and EFS27) or C-terminally fused to eGFP (EFS10 and EFS11) have been included.
Fluorescence signals have been pseudocoloured green or red and the DIC signal appears in grey

scale. Cultures were grown on 1.5% (w/v) water agar for 6-9 days. Bar = 5 pm.
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Figure 3.12. PI[3,4,5]P3 biosensor localisation in Epichloé festucae axenic cultures.
Differential interference contrast and fluorescent microscopy images of the PI[3,4,5]P3s biosensor
localisation in (A) hyphal tips, (B) fusion points, (C) branch points, and (D) mature hyphae.
Representative images from control strains expressing cytoplasmic mCherry (EFS34 and EFS35)
and eGFP (EFS33) and independent transformants expressing the PI[3,4,5]P3 biosensor either N-
terminally fused mCherry (EFS22, EFS23, and EFS24) or C-terminally fused to eGFP (EFS7 and
EFS8) have been included. Fluorescence signals have been pseudocoloured green or red and the

DIC signal appears in grey scale. Cultures were grown on 1.5% (w/v) water agar for 6-9 days. Bar =
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Figure 3.13. PI[4]P biosensor localisation in Epichloé festucae axenic cultures. Differential
interference contrast and fluorescent microscopy images of the PI[4]P biosensor localisation in (A)
hyphal tips, (B) fusion points, (C) branch points, and (D) mature hyphae. Representative images
from control strains expressing cytoplasmic mCherry (EFS34 and EFS35) and eGFP (EFS33) and
independent transformants expressing the PI[4]P biosensor either N-terminally fused mCherry
(EFS29, EFS30, and EFS31) or C-terminally fused to eGFP (EFS13 and EFS14) have been included.
Fluorescence signals have been pseudocoloured green or red and the DIC signal appears in grey

scale. Cultures were grown on 1.5% (w/v) water agar for 6-9 days. Bar = 5 pm.
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Figure 3.14. PI[4,5]Pz biosensor localisation in Epichloé festucae axenic cultures. Differential
interference contrast and fluorescent microscopy images of the PI[4,5]P2 biosensor localisation in
(A) hyphal tips, (B) fusion points, (C) branch points, and (D) mature hyphae. Representative images
from control strains expressing cytoplasmic mCherry (EFS34 and EFS35) and eGFP (EFS33) and
independent transformants expressing the PI[4,5]P2 biosensor either N-terminally fused mCherry
(EFS16 and EFS17) or C-terminally fused to eGFP (EFS1, EFS2, and EFS3) have been included.
Fluorescence signals have been pseudocoloured green or red and the DIC signal appears in grey

scale. Cultures were grown on 1.5% (w/v) water agar for 6-9 days. Bar = 5 pm.
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Figure 3.15. PI[4,5]Pz biosensor gradient at the apical and sub-apical regions of the hyphal
tip. (A) Representative differential interference contrast and fluorescent microscopy images of the
PI[4,5]P2 biosensor at hyphal tips, pseudocoloured to indicate the saturation of each pixel from 0 to
255 (fully saturated). A three pixel wide line was drawn along the cell membrane from the start
arrow around the tip to the end arrow. Graphs represent the concentration of biosensor along this
line. Cultures were grown on 1.5% (w/v) water agar for 6-9 days. Bar = 5pum. (B) Scatter graph
summarising the concentration of the PI[4,5]P2 biosensor along the cell membrane of 24 hyphal

tips. Blue line = trend line. Grey shading = 95% confidence interval.
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found in the cytoplasm, which could be due to the absence of the PPI or increased
cleavage of the fluorophore from the fusion protein (Section 3.2.1; Figure 3.13B-D;

Appendices 6.6.9 and 6.6.10).

3.2.2.5PI[4,5]P2 biosensor

Under vegetative mycelial growth conditions, the LBD of the PI[4,5]P2 biosensor
localised to septa and the PM (Figure 3.14). Septa fluoresced very strongly in all
samples (Figure 3.14B-D). While this could indicate an enrichment of PI[4,5]P2 in
this region of the cell, it may have been due to other factors like ease of access of
the biosensor to PPI at the septa, more rapid photobleaching of the PM than the
septa, or the binding of the biosensor to both sides of the septa, effectively
doubling the fluorescent signal. A low level of cytoplasmic fluorescence was seen in
all hyphal stages, likely due to cleavage of the fluorophore from the LBD (Section
3.2.1; Appendices 6.6.11 and 6.6.12). Strikingly there was a distinct pattern of
fluorescence at the hyphal tip; at the apex there was little to no signal, but a strong
signal was observed in the sub-apical region, which became uniform in intensity
further down the sides of the tip (Figure 3.14A; Figure 3.15A). This fluorescence
pattern was measured along 24 tips all of which showed this same asymmetric

pattern of lipid distribution (Figure 3.15B).

3.2.3 Localisation analysis in asexual conidiospores and phialides

To determine if the hyphal lipid composition changes during asexual reproduction,
localisation of the biosensors was analysed in germinating asexual conidiospores
and phialides. Phialides are flask shaped cells that a project from the hyphae and
form conidiospores at their tips (37). Protoplasts from the hyper-conidiating E.
festucae strain E2368 were prepared and co-transformed with biosensor or
control constructs and pSF16.17 (Section 2.7; Appendix 6.3.4.1). Transformants
were picked and screened for fluorescence, initially on the darkreader blue light
transilluminator then on the fluorescent microscope. Where possible, up to 3
fluorescing strains were selected per construct for analysis. Spores were isolated
(Section 2.8), plated on to 1.5% (w/v) water agar slide plates, and grown over

night for 15-20 hours at 22°C (Section 2.10.1.3). Plates were then left a further 3-4

69



days for phialides to develop. Both conidia and phialides were analysed on the

fluorescent microscope (Section 2.10.2).

3.2.3.1 PI[3]P biosensor

In germinating conidia, the PI[3]P biosensor localised in two distinct
patterns, to static circular spots or to mobile vesicle-like structures. The circular
spots were likely nuclei as one spot was present per cell and was frequently seen
in conidia expressing the LBD-eGFP biosensor. However, this pattern was rarely
seen in the mCherry-LBD biosensor (Figure 3.16A-C), where localisation was
solely to mobile vesicle-like structures (Video 3.4) with movement suggestive of
random Brownian motion. While the controls showed a mix of cytoplasmic and
vesicular localisation (Video 3.5), the LBD biosensor had very little cytoplasmic
fluorescence suggesting the vesicular localisation may be a result of specific
binding to PI[3]P. In phialides the biosensor localised to distinct vesicle-like
structures and to the periphery of vacuole-like structures, as seen in vegetative

cells (Figure 3.16C; Section 3.2.2.1).

3.2.3.2 PI[3,4]P2biosensor

In both conidia and phialides the localisation of the LBD was no different from that
seen in the controls, with both showing fluorescence in the cytoplasm and in small
vesicle-like structures in conidia and in the cytoplasm of phialides (Figure 3.17).
This suggests the PPI was either not present or inaccessible in the conidiospores

and phialides under these conditions.

3.2.3.3 PI[3,4,5]P3 biosensor

Transformants were only obtained for the mCherry-LBD biosensor as the
LBD-eGFP transformations did not yield any fluorescing strains. Transformants
containing the mCherry-LBD showed fluorescence throughout the cytoplasm and
in vesicle-like structures, as seen in the controls, in both germinating conidia and
phialides (Figure 3.18), suggesting the PI[3,4,5]Ps was either absent or

inaccessible under these conditions.
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Figure 3.16. Localisation of PI[3]P in Epichloé festucae asexual conidia and phialides.
Differential interference contrast and fluorescent microscopy images of the PI[3]P biosensor
localisation in conidia (A), germinating conidia (B), and phialides (C). Images from control strains

expressing cytoplasmic mCherry (EFS84) and eGFP (EFS80, EFS81, EFS82, and EFS83) and



independent transformants expressing the PI[3]P biosensor either N-terminally fused mCherry
(EFS62, EFS63, and EFS64) or C-terminally fused to eGFP (EFS59, EFS60, and EFS61) have been
included. Fluorescence signals have been pseudocoloured green or red and the DIC signal appears
in grey scale. Conidia were obtained by scrubbing fungal colonies grown on PD agar for 7-9 days,
plating onto 1.5% (w / v) water agar, and grown over night for 15-20 hours at 22°C. Plates were

then left a further 3-4 nights for phialides to develop. Bars = 5 uym. Bar in (B) also applies to (A).

3.2.3.4 PI[4]P biosensor

The PI[4]P biosensor localised to small mobile vesicle-like structures that were
distributed throughout germinating conidia and in phialides (Figure 3.19). This
contrasted with the control strains, which had fluorescence throughout the
cytoplasm of both the conidia and phialides. As seen in vegetative culture, the
movement of the vesicles is consistent with cytoskeleton trafficking, though no

general direction of movement could be identified (Section 3.2.2.4; Video 3.6).

3.2.3.5PI[4,5]P2biosensor

The PI[4,5]P2 biosensor localised at the plasma membrane and at the septa of
conidia and phialides (Figure 3.20). The fluorescence at the septa was more
intense compared to the plasma membrane, as seen in vegetative mycelia (Section
3.2.2.5; Figure 3.20C). There appeared to be a gradient of fluorescence along the
axis of the germinating hyphae as seen in hyphal tips in culture (Figure 3.14A;
3.15; 3.20A and B), however, this was inconclusive as the three dimensional nature
of conidia germination would cause the fluorescence intensity to naturally
decrease as the spore became out of focus. A similar gradient can be observed in
the conidia forming on a phialides (Figure 3.20D), where the conidium had greater
fluorescence intensity than the membrane of the phialide. As the phialide
structures are flatter, the gradient observed is likely to be the result of PI[4,5]P2

enrichment.
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Figure 3.17. Localisation of PI[3,4]Pz in Epichloé festucae asexual conidia and phialides.
Differential interference contrast and fluorescent microscopy images of the PI[3,4]P2 biosensor
localisation in conidia (A), germinating conidia (B), and phialides (C). Images from control strains
expressing cytoplasmic mCherry (EFS84) and eGFP (EFS80, EFS81, EFS82, and EFS83) and
independent transformants expressing the PI[3,4]P2 biosensor either N-terminally fused mCherry
(EFS72, EFS73, and EFS74) or C-terminally fused to eGFP (EFS69, EFS70, and EFS71) have been
included. Fluorescence signals have been pseudocoloured green or red and the DIC signal appears
in grey scale. Conidia were obtained by scrubbing fungal colonies grown on PD agar for 7-9 days,
plating onto 1.5% (w / v) water agar, and grown over night for 15-20 hours at 22°C. Plates were

then left a further 3-4 nights for phialides to develop. Bars = 5 um. Bar in (B) also applies to (A).

Controls PI[3,4,5]P,

Figure 3.18. Localisation of PI[3,4,5]Ps in Epichloé festucae asexual conidia and phialides.
Differential interference contrast and fluorescent microscopy images of the PI[3,4,5]P3 biosensor
localisation in conidia (A), germinating conidia (B), and phialides (C). Images from control strains
expressing cytoplasmic mCherry (EFS84) and an independent transformant expressing the
PI[3,4,5]Ps biosensor N-terminally fused mCherry (EFS79) have been included. Fluorescence
signals have been pseudocoloured red and the DIC signal appears in grey scale. Conidia were
obtained by scrubbing fungal colonies grown on PD agar for 7-9 days, plating onto 1.5% (w / v)
water agar, and grown over night for 15-20 hours at 22°C. Plates were then left a further 3-4 nights

for phialides to develop. Bars = 5 um. Bar in (B) also applies to (A).
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Figure 3.19. Localisation of PI[4]P in Epichloé festucae (E2368) asexual conidia and phialides.
Differential interference contrast and fluorescent microscopy images of the PI[4]P biosensor localisation
in conidia (A), germinating conidia (B), and phialides (C). Images from control strains expressing
cytoplasmic mCherry (EFS84) and eGFP (EFS80, EFS81, EFS82, and EFS83) and independent
transformants expressing the PI[4]P biosensor either N-terminally fused mCherry (EFS66, EFS67, and
EFS68) or C-terminally fused to eGFP (EFS65) have been included. Fluorescence signals have been
pseudocoloured green or red and the DIC signal appears in grey scale. Conidia were obtained by
scrubbing fungal colonies grown on PD agar for 7-9 days, plating onto 1.5% (w/v) water agar, and grown
over night for 15-20 hours at 22°C. Plates were then left a further 3-4 nights for phialides to develop. Bars
=5 um. Bar in (B) also applies to (A).
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Figure 3.20. Localisation of PI[4,5]P: in Epichloé festucae asexual conidia and phialides.
Differential interference contrast and fluorescent microscopy images of the PI[4,5]P2 biosensor
localisation in conidia (A), germinating conidia (B), and phialides (C). Images from control strains

expressing cytoplasmic mCherry (EFS84) and eGFP (EFS80, EFS81, EFS82, and EFS83) and
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independent transformants expressing the PI[4,5]P2 biosensor either N-terminally fused mCherry
(EFS77 and EFS78) or C-terminally fused to eGFP (EFS75 and EFS76) have been included.
Fluorescence signals have been pseudocoloured green or red and the DIC signal appears in grey
scale. Conidia were obtained by scrubbing fungal colonies grown on PD agar for 7-9 days, plating
onto 1.5% (w / v) water agar, and grown over night for 15-20 hours at 22°C. Plates were then left a

further 3-4 nights for phialides to develop. Bars = 5 um. Bar in (B) also applies to (A).

3.2.4 Localisation in planta

Each biosensor strain was inoculated into 40 perennial ryegrass seedlings (Section
2.9.2), and the healthiest 20 seedlings were planted and grown under controlled
environmental conditions for 6-9 weeks. Plants were immunoblotted (Section
2.9.3) between 10-15 weeks post inoculation to identify infected plants. inner
sections of sheath tissue were harvested, mounted in deionised water, and then
analysed on a scanning confocal microscope (Section 2.10.3). For each biosensor at
least three independently infected plants were analysed to ensure observations

made were robust.

3.2.4.1 PI[3]P biosensor

Localisation of the PI[3]P biosensor was only performed for the mCherry-
LBD construct as all LBD-eGFP strains inoculated into plants failed to fluoresce.
This was particularly unfortunate due to the differences in localisation seen
between mCherry- and -eGFP biosensors in germinating conidiospores (Section
3.2.3.1). While the fluorescence observed from the mCherry-LBD biosensors was
indistinguishable from that of the mCherry control in planta (Figure 3.21), without
observations for the LBD-eGFP biosensors it is difficult to be certain about the

presence or absence of this PPl in membranes of hyphae growing in planta.

3.2.4.2 P1[3,4]P2biosensor

As seen in culture, fluorescence of the PI[3,4]P2 biosensors was
indistinguishable from the control strains (Figure 3.22), suggesting this PPI was

either absent or inaccessible in membranes of hyphae growing in planta.
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Figure 3.21. Localisation of the PI[3]P biosensor in planta. Confocal scanning laser microscopy
images of the PI[3]P biosensor in planta. (A) Maximum intensity projections of 4-8 optical sections
from control strain expressing cytoplasmic mCherry (EFS34) and an independent transformant
expressing the PI[3]P biosensor N-terminally fused mCherry (EFS20). Fluorescence signals have
been pseudocoloured green or red and the DIC signal appears in grey scale. (B) Selected and
enlarged single optical planes from the boxed areas in (A). Samples were freshly harvested from the
innermost layer of the pseudostem 9-14 weeks post inoculation and mounted in deionised water

for analysis. Bars = 5 pm.

3.2.4.3 PI|3,4,5]P3 biosensor

As for PI[3,4]P2, fluorescence seen in the PI[3,4,5]P3 biosensor strains in
planta mirrored that of the control strains, indicating that this PPI was either not
present or inaccessible to the biosensor in membranes of hyphae growing in

planta (Figure 3.23).

3.2.4.4 PI[4]P biosensor

Both the mCherry-LBD and LBD-eGFP PI[4]P biosensors localised to vesicle-like
structures of varying sizes, very similar to the localisation seen in the control
strains (Figure 3.24). The localisation of the mCherry-LBD was indistinguishable
from that of the control (Figure 3.24C and D). However, the vesicular localisation
in the LBD-eGFP biosensor was clearer and more prevalent than in the eGFP

control, which suggested the localisation may be due to the presence of PI[4]P
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(Figure 3.24A and B). While the LBD biosensor localisation was very similar to that
of the controls, PI[4]P may be present in planta in vesicle-like structures as
previously seen in culture, conidiospores, and phialides (Sections 3.2.2.4 and

3.2.3.4). Further analysis will be required to confirm vesicular localisation.
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Figure 3.22. Localisation of the PI[3,4]Pz biosensor in planta. Confocal scanning laser

microscopy images of the PI[3,4]P2 biosensor in planta. (A) and (C) Maximum intensity projections
of 4-8 optical sections from control strains expressing cytoplasmic eGFP (EFS33)or mCherry
(EFS34) and independent transformants expressing the PI[3,4]P: biosensor either C-terminally
fused to eGFP (EFS10) or N-terminally fused to mCherry (EFS27). Fluorescence signals have been
pseudocoloured green or red and the DIC signal appears in grey scale. (B) and (D) Selected and
enlarged single optical planes from the boxed areas in (A) and (C). Samples were freshly harvested
from the innermost layer of the pseudostem 9-14 weeks post inoculation and mounted in deionised

water for analysis. Bars = 5 pm.
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Figure 3.23. Localisation of the PI[3,4,5]Ps biosensor in planta. Confocal scanning laser
microscopy images of the PI[3,4,5]P3 biosensor in planta. (A) and (C) maximum intensity
projections of 4-8 optical sections from control strains expressing cytoplasmic eGFP (EFS33)or
mCherry (EFS34) and independent transformants expressing the PI[3,4,5]P3 biosensor either C-
terminally fused to eGFP (EFS7 and EFS8) or N-terminally fused to mCherry (EFS22 and EFS24).
Fluorescence signals have been pseudocoloured green or red and the DIC signal appears in grey
scale. (B) and (D) Selected and enlarged single optical planes from the boxed areas in (A) and (C).
Samples were freshly harvested from the innermost layer of the pseudostem 9-14 weeks post

inoculation and mounted in deionised water for analysis. Bars = 5 pm.
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Figure 3.24. Localisation of the PI[4]P biosensor in planta. Confocal scanning laser microscopy

images of the PI[4]P biosensor in planta. (A) and (C) maximum intensity projections of 4-8 optical
sections from control strains expressing cytoplasmic eGFP (EFS33)or mCherry (EFS34) and
independent transformants expressing the PI[4]P biosensor either C-terminally fused eGFP
(EFS13) or N-terminally to fused mCherry (EFS30). Fluorescence signals have been
pseudocoloured green or red and the DIC signal appears in grey scale. (B) and (D) Selected and
enlarged single optical planes from the boxed areas in (A) and (C). Samples were freshly harvested
from the innermost layer of the pseudostem 9-14 weeks post inoculation and mounted in deionised

water for analysis. Bars = 5 pm.
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Figure 3.25. Localisation of the PI[4,5]P2 biosensor in planta. Confocal scanning laser
microscopy images of the PI[4,5]P2z biosensor in planta. (A) and (C) maximum intensity projections
of 4-8 optical sections from control strains expressing cytoplasmic eGFP (EFS33)or mCherry
(EFS34) and independent transformants expressing the PI[4,5]P2 biosensor either C-terminally
fused to eGFP (EFS1) or N-terminally fused to mCherry (EFS16). Fluorescence signals have been
pseudocoloured green or red and the DIC signal appears in grey scale. (B) and (D) Selected and
enlarged single optical planes from the boxed areas in (A) and (C). Samples were freshly harvested
from the innermost layer of the pseudostem 9-14 weeks post inoculation and mounted in deionised

water for analysis. Bars = 5 um.
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3.2.4.5 PI[4,5]P2biosensor

The PI[4,5]P2 biosensor clearly localised to the plasma membrane and septa of
hyphae in planta (Figure 3.25). Again, the biosensor was more enriched at septa,
which resulted in a stronger fluorescent signal (Sections 3.2.2.5 and 3.2.3.5). This
provided strong evidence for the presence of PI[4,5]P2 at the cell membrane and

septa of E. festucae in planta.

3.3 Identification and characterisation of MssD in E. festucae

In fungi, several cytosolic proteins of the Nox complex localise to the tip of the
hyphae (48). Additionally, production of ROS occurs primarily at the apical and
sub-apical regions of the hyphal tip (46). These observations provide strong
evidence that the tip region of hyphae is a site for assembly and activation of the
Nox complex. The presence of PI[4,5]P2 in a sub-apical gradient along the cell
membrane suggests it may be involved in Nox complex assembly and activation. In
S. cerevisiae, mss4 encodes a phosphatidylinositol-4-phosphate 5-kinase enzyme
which converts PI[4]P to PI[4,5]P2. It is hypothesised that increasing the
expression of this gene and consequently the amount of PI[4,5]P2 will change the
distribution of the PPI at the hyphal tip, affecting the assembly of the Nox complex,
resulting in a break down in the mutualistic symbiosis between E. festucae and

perennial ryegrass.

3.3.1 Identification of mssD gene

To identify the gene encoding the homologue of the mss4 phosphatidylinositol-4-
phosphate 5-kinase in E. festucae an initial tBLASTn analysis of the E. festucae F11
genome was performed using the protein sequence of S. cerevisiae Mss4
(YDR208W) as the query. This search identified a candidate E. festucae homologue
(EfM3.031950, E-value 0). A reciprocal BLASTp analysis in Fungal DB with the
predicted protein sequence confirmed that it was the correct homologue. In
accordance with E. festucae nomenclature (162) the gene was designated mssD
(EfM3.031950). E. festucae mssD was found to contain two introns, and encodes a
predicted polypeptide of 963 amino acids, which is 183 amino acids (aa) longer

than S. cerevisiae Mss4 (Figure 26A). InterProScan predicts E. festucae MssD has a
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highly conserved phosphatidylinositol-4-phosphate 5-kinase domain (IPR023610).
Additionally, the whole protein shares 71.8%, 51.0%, 54.6%, and 36.2% amino
acid sequence identity with homologues from Neurospora crassa (NCU02295),
Magnaporthe oryzae (MGG_06572), Fusarium graminearum (FGSG_10792), and
more distantly related S. cerevisiae (YDR208W), respectively (Section 2.11; Figure
3.26B and C; Appendix 6.7).
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Figure 3.26.mssD gene structure, predicted protein structure,and multiple sequence
alignment. (A) Saccharomyces cerevisiae MSS4 and Epichloé festucae mssD gene structures. mssD is
3029 bp in length and contains 3 exons separated by 2 introns of 71 bp and 70 bp. (B) S.
cerevisiae Mss4p and predicted E.  festucae MssD polypeptides. = The phosphatidylinositol-4-
phosphate 5-kinase domain (IPR023610), as predicted by InterProScan, is 780 amino acids (aa)
long in S. cerevisiae and 963 aa in E. festucae. (C) Multiple sequence alignment of MssD homologues
from E. festucae (Ef; EfM3.031950), Neurospora crassa (Nc; NCU02295), Magnaporthe oryzae (Mo;
MGG_06572), Fusarium graminearum (Fg; FGSG_10792), andS. cerevisiae (Sc; YDR208W). The
degree of grey shading is indicative of the amino acid percentage identity. Blue shading indicates

the position of the E. festucae kinase domain.
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3.3.2 Generation of mssD over expression strains

To investigate whether an increase in P[4,5]P2 impacts the development of E.
festucae in culture or the interaction with its host L. perenne an overexpression
(OE) construct for mssD, pCE101, was generated by Dr Carla Eaton (Appendices
6.2.3 and 6.3.3.1). This plasmid was introduced into protoplasts of E. festucae
strain Fl1 by co-transforming with pSF16.17 (Section 2.7, Appendix 6.3.4.1).
Geneticin resistant transformants were picked and nuclear purified by three
rounds of sub-culturing. Crude genomic DNA was extracted from these strains
(Section 2.3.2) and used as template in a PCR reaction to screen for transformants
with the plasmid. Three primer pairs spanning the 5’, middle, and 3’ areas of the
construct were used to confirm whether the OE construct had successfully
integrated into the genome (Section 2.6.1; Figure 3.27). Transformants found to
contain bands corresponding to the predicted sizes for each of these reactions,
indicating a complete copy of the mssD OE construct, were selected for further

analysis.

3.3.3 Expression levels of OE mutants

To confirm if mssD was overexpressed in these strains RT-qPCR analysis (Sections
2.6.2 and 2.6.3) was carried out using total RNA extracted from mycelia of these
transformants (Section 2.5.1). Increased expression of mssD was observed for four
transformants (#17, 20, 32, and 53) and three of these (#17, 53, and 20),
representing high, medium, and low levels of OE, were selected for further analysis

(Figure 3.28; Appendix 6.8).
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Figure 3.27. PCR screen of mssD overexpression transformants. (A) Strategy for screening the
mssD OE construct, pCE101, using three primer pairs covering the start (pRS426-Pgpd-F/Pgpd-R,
1412 bp; green arrows), middle (mss5/mss6, 1474 bp; orange arrows), and end (mss7/pRS426-
TtrpC, 2819 bp; purple arrows) of the construct. (B) Gel electrophoresis of PCR screen with primers
pairs amplifying the start, middle, and end of the mCherry construct. @ = negative control. M = 1kb

plus ladder. Approximate fragment sizes are given in kilobases.

3.3.4 Culture phenotype

To investigate the effect of overexpressing of mssD, the OE strains were analysed in
culture for any changes in cell morphology or PI[4,5]P2 localisation, and in planta,

to determine the impact on fungal-plant symbiosis.

3.3.4.1 Hyphal morphology analysis

The OE strains and WT were sub-cultured onto 1.5% (w/v) water agar slide
plates, grown for 6-9 days, stained with Calcofluor white, and analysed on the
fluorescent microscope (Section 2.10.1). Both the culture growth and cellular
morphology of the hyphal tip, branch points, fusion sites, and coils were
indistinguishable from WT (Figure 3.29). This suggests that OE of mssD has no

impact on mycelial growth under the conditions examined.
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Figure 3.28. Expression of mssD transcript in WT and mssD overexpression strains.
Mycelia were grown in 2.4% (w/v) potato dextrose media for 3 days at 22°C and total RNA
extracted from mycelia was used to synthesise cDNA and used for qRT-PCR analysis. (A) Relative
expression levels of mssD in WT and mssD OE transformants. Values were quantified by the 2(4Cp)
method normalised to the expression levels of two reference genes, 40S ribosomal protein 22 (522)
and elongation factor 2 (EF-2) relative to mssD expression. Data are representative of two technical
replicates from a single biological sample. Y-axis represents the expression of mssD relative to $22
and EF-2. (B) Fold difference in expression of mssD relative to WT in strains selected to represent
high (#17, EFS85), medium (#53, EFS87), and low (#20, EFS86) levels of overexpression. Error

bars represent the S.D. from two technical replicates.
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Figure 3.29. Culture phenotype of mssD overexpression strains. (A) Culture phenotype of
Epichloé festucae WT and three independent mssD OE strains grown on PD agar for 9 days. Strains

#17, #53, and #20 represent high, medium, and low, levels of overexpression, respectively. (B)
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Inverted fluorescence and differential interference contrast (DIC) microscopy images of hyphal
morphology of E. festucae WT and mssD OE strains grown on 1.5% (w/v) water agar for 7 days.
Width of arrows represents the level of overexpression. Cultures were stained with Calcofluor

white (CFW) as indicated. Bars = 20um

3.3.4.2 Localisation of the PI[4,5]P2 biosensor in mssD OE strain

Protoplasts obtained (Section 2.7.1) from strain #17, which had the greatest
increase in mssD expression, were co-transformed with pSF15.15 (Hygromycin
resistance; Appendix 6.3.4.2) and either the eGFP PI[4,5]P2 biosensor construct or
free eGFP construct. Hygromycin resistant transformants were picked then nuclear
purified with one round of sub-culturing and screened for fluorescence, initially on
the darkreader blue light transilluminator then on the fluorescent microscope. One
transformant for both eGFP and the biosensor were found to fluoresce. Each strain
was sub-cultured onto 1.5% (w/v) water agar slide plates, grown for 6-9 days, and
analysed on the fluorescent microscope (Section 2.10.1). The localisation of both
the control and LBD constructs were the same as WT with comparable patterns of
expression in all cell structures, including the hyphal tip, fusion sites, branch
points, and mature hyphae (Figure 3.30A). Similarly, the gradient of the LBD
biosensor seen in the sub-apical region of the hyphal tip (Figure 3.30B) was
identical between the WT and mssD OE strain, suggesting that OE of mssD had no
effect on localisation of PI[4,5]Pz.

3.3.5 Plant phenotype

To investigate whether the OE of mssD affected the fungal-plant symbiosis,
perennial ryegrass plants were infected with WT and mssD OE #17, #20, and #53
strains (Section 2.9.2). Plants were immunoblotted (Section 2.9.3) at 13 weeks
post-inoculation to identify infected plants. Unfortunately, whole-plant phenotype
analyses 14 weeks post inoculation yielded conflicting results (Figure 3.31A;
Appendix 6.9). Plants infected with the highest overexpressing strain, mssD OE
#17, 18 fold, had significantly less tillers than WT infected plants (p-value = 0.046),
however, plants infected with medium (mssD OE #53, 8 fold) and low (mssD OE
#20, 3 fold) OE strains, had significantly more tillers (p-values = 0.0037, 0.029,
respectively) (Figure 3.31C). Analysis of the tiller lengths showed that tillers grew
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significantly longer in plants infected with mssD OE #17 compared to WT infected
plants (p-value = 0.00023), whereas, the tiller length of plants infected mssD OE
#53 and #20 were not significantly different from that of WT infected plants
(Figure 3.31B). This experiment needs to be repeated in the future to confirm

results.

A Control P1[4,5]P, Biosensor
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Figure 3.30. Localisation of PI[4,5]Pz in mssD overexpression strain. Differential interference
contrast and fluorescent microscopy images of WT and mssD OE strain #17 (EFS85) expressing

cytoplasmic eGFP (EFS33 and EFS95; controls) and the PI[4,5]P2 eGFP biosensor (EFS3 and EFS96).
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Fluorescence signals have been pseudocoloured green and the DIC signal appears in grey scale. (B)

Representative images of the asymmetric localisation of the PI[4,5]P2 biosensor at hyphal tips in

WT and mssD OE strains, pseudocoloured to indicate the saturation of each pixel from 0 to 255

(fully saturated). Cultures were grown on 1.5% (w/v) water agar for 6-9 days. Bars = 5 pm.
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Figure 3.31. Phenotype of perennial ryegrass plants infected with WT and mssD

overexpression strains. (A) Plants were infected with the indicated endophyte strains and the
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photograph taken at 15 weeks post-inoculation. (B and C) Box plots showing the range of (B) tiller
lengths and (C) tiller number. Statistical significance in comparison to the WT strain was
determined using a Tukey Test where p-value < 0.05 is significant (* = 0.05-0.01, ** = 0.01-0.0001,

ns = non-significant).
3.4 Deletion of the E. festucae mssD gene

To further examine the function of MssD in E. festucae, attempts were made to
create a gene replacement mutant for mssD using the split marker method. This
method is reported to yield around 33-74% targeted gene deletions in E. festucae,
compared to around only 25% for standard homologous recombination (163).
Transformants were previously generated by Dr Carla Eaton by co-transforming
WT E. festucae protoplasts with two overlapping fragments amplified from the
mssD replacement cassette, pCE98 (Appendices 6.2.4 and 6.3.3.2). This construct
was designed to replace the mssD gene with an hph (hygromycin B
phosphotransferase) cassette, which confers hygromycin resistance (Figure
3.32A). Putative AmssD mutants were selected for on PD plates containing
hygromycin (Section 2.2.2.3). Out of the resulting transformants, 34 strains with
reduced radial growth were selected for further analysis. Crude gDNA was
extracted for PCR screening (Section 2.3.2) using primer pair mss12/mss13, which
yields a 3376 bp fragment in WT, 1487 bp fragment in mssD mutants, and both
fragments in ectopic transformants (Figure 3.32A). Most strains contained both
bands, indicating ectopic integration of the construct. Transformant #22 initially
failed to amplify either fragment, but when analysed again was shown to possess
both bands. Transformant #29 had only a WT band present suggesting it did not
contain the plasmid and was presumably sensitive to hygromycin, explaining why
it grew so poorly on media containing hygromycin (Figure 3.32B). The failure to
obtain a AmssD strain, even using a split marker approach, suggests this gene is
likely essential in E. festucae as it is in yeast (84). However, additional

transformants would need to be generated and screened to confirm this.
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Figure 3.32. PCR screen of putative AmssD mutants. (A) Map of the mssD replacement strategy
using two fragments amplified from the KO cassette, pCE98. Arrows indicate the location of the
primer pair used to PCR screen for mutants. (B) Gel electrophoresis of PCR screen of 34 AmssD
transformants using the primer pair mss12/mss13, which generates a 3376 bp fragment in WT,
1487 bp in AmssD, and both fragments in ectopic mutants. @ = negative control. M = 1kb plus

ladder. Approximate fragment sizes are given in kilobases.
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In E. festucae production of ROS by the Nox complex plays an essential role in
regulating growth and development both in culture and in planta. However, little is
known about how production of ROS by this complex is controlled. In mammals
and plants, lipid signalling plays a key role in regulating complex assembly and
activation, through the recruitment of its cytosolic proteins (53). Homology
between the mammalian, plant, and fungal Nox complexes provides strong
evidence that a similar regulatory mechanism is conserved in fungi. To examine
the role lipid signalling plays in the E. festucae Nox complex, the ability of Cdc24, a
cytosolic Nox protein, to be recruited through LBDs was confirmed and membrane

lipid composition was analysed to identify potential PPI targets.

The first step towards understanding the regulation of the fungal Nox complex was
to determine whether the cytosolic Nox complex proteins could be recruited to
localised regions of certain modified PPIs. In the mammalian Nox2 complex, three
cytosolic proteins, p67prhox, p47rhox, and p40phox, play an essential role in complex
assembly through protein-protein and protein-lipid interactions (53). An unknown
stimulus results in phosphorylation of the proteins exposing their PX LBDs,
allowing them to translocate to the plasma membrane (PM) (164). E. festucae does
not have any direct homologues for p47prhox and p40rhox, Instead, yeast polarity
establishment homologues Cdc24 and BemA were found to physically interact with
p67rhox homologue, NoxR (48). BemA was originally proposed to be the functional
homologue of p47rhox and p40rhex, It contains the protein and lipid interaction
domains found in the mammalian counterparts, necessary for binding other
cytosolic proteins and transporting them to the PM (48, 165). However, bemA
mutants do not have the same phenotype as noxA mutants in A. nidulans or E.
festucae and the PX domain is unnecessary for localisation in N. crassa, suggesting
BemA is dispensable for Nox function (48, 71, 166). In E. festucae, Cdc24 contains a
putative lipid-binding PH (Pleckstrin Homology) domain as well as a protein
binding PB1 (Phox and Bem1) domain making it a possible functional homolog of
p47prhox, and p40prhox, PH domains exhibit a range of specificity and affinity to
different PPIs, making the target of the Cdc24 PH domain hard to predict (154).
Whilst the PPI target(s) is unclear, this domain is necessary for correct cellular

localisation in S. cerevisiae (72). To determine whether the PH domain of Cdc24 is
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similarly responsible for localisation in E. festucae, two constructs were designed
to visualise the localisation of fluorescently tagged Cdc24 with (Cdc24-eGFP) and
without (Cdc24APH-eGFP) the PH domain. Transformants expressing the Cdc24-
eGFP fusion protein consistently displayed fluorescence at the centre of the hyphal
septa and also infrequently in an arch at the apex of the hyphal tip as seen
previously (48). In contrast, transformants expressing the Cdc24APH-eGFP fusion
protein exhibited fluorescence non-specifically throughout the cytoplasm and did
not fluoresce at the hyphal tip or at the centre of the septa. However, large
vacuoles compressing the cytoplasm against septa made it difficult to discern
whether localisation was completely absent. Confirmation that the PH domain of
Cdc24 is required for protein localisation seen in this study strongly suggests that
Cdc24 may be the central protein delivering NoxR-BemA-Cdc24 to the membrane
in E. festucae. Work is ongoing to determine the lipid specificity of the Cdc24 PH
domain using a simple protein-lipid overlay assay that utilises PIP strips (68). The
PH domain of Cdc24 will be exposed to a range of immobilised PPIs and visualise
which lipid(s) it binds using a secondary antibody. The main PPI targets of PH
domains are PI[4,5]P2, PI[3,4,5]P3, and PI[3,4]P2 in mammals (167).

The next step towards understanding the role lipid signalling plays in regulating
the production of ROS by the fungal Nox complex was to analyse the lipid
composition in the membranes of E. festucae, enabling the prediction of the Cdc24
PH domain target. In this study, five lipid-biosensors were used to investigate the
presence and distribution of specific PPIs at different developmental stages in E.
festucae. Three PPIs, PI[3]P, PI[4]P, and PI[4,5]P2 were found to be present in
hyphae growing in a variety of developmental and environmental conditions. Two

PPIs, PI[3,4]P2 and PI[3,4,5]P3, were not identified in any condition tested.

Using a biosensor for PI[4]P, based on the PH domain of mouse Plekha3 (134), this
PPI was found to localise to highly mobile vesicle-like structures throughout the
hyphae of axenically grown cultures of E. festucae Fl1. Work in the human
pathogen C. albicans as well as mammalian cell lines has shown that PI[4]P is
commonly found in trans-Golgi vesicles (78, 82, 83). Balla, Kim (168) identified
that there are in fact two pools of PI[4]P maintained by different PIKs in

mammalian cells, one in the membrane of golgi vesicles and the other in the PM.
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The first pool of PI[4]P in the membranes of Golgi vesicles is crucial for the
anterograde Golgi-to-PM phase of the secretory pathway in yeast (82, 87) and may
also be involved in facilitating the formation of clathrin-coated vesicles alongside
PI[4,5]P2(169). Golgi membranes have the highest PI4K activity compared to other
organelles in mammals (170) and when the amount of PI[4]P is decreased, Golgi-
to-PM, as well as Golgi-to-vacuole transport is inhibited (75, 80). FM4-64 staining
(171) will be required to confirm that the localisation seen in this study is to the

Golgi network.

The second pool of PI[4]P to the PM was originally proposed as a precursor for
PI[4,5]P2 synthesis (172, 173). However, recent studies show that the PM pool is
not actually required for PI[4,5]P2 synthesis but is required for targeting specific
proteins to the PM (82, 161, 169, 174, 175). PI[4]P in the PM has a distinct role in
vacuole morphology, actin cytoskeleton organization, cell wall integrity, and
receptor mediated endocytosis in yeast and mammals (75, 169, 174, 176, 177).
Presence of PI[4]P in the PM was not consistently observed in this study, although
in some mature hyphae a PM-like localisation can be seen. However, it is unclear
whether this is a distinct localisation of PI[4]P or cleaved biosensor resulting in
free fluorophore in the cytoplasm being squashed against the periphery of the cell
by large vacuoles. It may also be that the particular biosensor used for PI[4]P, the
PH domain of mouse Plekha3, is unable to bind PM localised PI[4]P, as work by
(161) showed that it was necessary to use two different biosensors to target the
distinct foci; oxysterol-binding protein homologs (OSH), PHosnz for trans-golgi
network and PHosuzx2 for PM pools of PI[4]P. It would be interesting to use a
variety of PI[4]P biosensors in E. festucae to ascertain whether PM localisation is

present and if it changes.

In mammals PI[4]P is the most abundant mono-phosphorylated inositide (175,
178) and is generated by two types of PI 4-kinases (P14Ks), types Il and III. Within
these there are also different isoforms, and each displays differential localisation
patterns. Yeast possess three PI4Ks; Piklp, Stt4p, and Lsb6. Pikl and Stt4p are
essential for yeast viability and neither can substitute for the other, which
indicates that each isoform has a specialised role (179). Piklp localises on

cytoplasmic puncta as part of the trans-Golgi complex as well as in the nucleus (87,
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180). The function of Pik1 in the nuclear compartment is unknown, but is essential
for yeast viability. Stt4p localises to the PM and generates the PM pool of PI[4]P
(75,176,180, 181). Unlike Pik1 and Stt4p, Lsbé6 is not essential (179). It appears to
localise at the PM and vacuolar membranes and is thought to supply PI[4]P as a
precursor to PI[4,5]P2, a reaction necessary for homotypic vacuolar fusion or
endosome motility (87, 182, 183). Homologues of Piklp, Stt4p, Lsb6 have been
identified in E. festucae, pikA (EfM3.004190), sttD (EfM3.023090), and IsbF
(EfM3.068110) respectively. It would be interesting to investigate the localisation
of the homologs in E. festucae to determine their importance in developing the

different pools of PI1[4]P.

The PI[4]P biosensor also localised to highly mobile vesicle-like structures in
germinating asexual conidia and phialides of E. festucae strain E2368. This closely
related strain (34, 35) was used for analysing biosensor localisation in germinating
conidia as it more readily forms conidia than FI1 (32). The highly mobile nature of
the vesicle like structures in phialides is consistent with cytoskeleton trafficking
(184). In the future it will be necessary to co-localise the LBD-eGFP biosensor with
markers such as VPS-52 (185) and Sec-7 (186) (late Golgi markers), Sec-23 and
Sec-13 (ER-exit site markers), or RAB-4 and TLG-1 (early endosome markers)
(187) to determine where the PI[4]P vesicles are derived from. The endocytic dye,
FM4-64 can be used to determine whether the biosensor undergoes endocytosis
from the PM (188). Additionally, it would be interesting to co-localise PI[4]P
biosensor strains with Lifeact-TagRFP and tubulin-mCherry to determine the

mode of vesicle transport (188).

To see whether localisation of PI[4]P changed when the fungus is grown in its
natural condition in planta, E. festucae strains carrying the PI[4]P biosensors were
inoculated into perennial ryegrass and the localisation analysed in hyphae
undergoing intercalary growth. The eGFP biosensor localised to vesicles similar to
in culture. However, problems were encountered with the mCherry biosensor
where it appeared no different from the control. One possible reason for this
difference is that many RFPs tend to form aggregates, accumulating in lysosomes
(189), thereby disrupting secretory pathways and organelle structures (190-193).

mCherry is generally not suitable for Golgi localised membrane fusion proteins as
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it often localises to punctate structures leading to misidentification of protein
localisation (189). It is unclear why this is an issue in planta but not in culture.
Overall, this work suggests there is no difference in localisation between mature
hyphae, germinating conidia, and in planta localisation so it appears to have a
‘stable’ localisation. The fact that PI[4]P was detected in all developmental stages
examined would suggest that as in mammals and yeast, it has a core role in fungal
hyphal development and growth. It would be interesting to delete the genes
responsible for PI[4]P generation, PikA, SttD, and Lsbé6, to visualise the effect on
fungal growth.

The putative presence of PI[4]P in the membranes of Golgi vesicles is potentially
significant to Nox signalling. NoxA has been localised to the nuclear envelope and
endoplasmic reticulum (ER) in Botrytis cinerea (194). However, the overlay of
fluorescence from ER-Tracker™ and NoxA-GFP fusion protein is not exact. This
may be because NoxA is transported from the ER to the Golgi complex before being
delivered to the PM (195). If this is the case, NoxA may be co-transported with
PI[4]P in Golgi vesicles to the tip of the hyphae. Work is ongoing to determine
whether PI[4]P and NoxA co-localise in these vesicles using the PI[4]P biosensor

and a NoxA-eGFP fusion protein.

All PI[4]P biosensor strains exhibited background fluorescence in hyphae under all
conditions analysed. It is likely that rather than being due to cytoplasmic
localisation of PI[4]P it is due to free eGFP or mCherry as western blot analysis
revealed significant cleavage of both biosensors. Whilst this is a common
observation for localisation studies using fusion proteins (196), the mechanism
responsible for cleavage is not entirely understood. This is possibly related to the
presence of a linker between the protein of interest and the fluorophore, and the
inherent susceptibility of this linker to cleavage (156); the eGFP biosensors have a

five glycine linker and the mCherry biosensors have a six glycine linker.

Using a biosensor for PI[4,5]P2, based on the PH domain of mouse phospholipase
C-81 (136), this lipid was found to localise at the PM and septa in all
developmental conditions analysed in E. festucae F11 and E2368. PI[4,5]P2 is

known to be present in the inner leaflet of the PM in both mammals and yeast (85-
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90). This lipid controls a myriad of cellular processes in yeast and mammals
including, endocytosis, exocytosis, establishment of cell polarity, cytoskeletal
dynamics, apoptosis, and insertion of ion channels (90, 92-94). Dramatic changes
in total cellular PI(4,5)P2 levels rarely occur during normal cell signalling,
suggesting cells establish and maintain specific subcellular pools of PI(4,5)P2 (92).
For example, mammalian epithelial cells maintain different PI(4,5)P2
concentrations at apical and basolateral membranes by a combination of
mechanisms including: PI(4,5)P2 synthesis in different regions, restriction of
diffusion of PPI through epithelial tight junctions, localisation of the actin
cytoskeleton or clathrin scaffold, and sequestering of PI(4,5)P2by proteins which
restrict and concentrate PI(4,5)P2 locally (92).

In this study, striking asymmetric localisation of the PI[4,5]P2 biosensor was
observed in vegetatively growing hyphal tips, where there was little to no signal at
the hyphal apex followed by a strong signal in the sub-apical region, indicative of
elevated PI[4,5]P2, which became uniform in intensity further down the sides of
the tip. This localisation pattern was also seen in germinating conidia, however, it
is more difficult to quantify due to the 3D nature of hyphal protrusions making it
difficult to differentiate between a natural fluorescent gradient and a false gradient
due to distance from the focal plane. In phialides, the biosensor was enriched in
the PM of developing conidiospores, indicating an increase in PI[4,5]P2 in the
membrane. This increase is likely due to the rapid expansion of the membrane and
the need for membrane recycling and specific signalling as seen in C. albicans and
S. cerevisiae, where disruption of the lipid gradient inhibits invasive filamentous
growth (96, 197). However, the localisation gradients seen in both C. albicans and
S. cerevisiae show strong fluorescence signals at the hyphal apex, which contrasts
with this study. This difference could be because neither C. albicans nor S.
cerevisiae have a Nox complex (52). In tobacco pollen tubes, where growth is
analogous to that of fungal hyphae, PI[4,5]P2 was observed in two gradients (99).
In actively growing pollen tubes, P1[4,5]P2 was asymmetrically distributed with a
lower fluorescence intensity at the tube apex as seen in this study and in non-
growing pollen tubes PI[4,5]P2 was most intense at the tube apex (99). This change

in PI[4,5]P2 may have role in assembly and activation of the Nox complex, leading
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to outgrowth of the pollen tube. Determining whether the distribution of PI[4,5]P2
changes between growing and non-growing hyphae would be an interesting focus

of future research.

The elevated levels of PI[4,5]P2 in the sub-apical region of the hyphal tip coincides
with an active zone of endocytosis, a major pathway for selective internalization
and recycling of PM receptors during hyphal tip growth (81, 86, 169, 198-204). For
efficient polarised tip growth in Nicotiana tabacum pollen tubes, multiple
signalling factors are involved, including a calcium ion (Ca?*) gradient, reactive
oxygen species (ROS), Rho-family GTPase, and recycling of membranes (205, 206).
These factors have overlapping activities/actions and influence each other. For
example the Rac-Rop-type Rho family small GTPases specifically accumulate at the
tip PM of the pollen tube, and interact with a lipid kinase to produce PI[4,5]P2
(207). The product of PLC breakdown of PI[4,5]P2, IP3, induces Ca?* release from
internal stores into the cytoplasm which in turn promote growth (208-211).

While the cause of this asymmetry is unknown, there are several possibilities. It
may be related to localisation of phospholipase C (PLC) which gives rise to an
asymmetric localisation of PI[4,5]Pz in the tips of growing pollen tubes in N.
tabacum and Petunia hybrida (207, 208, 212). Interestingly, Helling, Possart (208)
demonstrated that in rapidly elongating pollen tubes, PI[4,5]P2 is produced at the
pollen tube apex of N. tabacum, while PLC1, the enzyme which breaks PI[4,5]P2
into IP3 and DAG, is preferentially localised in the sub-apical region. Inhibition and
overexpression of PLC1 causes diffusion of PI[4,5]P2 down the sides of the pollen
tube tip, resulting in the loss of polarised growth (208, 212). This observation
contrasts with the findings of this study, where the PI[4,5]P2 biosensor
accumulates in the sup-apical region and is in low levels or absent at the tip apex.
Thus, it would be interesting to examine PLC localisation in E. festucae, with the

expectation that it would be present at the tip apex.

The asymmetric localisation of PI[4,5]P2 observed in this study may also be caused
by the action of the PTEN homologue TepA, a phosphatase which converts
PI[3,4,5]Ps to PI[4,5]P2. There are very few reports of identification of PI[3,4,5]P3

in fungi. However, in S. pombe, deletion of the PTEN homolog, ptnl, enables
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detection of PI[3,4,5]P3 at comparable levels to those seen in mammalian cells
(131). This was unexpected as yeast lack the class I PI3Ks which generate
PI[3,4,5]P3 (213). Yeast are able to generate PI[3,4,5]P3 by an alternative pathway
which evolved before the appearance of class [ PI3Ks by using two kinase enzymes,
Vps34p (PI 3-kinase) and Its3p (a PI[4]P 5-kinase). However, rapid turnover by
PTEN prevents the PPI from being detected (91, 131, 214). In this study PI[3,4,5]P3
was not observed under the conditions analysed, however, as E. festucae has a
Vps34p homolog, VpsA, it is likely that this PPI is produced by the same pathway
as in yeast and may not have been seen in this study because of the rapid turnover
by the PTEN homolog, TepA, for membrane recycling. Campbell, Liu (215) found
that PI[4,5]P2 enhances phosphatase activity of the PTEN, TepA homologue,
resulting in a positive feedback loop to deplete PI[3,4,5]P3 in mammals making it
plausible that PI[3,4,5]Ps is similarly at the fungal hyphal apex (215-217). It would
be interesting to analyse the localisation of TepA in growing hyphal tips of E.
festucae. Work is ongoing to analyse the impact of knocking out TepA on the

concentration of PI[3,4,5]P3 in E. festucae.

Another possible cause of the asymmetric localisation may be asymmetric
localisation of MssD, the kinase enzyme which converts PI[4]P to PI[4,5]P2. Work
in S. cerevisiae and C. albicans both demonstrate localisation of the MssD
homologue, Mss4, to the PM and hyphal tip, respectively. When this localisation
was disrupted both actin organisation and the PI[4,5]P2 gradient was lost resulting
in inhibition of the yeast-to-hypha transition (95, 96). A key focus of future work
will be to determine the localisation of MssD in E. festucae and analyse the impact

changing the abundance of MssD has on the PI[4,5]P2 gradient.

In an attempt to further determine if PI[4,5]P2 is the target of lipid signalling, mssD
was overexpressed in E. festucae and the effect on Nox complex regulation was
analysed through studying fungal growth both in culture and in planta. Mammals
possess three PI5Ks, a, 3, and y, whereas yeast have a single PI5K, MSS4, which is
essential (87, 218). E. festucae mssD was overexpressed using the constitutive
gpdA promoter. Three strains were selected that had high (18 fold), medium (8
fold), and low (3 fold) levels of overexpression, respectively. Using these strains,

no evidence was found to suggest that overexpressing mssD affected cell
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morphology, PI[4,5]P2 distribution in E. festucae or association with perennial
ryegrass. The analysis of ryegrass plants infected with WT versus mssD OE strains
provided no clear phenotypic differences caused by OE of mssD. While some
differences were observed, these were not significantly different between the
treatments and are likely due to biological variation. This is possibly because OE of
mssD in E. festucae is detrimental, allowing only small increases in mssD
expression, which do not affect the morphology or cell integrity, before becoming
lethal. Alternatively, it could be because OE of the mssD gene does not translate
into more protein or that the extra protein is not active so is redundant. Attempts
were also made to knock out mssD using the split marker technique. This proved
unsuccessful, yielding only ectopic integrations suggesting that mssD is likely an
essential gene as it is in yeast (84). To examine the role of this essential kinase,
past studies have utilised temperature sensitive (ts) mutants to both decrease and
increase PI5K activity (84, 87, 95, 201, 219, 220). Desrivieres, Cooke (219) found
that MSS4ts yeast cells were defective in fluid-phase endocytosis and had aberrant
cell morphology and loss of cell integrity, all due to disorganisation of the actin

cytoskeleton.

Future attempts to examine the role of PI[4,5]P2 in lipid signalling through its
kinase MssD, should focus on using an inducible promoter to control mssD
expression, such as the Tet-on or the copper inducible system, where tetracycline
or copper, respectively, is added to fungal cultures to induce expression of the gene
of interest, in this case a multi-copy array of mssD (221, 222). This would allow the
fungus to develop normally then visualise the change in morphology and PI[4,5]P2
distribution when OE is induced. Strict controls will be necessary to ensure the

added compound does not affect fungal or host growth.

The PI[4,5]P2 gradient seen in this study opens up many possibilities for the lipid
target of the Cdc24 PH domain. As all cytosolic Nox complex proteins localise to the
apex of the hyphal tip (in addition to other locations) and ROS is primarily
produced at the hyphal tip, the hyphal tip is most likely the site of Nox complex
activation (223). We now know that PI[4,5]P: is at the tip, albeit in the sub-apical
region, and that there is an unknown PPI at the apex of the tip which was

undetectable under the conditions in this study. As mentioned above this lipid is
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likely to be either PI[3,4,5]P3 or PI[4]P, and different methods, including
overexpressing and deletion of key kinases as well as utilising different LBDs to

target different lipid pools, are being used to identify the apical lipid.

PI[4,5]P2 has been identified in additional subcellular compartments including the
nucleus, endosomes, lysosomes, autolysosomes, autophagic precursor membranes,
ER, mitochondria, and the Golgi complex in mammalian cells (90, 175, 224-226).
The presence of PPI pools in these other compartments was not observed in this
study, possibly because the PPI in these locations was inaccessible to the biosensor
due to interactions with endogenous PI[4,5]P2 binding proteins. Alternatively, the
other PPI pools may be very transient, which appears to be the case in the Golgi
complex where there is an apparent absence of stable Golgi-associated PIP5K and
presence of 5-phosphatases (80, 90). To view this PPI in locations other than the
PM will require high-resolution microscopy techniques such as immunoelectron
microscopy, where samples are fixed thereby blocking the lipid dynamics that

prevents observation by standard microscopy (224, 227, 228).

The localisation of PI[4,5]P2 to septa of E. festucae was not surprising as this PPI
has been previously shown to play an important role in the formation of fungal
septa and in cytokinesis (229, 230). Septum formation is a well-regulated and
conserved developmental event in filamentous fungi, yeast, and mammals. The
process in N. crassa has been broken down into 3 distinct stages: 1) septal
actomyosin tangle assembly, 2) contractile ring (CR) formation, 3) CR constriction
together with PM ingrowth and cell wall construction (229, 231, 232). PI[4,5]P2
and the enzymes which generate this phospholipid are enriched in the division site
of mammalian and yeast cells (233-236). In mammalian cells, depletion of
PI[4,5]P2 in the PM results in disassociation of the actin cytoskeleton and sliding of
the CR, indicating that CR anchoring and septal placement is dependent upon the
PPI (234). The presence of PI[4,5]P2 at septa observed in this study suggests that

the role of the PPI in septation is conserved in E. festucae.

PI[4,5]P2also localised to the PM and septa in planta. Samples used for this analysis
were taken from the cell expansion zone of the leaf sheath where hyphae switch

from tip to intercalary growth, a mechanism which synchronises fungal growth
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with that of the host plant to effectively avoid mechanical shear as the leaf expands
(38, 237). While hyphae are undergoing intercalary growth, they remain
metabolically active and still require mobilisation of the polarity complex to
actively growing regions to allow extension of the hyphae (237). It is proposed that
septa act as the recruitment hub for machinery to allow hyphal extension. Under
all biological conditions PI[4,5]P2 is enriched at the septa and likely has an
important role in septation, signalling, and protein recruitment, and may indeed
support the role of septa as the hub for hyphal extension. It would be interesting to
investigate the effect of depleting septal PI[4,5]P2 pools , potentially through
knocking down MssD, on tip and intercalary hyphal growth.

The presence of PI[4,5]P2 at the PM and septa under a range of environmental
conditions strongly suggests that the PPI plays an essential role in several
biological processes including tip growth, endocytic membrane recycling, and
septa formation, as seen in mammals and plants. PI[4,5]P2 may also be a target of
lipid signalling in the assembly and activation of the Nox complex. However, the
absence of the PPI at the apex of the hyphae opens up possibilities for other PPIs to
be present such as PI[4]P and PI[3,4,5]P3. Work to delete and overexpress the
enzymes that affect the production and turnover of these PPIs, such as Tep4, is

ongoing to help elucidate their role in lipid signalling.

Using a biosensor for PI[3]P, comprised of the FYVE domain of mouse hepatocyte
growth factor-regulated tyrosine kinase substrate (134), this lipid was found to
display two distinct localisation patterns between mature hyphal cells and hyphal
tip cells of axenically grown cultures. In mature hyphal cells, the biosensor
localised to the periphery of vacuole-like structures of various sizes as well to the
membrane of small punctate structures both in the cytoplasm and inside vacuoles.
Previous studies in yeast and mammals, indicate that PI[3]P is highly enriched on
early endosomes and in the internal vesicles of both multivesicular endosomes and
vacuoles (102-105) and additionally to the TGN in plant cells (106). PI[3]P has
been implicated in key roles throughout the endosomal system where cargo may
either be recycled to the cell surface (238), trafficked retrogradely to the TGN
(239), or sorted to MVBs/late endosomes for lysosomal degradation (105, 109,

240, 241). Regulatory proteins of endocytosis and endosomal trafficking are
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shown to contain the two main types of domains that specifically recognize PI[3]P,
FYVE and PX domains (81, 102, 242-245). For example, PI[3]P regulates early
endosomal fusion by recruiting tethering factor EEA1 with the help of rab5-GTP
through PX and FYVE binding domains (246-249). In the tip cell, the biosensor
localised exclusively to highly mobile vesicular structures. As discussed above, in
other organisms PI[3]P in vesicles is involved in fusion and delivery of cargo to
endosomes and vacuoles (102, 103). Given the tip cell does not contain many
vacuoles, localisation is primarily to vesicles and is likely part of the
endomembrane system delivering cargo to the Spitzenkorper at the rapidly
growing tip cell (250). Studies in filamentous fungi have demonstrated that FM4-
64 transiently stains the Spitzenkorper (251-253). Indeed, endocytic recycling via
early endosomes is essential for proper hyphal morphology and pathogenicity, as
seen in the corn smut Ustilago maydis (254). Therefore, it appears that the hyphal
apex not only is a site of exocytosis but presumably also participates in membrane
recycling processes that support tip growth (250). It would be interesting to

investigate whether the PI[3]P vesicles are associated with the Spitzenkorper.

Based on previous work in yeast and mammals, the large organelles containing
PI[3]P in the membrane are likely vacuoles and the vesicle structures are likely
endosomes targeted to either the TGN, cell surface, or to the
vacuole/MVB/lysosomes (102). To confirm the localisation of PI[3]P to vacuoles,
endosomes and MVBs, co-localisation studies with PI[3]P eGFP biosensor and
organelle markers such as VMA-1 (vacuole and prevacuolar compartment (PVC)
marker), RAB-4 and TLG-1 (early endosome markers) (187), and FM4-64 to
visualise the Spitzenkorper (250) will be needed.

Mammals possess three classes of phosphoinositide 3-kinases (PI3Ks) with
different substrate specificities, class 1 produce PI[3,4,5]P3, class Il generates
PI[3,4]P2 and PI[3]P, and class III exclusively forms PI[3]P (105, 255). Only a single
PI3K has been identified in yeast, vps34p which synthesizes PI[3]P (131). As
previously mentioned, E. festucae has a vps34p homologue, VpsA, making it very
likely PI[3]P is biologically important in filamentous fungi. When Vps34p is
inactivated, fusion of endosomal transport intermediates with the vacuole are

impaired, suggesting PI[3]P is an essential second messenger in vacuolar protein
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transport, playing a role in the endosome to vacuole transport (103). Work is
ongoing to overexpress vpsA and study the effect this has on fungal growth, PPI

distribution, and interaction with the plant host.

In E. festucae conidiospores the PI[3]P biosensor displayed differential localisation
between the eGFP and mCherry fusions, as seen for PI[4]|P in planta. The mCherry
PI[3]P biosensor localised exclusively to mobile vesicles, whereas the eGFP version
localised to either putative vesicles or to a circular organelle. This organelle is
thought to be the nucleus as there was just one ‘spot’ present per cell in
germinating conidia, which are known to be uninucleate (256). However, DAPI and
FM4-64 staining must be used to confirm the nuclear and vesicular localisation
results, respectively. Vesicular localisation is to be expected, as conidiospores are
fast growing cells, much like the hyphal tip in axenic cultures where vesicular
localisation was also observed. The reason for putative localisation of this
biosensor to the nucleus is not clear, however, a study in mammalian cells detected
nuclear labelling PI[3]P when the probe was highly expressed (102). The
inconsistent localisation to the nucleus seen in this study could be due to the level
of expression of each biosensor; western blots comparing the expression of each
biosensor would be necessary to confirm this hypothesis. Electron microscopy of
mammalian cells detected PI[3]P within the nucleus and in the nuclear envelope
(102). Coincidentally, Cdc24 has been identified in the nucleus in yeast (72). While
not observed in this study the possibility that PI[3]P co-localises with Cdc24 in the
nucleus of germinating conidia should be investigated. In phialides, this difference
in localisation appears to be resolved with both biosensors localising to vacuolar

membranes and mobile vesicles as seen in mature hyphal cells in axenic culture.

Localisation of PI[3]P in planta proved inconclusive. All strains of the LBD-eGFP
biosensor failed to fluoresce in planta and there was no difference in fluorescence
between the control and mCherry-LBD biosensor. The mCherry results suggest
that PI[3]P may be absent from hyphal cells in planta. However, this is very
unlikely due to the biological importance of this PPI in other organisms and its
specific localisation in cells of axenic cultures of E. festucae. Given it is unclear
where PI[3]P is localised in planta this section of the work will need to be repeated

with new transformants in the future.

109



The localisation of PI[3]P observed in this study make it unlikely that this PPl is a
target of lipid signalling in the recruitment of the cytosolic Nox proteins. Instead
the lipid likely plays a key role in the endosomal system trafficking as seen in

mammalian and yeast systems.

In contrast to PI[3]P, PI[4]P and PI[4,5]P2, no specific localisation signal could be
seen for PI[3,4]P2 and PI[3,4,5]Ps. Cytoplasmic localisation was observed but this is
likely due to free fluorophore, as seen by western blot analysis. Three possible
explanations for this are: the target PPIs are not present, the biosensors may not
have an affinity to the PPI, or the biosensor cannot access the PPI. It would be very
surprising if the PPIs were not present as these PPIs are important in both yeast
and mammals (115, 120). PI[3,4]P2 is expected to localise in the PM playing an
important role in cancer metastasis in mammals and endosomal trafficking in
yeast. (89, 120, 127). PI[3,4,5]P3 is found at the PM of the leading edge in
mammalian cells (80, 89, 257), where it serves as a potent signal for survival and
proliferation (91, 128, 129), and is associated with cytoskeletal rearrangements
(130). As previously mentioned, while there is no distinct class I PI3Ks to produce
PI[3,4,5]P3, it is possible that the PPI is generated along an alternative pathway, as
seen in yeast, and is present at the hyphal apex where it is rapidly turned over to
PI[4,5]P2 by TepA (131). Yeast also do not have a PI3K enzyme for the synthesis of
PI[3,4]P2, but there may be alternative pathways for generating this PPI as found
for PI[3,4,5]P3 (131). Alternatively, the biosensors may not have an affinity to the
PPI in E. festucae. To detect PI[3,4]P2 and PI[3,4,5]P3 the second PH domain of
pleckstrin homology domain-containing family A member 2 (Plekha2) and
Bruton’s tyrosine kinase (BTK) were used, respectively. The affinity and
localisation of these PH domains have been confirmed using affinity assays as well
as co-localisation studies in both yeast and mammals (167, 258-263). In future, the
specificity of biosensors used in this study will be confirmed. This may be done
using PIP strips (Echelon Biosciences, P-6001), an affinity blotting assay; by co-
localising biosensors with antibodies specific for a PPI (122); or by making new
biosensors based on other mammalian domains known to bind these PPIs. Lastly,
it is possible that the PPI was inaccessible to the biosensor due to PPI-protein

interactions preventing the biosensor from binding and specific localisation from
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being observed. In the future, experiments using higher resolution microscopy
techniques such as immunoelectron microscopy, coupled with deletion and
overexpression analysis of the enzymes involved in producing these PPIs could be
used. While PI[3,4,5]Ps is not observed in this study it is likely a very important PPI
in E. festucae. The absence of a lipid at the hyphal tip apex makes it very likely that
PI[3,4,5]P3 is at the apex, and is rapidly turned over to PI[4,5]P2 by TepA
preventing detection, as seen in yeast (131). If this PPI is indeed at the hyphal
apex, it could be a potential target of Cdc24. This could be confirmed using the PIP
strips mentioned above. Work is ongoing to delete and overexpress TepA to

visualise the effect this has on PI[3,4,5]P3 localisation.

In conclusion, this study represents the first comprehensive analysis of PPI
composition in filamentous fungi using biosensors. The knowledge of the spatial
PPI composition gained provides a crucial step towards understanding which
processes are regulated in E. festucae via lipid signalling, including Nox signalling.
Deletion of Cdc24 PH domain of Cdc24, abolished localisation to the hyphal tip and
septa, suggesting localisation of Cdc24, and activation of the Nox complex, is
reliant on the interaction of the PH domain with its lipid target, and therefore lipid

signalling.

Using a suite of biosensors, three lipids were identified in E. festucae: PI[4]P, in
golgi vesicles; PI[4,5]P2, in the plasma membrane and septa; and PI[3]P, in the
vacuolar and endosome membranes. While these structures require confirmation,
the localisation of these lipids is well documented in plants, mammals, and yeast.
An important focus of future studies will be to confirm identity of these structures
using fluorescent markers as indicated above. PI[4,5]P2 had an asymmetric
gradient at the hyphal tip where the PPI was enriched in the sub-apical region with
little to no signal at the apex. It is possible that lipids PI[4]P or PI[3,4,5]P3 are
present at the apex, and may be the target of Cdc24, but are not observed as are
rapidly turned over. It is also suspected that PI[4]P co-localises with NoxA/NoxD
in the golgi vesicles before delivery to the plasma membrane. A co-localisation
study between PI[4]P and NoxA as well as affinity assays for the lipid-binding
domains, Cdc24 PH domain and BemA PX domain, are underway to identify the

lipid target(s). The effects of deleting and overexpressing the enzymes involved in
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generating these lipids, mssD, vpsA, and tepA, are being analysed. So far the PISK
which generates PI[4,5]P2, mssD, has been overexpressed and shows no clear
impact on the culture growth, phenotype, PPI distribution, or plant-fungal
symbiosis. Attempts have been made to delete mssD, however it is likely that it is
an essential gene. An inducible knockout system is being developed to observe the

effect of lowering PI[4,5]P2 concentrations.

The regulation of the fungal Nox complex has been a hot topic since its discovery in
E. festucae in 2006 due to its crucial role in regulating the fungal growth in planta
(46). This study confirms that lipid signalling does play an important role in the
assembly of the Nox complex. The potential importance of PI[4]P and PI[3,4,5]P3 in
recruiting cytosolic Nox proteins to the membrane opens up several exciting

avenues for future research.
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Figure 4.1. Distribution of phosphoinositides in the membranes of mammals,
yeast, and fungus, Epichloé festucae, cells. Different PIKs (in pink) and
phosphatases (in red) are localised to their proposed site of action. The coloured
rings around subcellular structures indicate their specificities for different PPIs
described in the key. EE, early endosome; LE, late endosome; MVB, multivesicular
body; GC, Golgi complex; V, vacuole; Ly, lysosome; ER, endoplasmic reticulum; N,
nucleus. Question marks indicate the proposed, yet unconfirmed, localisation of a
PPI or PIK. Note: the membrane compartments to which PPIs localise to in the E.
festucae model are purely based off the literature and results from this study; co-
staining is required to confirm compartment identity. Adapted from De Matteis,

Godi (80).
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6.1 Summary of lipid binding domains used in this study

Lipid
Mammalian protein binding Lipid target Plasmids Protein details Referenc
domain ©
Hepatocyte growth factor-regulated tyrosine FYVE PI[3]P pCE106, Accession NP_001152800, amino acids 155- (134)
kinase substrate (HGS) pCE111 222 based on longest prediction from
InterPro v.55 (IPR013083)
Second PH domain of pleckstrin homology PH PI[3,4]P pCE108, Accession NP_112547, amino acids 195-304 (260)
domain-containing family A member 2 2 pCE113 based on longest prediction from InterPro
(Plekha2; also known as TAPP2 (Tandem PH- v.55 (IPR011993)
domain-containing protein-2))
Bruton’s tyrosine kinase (BTK) PH PI[3,4,5]P3 pCE107, Accession NP_038510, amino acids 3-169 (167)
pCE112 based on longest prediction from InterPro
v.55 (IPR011993)
PH domain of pleckstrin homology domain- PH PI[4]P pCE109, Accession NP_112546, amino acids 1-96 (134)
containing family A member 3 (Plekha3; also pCE114 based on longest prediction from InterPro
known as FAPP1 (four phosphate-adapter v.55 (IPR011993)
protein 1))
Phospholipase C-61 (PLC-61) PH PI[4,5]P pCE105, Accession NP_062650, amino acids 13-139 (136)
2 pCE110 based on longest prediction from InterPro

v.55 (IPR011993)
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6.2  Construct preparation

All constructs were designed and prepared by Dr Carla Eaton.

6.2.1 (Cdc24 localisation constructs

Constructs expressing full length Cdc24 and Cdc24 with the PH domain removed
(APH) were generated using Gibson assembly. pCE127 (Appendix 6.3.3.1) was
made by cloning the gpdA promoter, full length cdc24, eGFP, and the trpC
terminator into the pRS426 backbone. pCE124 (Appendix 6.3.3.2) was made in the
same fashion except cdc24 was amplified in two pieces to exclude the PH domain.
Primers were designed to include a 5xGly linker between Cdc24 and eGFP in each

construct to allow for correct protein folding.

6.2.2 Biosensor constructs

The mouse lipid binding domains (LBDs) were codon optimised for expression in
fungi using codon usage information generated for E. festucae. Codon usage
frequency was determined by comparison of all E. festucae F11 coding sequences
and corresponding protein sequences (Schardl et al, 2013). The codon optimised
LBD were fused to mCherry at the N-terminus with a 6x glycine linker generated as
inserts in the vector pUC57 by GenScript USA Inc. The LBD was then amplified
from these constructs and fused to eGFP at the C-terminus with a 5x glycine linker
using Gibson assembly (264). Gibson assembly was further used to clone the
mCherry-6Gly-LBD and LBD-5Gly-eGFP fragments under the control of the gpdA
promoter and trpC terminator, to generate either PgpdA-mCherry-6Gly-LBD-TtrpC
or PgpdA-LBD-5Gly-eGFP-TtrpC fragments within the yeast vector pRS426
(Appendix 6.3.1.1-6.3.1.10). The 5 and 6xGly linkers were placed to allow for
correct protein folding of both LBD and fluorophore. In addition, control
constructs in which mCherry or eGFP were cloned under the control of PgpdA and
TtrpC were generated to express free mCherry and eGFP (Appendix 6.3.1.11 and
6.3.1.12).

136



6.2.3 mssD OE construct

The 3029 bp mssD coding sequence was cloned under control of PgpdA and TtrpC
using Gibson Assembly to generate a PgpdA-mssD-TtrpC fragment within the yeast
vector pRS426 (Appendix 6.3.2).

6.2.4 mssD KO construct

The mssD replacement construct, pCE98 was generated by Gibson assembly
(Gibson et al, 2009; Gibson, 2011). A 1208 bp PCR fragment 5’ of mssD and a 1020
bp PCR fragment 3’ of mssD were amplified using Phusion High Fidelity DNA
polymerase (Thermo Fisher). To facilitate Gibson assembly, primers for
amplification of the 5’ flanking fragment contained overlap to pRS426 (mss1) and
to the hph hygromycin resistance cassette (mss2), and primers for amplification of
the 3’ flanking fragment contained overlap to the hph resistance cassette (mss3)
and to pRS426 (mss4). For replacement of mssD, a split marker approach (265)
was employed in which the mssD replacement fragment was amplified as two
pieces (mss1/hph-split-R 2025 bp; hph-split-F/mss4 2155 bp) with a 501 bp
overlap in the middle of the hph resistance cassette. Protoplasts were then
transformed with 2.5 Bg of each fragment and transformants selected on media
containing hygromycin. Theoretically all resistant transformants should be gene
replacement mutants as homologous recombination is required to generate the full

length hygromycin resistance cassette.
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6.3 Construct maps

Maps of vectors routinely used in this study are presented below.

6.3.1 Cdc24 constructs

2_Origin

pBR32

cdc24-eGFP construct
12333bp

d
\a—om\rgzvsa

Pgpd-R

6.3.1.1 Cdc24-eGFP (pCE127)
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cdc24APH-eGFP construct
11761bp

ori-in

pBR322

Deletion sit

cdc3

6.3.1.2 Cdc24APH-eGFP (pCE124)
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6.3.2 Biosensor constructs

-eGFP construct

PHPLC-Bl

AC11

6.3.2.1 P1[4,5]P2 eGFP biosensor (pCE105)
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PURA3

FYVE,;s-€GFP construct

9346bp

\0
FYVEHGsdom‘a

nos?

6.3.2.2 PI[3]P eGFP biosensor (pCE106)
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PH,.-eGFP construct
9643bp

6.3.2.3 PI[3,4,5]P3 eGFP biosensor (pCE107)
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PH,mao-€GFP construct

9472bp

5xGly linke'

ot
P\‘\P\ek\nazd

6.3.2.4 PI[3,4]P2 eGFP biosensor (pCE108)
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PH

Plekha3

-eGFP construct

o .
PH plekhad do

6.3.2.5 PI[4]P eGFP biosensor (pCE109)
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mCherry-PH,, . construct

9494bp

AC11

6.3.2.6 PI[4,5]P2 mCherry biosensor (pCE110)
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mCherry-FYVE . construct

HGS

9317bp

6.3.2.7 PI[3]P mCherry biosensor (pCE111)
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mCherry-PH__ construct

BTK

9614bp

6.3.2.8 PI[3,4,5]P3 mCherry biosensor (pCE112)
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mCherry-PH

Plokha? construct

mCherry

6.3.2.9 PI[3,4]P2 mCherry biosensor (pCE113)
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mCherry-PH,,... construct

9401bp

6.3.2.10 PI[4]P mCherry biosensor (pCE114)
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eGFP control construct

9124bp

6.3.2.11 eGFP control (pCE125)
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mCherry control construct

9095bp

6.3.2.12 mCherry control (pCE1126)
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6.3.3 MssD constructs

mssD OE construct
11412bp

6.3.3.1 mssD OE construct (pCE101)
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mssD KO cassette

mss3

6.3.3.2 mssD KO cassette (pCE98)
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6.3.4 Resistance plasmids

pSF16.17

4203bp

6.3.4.1 pSF16.17, geneticin resistance
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BLA

pSF15.15

3887hbp

orj

6.3.4.2 pSF15.15, hygromycin resistance
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6.4 Supplementary images of Cdc24-eGFP and Cdc24APH-eGFP

localisation in culture.
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6.4.1 Cdc24-eGFP construct. Differential interference contrast and fluorescent
microscopy images of Cdc24-eGFP in the following strains (A) EFS88, (B) EFS89,
(C) EFS90, and (D) EFS91. Fluorescence signals have been pseudocoloured green
and the DIC signal appears in grey scale. Cultures were grown on 1.5% (w/v)

water agar for 6-9 days. Bars =5 pm.
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6.4.2 Cdc24APH-eGFP construct. Differential interference contrast and
fluorescent microscopy images of Cdc24APH-eGFP in the following strains (A)
EFS92, (B) EFS93, and (C) EFS94. Fluorescence signals have been pseudocoloured
green and the DIC signal appears in grey scale. Cultures were grown on 1.5%

(w/v) water agar for 6-9 days. Bars = 5 pm.
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6.5 Western blots

A oOFP Coniols  PH.c€OFP  oES oGS FYVE, eGP oafh  PH,.eGFP  oGEE
KDa eGFP EFS33 EFS2 EFS3 EFS7 EFS14 EFS4 EFS6 EFS8 EFS10 EFSi11 EFS13
75 —

0 a .‘- -
e — - =
R

R ———

B| construct | Domain Type Target Strain EFS Number o (ko0
PN4175 N/A
eGFP Control 29.95
19 EFS3
12 EFS2
PHPLC-eGFP PH PI[4,5]P2 42.34
19 EFS3
PH,-eGFP PH PI[3,4,5]P3 9 EFS7 47.13
PHenas €GFP PH PI[4]P 8 EFS14 38.19
9 EFS4
FYVEHGS-eGFP FYVE PI[3]P 32.26
24 EFS6
PH,,-€GFP PH PI[3,4,5]P3 20 EFS8 47.13
1 EFS10
PH, a2 €GFP PH PI[3,4]P2 40.01
4 EFS11
PH, 03" €GFP PH PI[4]P 37 EFS15 38.19

6.5.1 Western blot analysis of eGFP biosensor strains. (A) Western blot of total
protein extract of strains EFS33, EFS2, EFS3, EFS7, EFS14, EFS4, EFS6, EFSS,
EFS10, EFS11, and EFS15, probed with the anti-GFP antibody (Invitrogen,
A11122). Total protein extract of strain PN4175 expressing cytosolic GFP (pCT74)
was used as a control (146). Per strain 50 pg of total protein were loaded and
samples were separated on a 10% SDS Page gel. (B) Table of biosensor constructs
and their expected weight (kDa) as calculated using

https://www.bioinformatics.org/sms/prot mw.html.
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https://www.bioinformatics.org/sms/prot_mw.html

A mCherry Controls mCherry-PH, , mCherry- FYVE, .. mCherry-PH,,, mCherry-PH,, . mCherry-PH,, .
KDa EFS35 EFS36 EFS16 EFS17 EFS19 EFS20 EFS22 EFS24 EFS25 EFS26 EFS29  EFS30
50 —
37 — e -
——
25 — -—
DT ——
B o q q Predicted
onstruct Domain Type Target Strain EFS Number MW (KDa)
2 EFS35
mCherry Control 26.73
15 EFS36
10 EFS16
mCherry-PH,, . PH Pl[4,5]P2 42.04
16 EFS17
22 EFS19
mCherry-FYVE,, FYVE PI[3]P 34.97
37 EFS20
16 EFS22
mCherry-PH, PH PI[3,4,5]P3 46.84
33 EFS24
3 EFS25
mCherry-PH,,_,, ., PH PI[3,4]P2 39.72
37 EFS26
18 EFS29
mCherry-PH,, ... PH PI[4]P 38.03
25 EFS30

6.5.2 Western Blot analysis of mCherry biosensor strains. (A) Western blot of
total protein extract of strains EFS35, EFS36, EFS16, EFS17, EFS19, EFS20, EFS22,
EFS24, EFS25, EFS26, EFS29, and EFS30, probed with the anti-mCherry antibody
(BioVision, 5993). Per strain 50 pg of total protein were loaded and samples were
separated on a 10% SDS Page gel. (B) Table of biosensor constructs and their
expected weight (kDa) as calculated using

https://www.bioinformatics.org/sms/prot_ mw.html.
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6.6 Supplementary images of biosensor localisation in culture

]
-

&1
"

6.6.1 eGFP free fluorophore control. Differential interference contrast and

fluorescent microscopy images of the free fluorophore controls in strain EFS33.
Fluorescence signals have been pseudocoloured green and the DIC signal appears
in grey scale. Cultures were grown on 1.5% (w/v) water agar for 6-9 days. Bars = 5

pm.
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6.6.2 mCherry free fluorophore control. Differential interference contrast and
fluorescent microscopy images of the free fluorophore controls in the following
strains (A) EFS34 and (B) EFS35. Fluorescence signals have been pseudocoloured
red and the DIC signal appears in grey scale. Cultures were grown on 1.5% (w/v)

water agar for 6-9 days. Bars =5 pm.
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6.6.3 PI[3]P eGFP biosensor. Differential interference contrast and fluorescent
microscopy images of the PI[3]P biosensor in the following strains (A) EFS4 and
(B) EFS6. Fluorescence signals have been pseudocoloured green and the DIC signal
appears in grey scale. Cultures were grown on 1.5% (w/v) water agar for 6-9 days.

Bars =5 pum.

170






6.6.4 PI[3]P mCherry biosensor. Differential interference contrast and
fluorescent microscopy images of the PI[3]P biosensor in the following strains (A)
EFS18 and (B) EFS20. Fluorescence signals have been pseudocoloured red and the
DIC signal appears in grey scale. Cultures were grown on 1.5% (w/v) water agar

for 6-9 days. Bars =5 pm.
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6.6.5 PI[3,4]Pz eGFP biosensor. Differential interference contrast and fluorescent

microscopy images of the PI[3,4]P2 biosensor in the following strains (A) EFS10
and (B) EFS11. Fluorescence signals have been pseudocoloured green and the DIC
signal appears in grey scale. Cultures were grown on 1.5% (w/v) water agar for 6-

9 days. Bars =5 um.
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6.6.6 PI[3,4]P2 mCherry biosensor. Differential interference contrast and

fluorescent microscopy images of the PI[3,4]P2 biosensor in the following strains
(A) EFS25, (B) EFS26, and (C) EFS27. Fluorescence signals have been
pseudocoloured red and the DIC signal appears in grey scale. Cultures were grown

on 1.5% (w/v) water agar for 6-9 days. Bars = 5 um.
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6.6.7 PI[3,4,5]Ps eGFP biosensor. Differential interference contrast and
fluorescent microscopy images of the PI[3,4,5]P3 biosensor in the following strains
(A) EFS7 and (B) EFS8. Fluorescence signals have been pseudocoloured green and
the DIC signal appears in grey scale. Cultures were grown on 1.5% (w/v) water

agar for 6-9 days. Bars = 5 um.
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6.6.8 PI[3,4,5]P3 mCherry biosensor. Differential interference contrast and
fluorescent microscopy images of the PI[3,4,5]P3 biosensor in the following strains
(A) EFS22, (B) EFS23, and (C) EFS24. Fluorescence signals have been
pseudocoloured red and the DIC signal appears in grey scale. Cultures were grown

on 1.5% (w/v) water agar for 6-9 days. Bars = 5 pm.
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6.6.9 PI[4]P eGFP biosensor. Differential interference contrast and fluorescent
microscopy images of the PI[4]P biosensor in the following strains (A) EFS13 and
(B) EFS14. Fluorescence signals have been pseudocoloured green and the DIC
signal appears in grey scale. Cultures were grown on 1.5% (w/v) water agar for 6-

9 days. Bars =5 um.
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6.6.10 PI[4]P mCherry biosensor. Differential interference contrast and

fluorescent microscopy images of the PI[4]P biosensor in the following strains (A)
EFS29, (B) EFS30, and (C) EFS31. Fluorescence signals have been pseudocoloured
red and the DIC signal appears in grey scale. Cultures were grown on 1.5% (w/v)

water agar for 6-9 days. Bars =5 pm.
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CHRNE

6.6.11 PI[4,5]P2 eGFP biosensor. Differential interference contrast and

fluorescent microscopy images of the PI[3]P biosensor in the following strains (A)
EFS1, (B) EFS2, and (C) EFS3. Fluorescence signals have been pseudocoloured
green and the DIC signal appears in grey scale. Cultures were grown on 1.5%

(w/v) water agar for 6-9 days. Bars = 5 pm.

191



192



6.6.12 PI[4,5]P2z mCherry biosensor. Differential interference contrast and
fluorescent microscopy images of the PI[3]P biosensor in the following strains (A)
EFS16 and (B) EFS17. Fluorescence signals have been pseudocoloured red and the
DIC signal appears in grey scale. Cultures were grown on 1.5% (w/v) water agar

for 6-9 days. Bars =5 pm.
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Ef 931 TLRP----- RLSK NKN R-DEG 963

6.7 Multiple sequence alignment of fungal MssD proteins. Amino acid
sequences of S. cerevisiae (Sc) YDR208W, Schizosaccharomyces pombe (Sp)

SPAC19G12.14, Fusarium graminearum (Fg) FGSG_10792, Magnaporthe
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oryzae (Mo) MGG_06572, Neurospora crassa (Nc) NCU02295, Sordaria macrospora
(Sm) SMAC_08733, Podospora anserina (Pa) PODANS_59630, E.
festucae (Ef) EfM3.031950. The degree of shading is indicative of the amino
acid percentage identity. Blue boxing indicates the position of the kinase domain in

E.  festucae MssD as  predicted by InterProScan  (IPR023610).
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Strain

#17
#17
#18
#18
#20
#20
#27
#27
#32
#32
#36
#36
#37
#37
#38
#38
#52
#52
#53
#53
FI1
FI1

6.8 qRT-PCR data for Figure 3.28. Expression of mssD in wild-type (F11) and three independent mssD OE transformants in culture.

19.14
18.86
19.15
19.74
20.98
18.9
19.25
18.65
19.53
19.24
21.66
20.03
19.14
19.1
19.13
19.14
20
19.86
21.76
19.95
19.54

Cp = crossing point; StDev = Standard deviation

Cp Avg
20.18
19.69

19.45 19.76
19.94 19.58
18.95 19.49
19.39 19.77
20.85 19.82
19.12 19.43
19.14 19.645

2098 o000
19.93 20.275
20.86 20.16
19.17 18.85
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6.9 Statistical analysis

Results of the Tukey Test analyses used in Figure 3.28 are presented below.

Statistical significance is deemed as a p-value <0.05.

Boirgeniisan Tiller length Tiller number
diff lwr upr P adj diff lwr upr P adj
MssD OE 17-WT 9.67 3.88 15.46 0.00023** -2.85 -5.66 -0.032 0.046*
MssD OE 20-WT 5.064 -0.85 10.97  0.12ns 3.11 024 598 0.029*
MssD OE 53-WT -0.38 -694 6.19  1ns 4.32 113 7.52 0.0037**

diff = difference of the means, lwr and upr = 95% confidence interval, P adj = adjusted p-value,

*=10.05-0.01, ** = p-value 0.01-0.0001, ns = Non-significant.
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