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Thesis Abstract

The fungal pathogen Zymoseptoria tritici causes the most economically
important disease of wheat in Europe. Despite recent advances in our
understanding of its molecular host-pathogen interaction, fundamental
guestions remain about the cellular processes underlying plant colonisation by
this fungus. The work presented in this thesis uses both reverse and forward
genetic techniques to further understand the molecular determinants of Z. tritici
virulence. To address questions about the source of nutrients utilised by Z. tritici
to support symptomless colonisation of the leaf, this thesis explores cellular
pathways utilised by other plant pathogenic fungi to access stored
macromolecules. While autophagy is crucial for the infection-related
development of many fungal plant pathogens, this study reveals that autophagy
is dispensable for Z. tritici pathogenicity, and points towards a potential
autophagy-independent function of ZtATG8 in virulence. The mitochondrial fatty
acid B-oxidation pathway was however found to support the switch to hyphal
growth on the leaf surface, providing strong evidence that catabolism of stored
lipids is required for early host invasion by Z. tritici.

Forward genetic investigation identified enzymes within the cell wall integrity
(CWI) and cyclic adenosine monophosphate (cCAMP) signalling pathways as
playing a key role in Z. tritici virulence. In planta transcriptomic analysis
revealed that the CWI pathway regulates the expression of infection-related
secreted proteins, including the characterised LysM effectors required for host
defence evasion, suggesting that Z. tritici may co-regulate virulence gene
expression with the response to cell wall perturbation. Findings presented here
also suggest that cCAMP signalling regulates transcription during the switch to
necrotrophic growth, providing insights into the elusive mechanisms controlling
this infection cycle transition. Finally, genomic and transcriptomic analysis of a
spontaneous Z. tritici mutant revealed the potential function of the light
responsive transcription factor white collar 1 in controlling Z. tritici morphological
development and infection.

These novel findings advance our understanding of the cellular pathways
contributing to Z. tritici infection and inform the development of future strategies

to control this devastating pathogen.
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General Introduction
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1.1 Fungal plant pathogens: a threat to modern agriculture

Pests and pathogens pose a major threat to global agriculture, causing
estimated losses of 20-30% in the world’s major food crops (Oerke, 2006;
Savary et al., 2019). Fungal diseases contribute significantly to this devastation,
causing crop yield reductions and contamination of food products with harmful
mycotoxins (Dean et al., 2012; Fisher et al., 2012). The threat from existing and
emerging fungal plant pathogens is ever increasing with the impacts of climate
change, modern agricultural practices and the global food system (Bebber et
al., 2013; Fisher et al., 2012; McDonald & Stukenbrock, 2016). Increasing
global temperatures as a result of anthropogenic climate change are predicted
to enable the spread of fungal plant pathogens poleward (Bebber et al., 2013).
Indeed, it has been reported that changing climatic conditions in the UK could
facilitate the spread of stem rust caused by Puccinia graminis f. sp. tritici, which
has recently re-emerged in Europe (Lewis et al., 2018). This is compounded by
the spread of plant pathogens to new regions facilitated by global distribution of
crops and plant material, such as the recent spread of the devastating wheat
blast pathogen Magnaporthe oryzae Triticum to Bangladesh from South
America in 2016 (Islam et al., 2019). The planting of genetically uniform crops,
which has increased since the Green Revolution (van de Wouw et al., 2009),
can also increase susceptibility to disease epidemics (McDonald &
Stukenbrock, 2016). For example, this has enabled the spread of Fusarium
oxysporum f. sp. cubense tropical race 4 (TR4) in populations of the globally
cultivated Cavendish banana cultivar (Dita et al., 2018), which comprises 99%
of the world’s exported bananas (Scheerer et al., 2018). This genetic uniformity
is often accompanied by higher planting densities, facilitating disease
transmission, driving increases in pathogen populations and enhancing
competition, all of which drives the evolution of increased virulence (McDonald
& Stukenbrock, 2016).

Considering current projections for the global population to reach 9.7 billion by
2050 (United Nations, 2019), and the estimated 60% increase in global food
production required to feed this burgeoning population (Alexandratos &
Bruinsma, 2012), mitigating the impacts of fungal crop diseases is key to the
maintenance of global food security. This is particularly relevant considering the

evidence that yield losses due to crop diseases and the impact of disease
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epidemics on the food system are most detrimental to developing countries
(Godfray et al., 2016; Savary et al., 2019).

Current control strategies rely heavily on fungicide inputs, with the estimated
value of the global fungicide market ranging from $13.4-16 billion
(statistica.com). Agricultural fungicide inputs are dominated by six main
chemistries which inhibit ergosterol biosynthesis, microtubule assembly and
mitochondrial processes, resistance to which has built up rapidly in major
pathogens (Fisher et al., 2018). The sequential use of newly discovered active
compounds and subsequent spread of resistance in pathogen populations has
rendered many of these chemical inputs ineffective over time (Lucas et al.,
2015). This represents an ever increasing threat, with slow development and
registration of new active compounds, the increasingly strict regulation of
chemical inputs by the European Union and concerns of fungicide resistance
accumulating in human opportunistic pathogens in the environment (Fisher et
al., 2018). Strategies for prolonging the efficacy of fungicides are currently
focused on effective tracking of resistance emergence (R4P Network, 2016),
tailoring seasonal fungicide application depending on disease pressure
(Jargensen et al., 2017), and the combination of active compounds to increase
the heterogeneity of selection (Bourguet et al., 2013).

Similarly, the vulnerability of resistant crop varieties to pathogen evolution is
evident from recent emerging fungal pathogens. For example, after successful
breeding for resistance to P. graminis f. sp. tritici during the Green Revolution
(Ellis et al., 2014), the majority of global wheat cultivars have now been found to
be susceptible to the recently emerged Ug99 strain (Singh et al., 2008),
including 80% of the cultivars currently planted in the UK (Lewis et al., 2018).
This threat is compounded by the time taken to breed new resistant varieties
(Ashkani et al., 2015), as well as the constant trade-off between yield and
disease resistance (Summers & Brown, 2013). Strategies for preserving the
longevity of resistant crops in the face of pathogen evolution are based around
increasing the heterogeneity of selection, through spatiotemporal deployment of
different resistant varieties or pyramiding of resistance loci in crops (Bourguet et
al., 2016). There is also interest in the increased durability provided by

guantitative resistance loci, which exert reduced selection pressure on the
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pathogen and require the co-evolution of multiple traits in the pathogen to be

overcome (Pilet-Nayel et al., 2017).

Mounting an effective response to the threat of fungal plant diseases requires
coordinated and collaborative efforts from the agricultural and scientific
communities across the world. This has been exemplified by the recent
formation of international research collaborations in response to recent
emerging fungal diseases, such as the Borlaug Global Rust Initiative (Mcintosh
& Pretorius, 2011) and Open Wheat Blast (http://openwheatblast.net/),

promoting significant investment into research on epidemiology, genomics, crop
breeding and agronomy related to fungal pathogens, as well as coordinating the
economic and societal responses to these threats. Furthermore, these
collaborations highlight the importance of fundamental research into the biology
of these fungal pathogens to drive the development of effective control

strategies (Konopka et al., 2019).

1.2 Plant pathogen infection strategies
1.2.1 The diversity of fungal-plant interactions

Fungal associations with plants are extremely diverse at an ecological level.
These range from saprotrophs crucial for the degradation of senescent plant
material, to mutually beneficial symbioses and devastating pathogens (Naranjo-
Ortiz & Gabaldon, 2019). Fungal symbionts provide diverse benefits to their
hosts, including the improved access to inorganic nutrients and water from the
soil which characterise the interaction with root-associated mycorrhizal fungi
(Brundrett, 2004), and the enhanced tolerance of abiotic stressors and
resistance to attack by pathogens and herbivores provided by other endophytes
(Rodriguez et al., 2009). At the opposite end of the spectrum, plant pathogens
are commonly defined by their trophic interaction with the host, with biotrophs
obtaining nutrients from living host tissue and necrotrophs killing the host and
feeding on the resulting dead tissue (Rodriguez-Moreno et al., 2018). Other
pathogens exhibit a combination of these lifestyles during infection, which have
been termed hemibiotrophs. These pathogens display an initial infection phase
resembling biotrophic invasion, before switching to necrotrophic colonisation of
the host (Horbach et al., 2011). Despite this variety, all fungal associations with

plants follow the same basic principle of gaining an advantage from their
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interaction with the host, usually by accessing nutrients, without succumbing to

the resistance mounted by the plant’s defences.

Biotrophic interactions with plant hosts offer a lucrative niche for fungi, with
reliable access to nutrients and reduced competition than that observed
between saprotrophic microorganisms in the soil (Spanu & Panstruga, 2017).
Biotrophic infection by fungi often involves development of specialised feeding
structures, known as haustoria or intracellular invasive hyphae, by breaching
the plant cell wall and forming intimate associations with invaginations of the
host cell membrane (De Silva et al., 2017; Voegele & Mendgen, 2003). These
are similar to the arbuscules developed by mycorrhizal fungi in the
Glomeromycota (Parniske, 2000). Other biotrophic pathogens reside exclusively
in the apoplast of the host, similar to endophytic fungi (Christensen et al., 2008;
Joosten & De Wit, 1989). Nutrient acquisition in these interactions involves
manipulation of host metabolism, induction of host nutrient efflux and
subsequent uptake by the fungus (Chen et al., 2010; Kretschmer et al., 2017;
Sutton et al., 2007; Voegele et al., 2001). Conversely, necrotrophic colonisation
is supported by nutrients released from host cell lysis and tissue degradation,
typically enabled through production of toxins and hydrolytic enzymes. Genomic
analyses have revealed that necrotrophic and some hemibiotrophic pathogens
have maintained many of the genes encoding plant cell wall degrading enzymes
(PCWDESs) from their saprotrophic ancestors (Zhao et al., 2013). This allows
them to acquire nutrients from degradation of host cell walls within dying tissue.

Discrete classification of fungal species based on trophic association and their
impact on plant fithess may represent an oversimplification of pathogen
lifestyles, which would be better viewed as a continuous spectrum (Rodriguez et
al., 2009). Recent studies suggest that some fungal species generally accepted
to be pathogens may display asymptomatic endophytic colonisation depending
on host species, genotype and tissue-type (Lofgren et al., 2018; Shaw et al.,
2016; Van Kan et al., 2014). For example, Botrytis species, which are typically
considered as broad host range necrotrophic pathogens, have recently been
identified to commonly undergo symptomless endophytic colonisation of host
plants (Shaw et al., 2016). These studies suggest that our misconceptions of
fungal-plant interactions may be caused by overrepresentation of studies into

associations with artificially selected crop hosts (Van Kan et al., 2014). This
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plasticity in fungal lifestyle has been recognised in mycorrhizal fungi for some
time (Brundrett, 2004). Further understanding of these complex and flexible
fungal-plant interactions will improve our ability to combat destructive
pathogens, for example through elucidating what host and environmental
conditions induce and reduce pathogenicity (Van Kan et al., 2014). For
diseases of crops, this may involve studying the relationships of pathogens with
wild relatives (Lofgren et al., 2018).

1.2.2 Barriers to infection: The plant defence system

The ability of plants to resist exploitation by microorganisms has evolved into
multiple layers of defence, formed of both constitutive and inducible elements.
The first effective barrier to plant colonisation by invading microbes is physical,
consisting of the waxy cuticle located on the epidermis of above-ground tissues,
and the cell wall which covers all plant cells (Malinovsky et al., 2014; Reina-
Pinto & Yephremov, 2009). Although these surface polymers serve mechanical
and protective functions, such as against desiccation and abiotic stressors, they
invariably limit the access to nutrients by microorganisms through forming a
physical barrier to penetration. Furthermore, there is increasing evidence that
both the cell wall and cuticle are dynamic structures contributing to inducible
plant defence, through roles in pathogen recognition and structural
reinforcement during immune responses (Underwood, 2012; Ziv et al., 2018).
Constitutive defence is also contributed to by antimicrobial compounds present
in plant tissues regardless of pathogen presence, known as phytoanticipins
(Soledade et al., 2015; VanEtten et al., 1994). These chemical defences are
distinct from those produced upon recognition of microbial invasion, which are

termed phytoalexins (Jeandet, 2015).

The inducible elements of the plant immune system are formed in response to
recognition of molecular signals from invading microorganisms, which are
elegantly summarised in the zig-zag model (Fig. 1.1; Jones & Dangl, 2006). The
first layer of this model involves detection of molecules that are both essential
and conserved in microbial classes, known as pathogen- or microbe-associated

molecular patterns (PAMPs/MAMPS), by cell surface receptor-like proteins,
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Figure 1.1 The zig-zag model of plant immunity and pathogen arms race.
Pathogen- or microbe-associated molecular patterns (PAMPs) induce PAMP triggered
immunity (PTI). Pathogens effectors lead to effector triggered susceptibility (ETS).
Plants recognise avirulence (Avr) effectors through receptors encoded by resistance
(R) genes, leading to effector triggered immunity (ETI), which often manifests as a
hypersensitive response (HR). Taken from Jones and Dangl, (2006).

termed pattern-recognition receptors (PRRs; Jones & Dangl, 2006). For fungal
pathogens, this mainly encompasses recognition of complex polysaccharide
components of the fungal cell wall, including B-glucans, mannan and chitin, as
well as the cell membrane component ergosterol (Barre et al., 2019; Khoza et
al., 2019; Oliveira-Garcia & Deising, 2013; Sanchez-Vallet et al., 2014). Several
widespread PCWDEs have also been proposed to act as PAMPSs in eliciting
plant defences (Ma et al., 2015; Zhang et al., 2014). Furthermore, plants are
able to recognise the signs of direct attack on the plant cell wall by fungal
hydrolytic enzymes, detecting the presence of breakdown products in the
apoplast known as damage-associated molecular patterns (DAMPs; Lotze et
al., 2007). Detection of PAMPs and DAMPs leads to generalised host defence
responses, termed PAMP-triggered immunity (PTI; Fig. 1.1; Jones & Dangl|,
2006). This includes the induction of an extracellular oxidative burst, Ca2* influx
and activation of intracellular kinase cascades, which in turn regulates the
expression of defence related genes and the synthesis of plant hormones

leading to further transcriptional reprogramming (Boller & Felix, 2009).

As the majority of PAMPs recognised by host plants are indispensable to
microbial survival and fitness, pathogens have evolved to counteract PTI

through evading recognition of these molecules, or suppression of the resulting
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defence responses. This is largely facilitated by the activity of effectors, which
are broadly defined as molecules secreted by pathogens to enable host
colonisation (Rovenich et al., 2014). Many of these effectors interfere with PTI,
leading to effector-triggered susceptibility (ETS; Fig. 1.1; Jones & Dangl, 2006).
The second layer of the plant immune response is composed of specific
recognition of these pathogen effectors, known as effector-triggered immunity
(ETI; Fig. 1.1). According to the zig-zag model, this typically involves direct
recognition of pathogen effectors secreted into the host cell, or indirect
recognition of their influence on host targets, by nucleotide binding-leucine rich
repeat (NB-LRR) domain proteins (Dodds & Rathjen, 2010). Discovery of this
second layer of induced defence was instrumental in understanding the gene-
for-gene resistance proposed in the 1940s (Person et al., 1962), with the
presence of a specific effector encoded by the avirulence (Avr) gene recognised
by a receptor encoded by a resistance (R) gene (Fig. 1.1; Jones & Dangl|,
2006). Defence responses associated with ETI are often rapid and drastic,
involving the induction of localised host cell death at the infection locus to inhibit
pathogen spread, known as the hypersensitive response (Balint-Kurti, 2019;
HR). This provides strong resistance against biotrophic and hemibiotrophic
pathogens which rely on living host cells.

Several limitations to the zig-zag model have been recognised since its initial
widespread acceptance, leading to the proposal of alternative models. Firstly,
many effectors are secreted into the apoplast, especially by pathogens which
live all or part of their life cycles in the intercellular space (Catanzariti & Jones,
2010). Apoplastic effectors can induce defence responses through recognition
by receptor-like proteins at the plant cell surface, many of which are structurally
related to the PRRs involved in PTI (Schellenberger et al., 2019). This
mechanism has recently been termed effector-triggered defence (ETD), which
is proposed to entail a slower host response than ETI, limiting the growth and
reproduction of the pathogen without necessarily directly impacting on its
viability (Stotz et al., 2014). However, recognition of some apoplastic effectors
causes a strong HR, such as those secreted by Cladosporium fulvum
(Stergiopoulos & de Wit, 2009), while others induce slower responses
reminiscent of PTI (Thomma et al., 2011). Cases of HR induced by PAMPs also
lead to limitations in the definition of PTI as a weak defence response.
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Furthermore, many effectors have been found to belong to conserved families
and some PAMPs have restricted taxonomic distribution, leading to difficulty
assigning defence-eliciting molecules to these classes (Thomma et al., 2011).
This has led to the emergence of a new ‘Invasion model’ for the plant immune
system, in which host defence responses are induced by recognition of invasion
patterns, which encompasses any pathogen- or host-derived molecules that
result from microbial colonisation (Cook et al., 2015). This was recently refined
to the ‘Spatial Invasion model’, which differentiates intracellular and extracellular
recognition of invasion patterns, which entail distinct signalling mechanisms and
efficacies against intracellular and apoplastic pathogens (Kanyuka & Rudd,
2019).

1.2.3 Fungal pathogens manipulate plant defence

Plant pathogenic fungi with different lifestyles have evolved multiple strategies
for dealing with these layers of host defence. Biotrophic pathogens generally
rely on evading recognition and suppressing host defence responses, to enable
successful colonisation whilst maintaining living host tissue. This strategy is
analogous to that employed by symbiotic mycorrhizal and endophytic fungi.
Effectors are secreted across the interface between pathogen and host and
supress host defence responses through a plethora of mechanisms (Rovenich
et al., 2014). Pathogenic fungi have evolved effectors which inhibit host defence
through masking of cell wall polysaccharide elicitors (de Jonge et al., 2010),
inhibition of downstream immune signalling components (Irieda et al., 2019),
and modulating defence-related hormones (Djamei et al., 2011; Rabe et al.,
2013). Other effectors protect the pathogen from antimicrobial host responses
through inhibition and destruction of host hydrolytic and reactive oxygen species
(ROS)-generating enzymes (Hemetsberger et al., 2012; Mueller et al., 2013;
Naumann et al., 2011), detoxification of fungicidal secondary metabolites
(Okmen et al., 2013), and direct protection of fungal cell wall components (Van
Esse et al., 2007). Furthermore, the reduced complement of PCWDE in
biotrophic and symbiotic fungi has been suggested to represent a strategy to
avoid recognition of these enzymes and their hydrolysis products as invasion
patterns by the host (Balestrini & Bonfante, 2014; Zhao et al., 2013). The
remaining PCWDEs in the genomes of fungi with biotrophic lifestyles may be

involved in host penetration and nutrient acquisition from limited host cell wall
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degradation, as has been suggested by the affinity of monosaccharide
transporters from endophyte and mycorrhizal fungi for plant cell wall
monosaccharides (Helber et al., 2011; Rasmussen et al., 2012).

Necrotrophic pathogens have evolved a distinct strategy for overcoming host
defence based around secretion of an extensive armoury of toxins to kill host
cells. Necrotrophs have long been known to secrete phytotoxic secondary
metabolites which induce cell death in their hosts. This includes broad spectrum
toxins, such as the sesquiterpene botrydial synthesised by B. cinerea
(Colmenares et al., 2002; Reino et al., 2004), as well as host-specific toxins,
such as the polyketide T-toxin from Cochliobolus heterostrophus (Baker et al.,
2006). More recently, many necrotrophs have been found to produce host-
specific toxic effector proteins (Oliver & Solomon, 2010). Functional analysis of
these effectors found them to target plant immune receptors to induce host cell
death and enable colonisation. For example, the Stagonospora nodorum
necrotrophic effector SnTox1 was found to promote host cell death by
interacting with the wheat wall-associated kinase Snnl, a member of a receptor
family which confers resistance to biotrophic pathogens (Liu et al., 2012; Shi et
al., 2016). Similar induction of host defence is seen in the activity of some host-
specific toxins, such as the activation of the Arabidopsis thaliana NB-LRR
protein LOV1 by the Cochliobolus victoriae cyclic peptide victorin (Lorang et al.,
2012; Lorang et al., 2007). In this way, these necrotrophs co-opt the defence
response induced by effector recognition, typically seen in effective resistance
to biotrophs, to confer host susceptibility.

Although induction of host defence is a common strategy of necrotrophic
colonisation, some elements of host defence can be effective against
necrotrophic pathogens (Liu et al., 2013; Veronese et al., 2006; Wan et al.,
2008; Zhang et al., 2013). The genomes of necrotrophic pathogens typically
contain large repertoires of small secreted proteins with the hallmarks of
effector proteins (Derbyshire et al., 2017; Guyon et al., 2014; Van Kan et al.,
2017), and recent reports have demonstrated immune suppression by
necrotrophs through effector expression and cross-kingdom RNAI (Sexton et
al., 2009; Weiberg et al., 2013; Xu & Chen, 2013; Zhu et al., 2013). For
example, the broad host range necrotroph Sclerotinium sclerotiorum produces

oxalic acid, which was recently found to suppress the plant defence response
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through inhibition of the host-induced oxidative burst (Williams et al., 2011),
before carrying out its previously described function in inducing apoptotic cell
death (Kim et al., 2008). In the absence of oxalic acid, S. sclerotiorum
colonisation is inhibited by a host response reminiscent of the HR to biotrophs,
involving autophagic cell death and callose deposition (Kabbage et al., 2013).
This has led to suggestions that S. sclerotiorum has a lifestyle more akin to that
of hemibiotrophs, with initial host defence suppression followed by induction of
cell death (Kabbage et al., 2015).

These recent advances in our understanding of the plant immune system, and
the strategies used by pathogens to overcome it, have further challenged the
rigid definitions previously used to classify fungal-plant interactions. The role of
necrotroph effectors in precise activation and suppression of host defences
presents a far more complex model for their lifestyle than the previous ‘smash
and grab’ image (Kabbage et al., 2015; Oliver & Solomon, 2010). Furthermore,
the so-called ‘biotrophic phase’ of hemibiotroph infection may function more in
suppression of host defences than in nutrient acquisition (Kabbage et al., 2015).
This calls into question the relevance of the definition ‘hemibiotrophic’ pathogen,
which may be better thought of as necrotrophic pathogens requiring a period of
host defence evasion to successfully complete their life cycle. However, if
treated as flexible lifestyle traits, the definitions of endophytic, biotrophic and
necrotrophic interactions are useful in understanding what elements of host
defence will mount an effective response. Furthermore, elucidating the
strategies used by plant pathogens to evade and suppress host defence
response, as well as the components of the plant immune system which are
successful in combatting pathogen invasion in non-host plants and resistant
varieties, is crucial for effective development of control strategies against
agricultural diseases. Indeed, understanding the evolutionary processes behind
this arms race in plant-pathogen interactions will inform us on how to enhance
the plant immune response in a way that will avoid subsequent evolution of

pathogen evasion strategies.

1.2.4 Developmental transitions in fungal pathogenesis

Developmental transitions are key to the infection of humans and plants by

pathogenic fungi, playing crucial roles in colonisation, adaptation to the host
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environment and reproduction (Brand, 2012; Gauthier, 2015; Mendgen et al.,
1996). Many fungal pathogens display the ability to switch between growth
morphologies from filamentous hyphal growth to yeast-like budding (Lin et al.,
2015; Nadal et al., 2008). In general, hyphal growth in these pathogens enables
colonisation of host tissues in search of nutrients, while yeast-like growth
facilitates efficient proliferation and dispersal, either within the host or during
transmission between hosts (Lin et al., 2015). Exceptions include thermally
dimorphic fungi that grow as hyphae in the environment and switch to
pathogenic yeast-like growth in response to increased temperature in the
human host, for which invasion of host cells occurs passively through
endocytosis (Gauthier, 2015; Wang & Lin, 2012). Other human pathogens,
exemplified by Candida albicans, switch to hyphal growth for invasion of host
tissues and cells (Brand, 2012). In fungal plant pathogens, hyphal growth is
required for the colonisation of host tissues (Mendgen et al., 1996). The
directional growth of fungal hyphae and their ability to orientate in relation to
external stimuli (tropism) is important to this invasive process (Brand & Gow,
2009). For example, this allows root-associated fungi to grow towards the host
through the soil following chemical gradients (Turra et al., 2015; Turra & Di
Pietro, 2015). This also enables hyphae of some foliar pathogens to grow
across the leaf surface towards the stomata through which they invade,
displaying thigmotropism to follow architectural characteristics of the epidermal
cells (Vaz Patto & Niks, 2001; Wynn, 1976).

Fungal pathogens overcome the physical barriers to invasion at the plant
surface either by exploiting natural openings into host tissues, including natural
wounds and stomatal apertures, or penetrating directly through the cuticle and
epidermal cell surface. Fungal pathogens display varying levels of differentiation
during host penetration, including development specialised structures called
appressoria (Mendgen et al., 1996). These unicellular dome-shaped structures
use the build-up of turgor pressure and secretion of hydrolytic enzymes to drive
a penetration hypha into the host tissue (Ryder & Talbot, 2015). Appressoria
are often heavily melanised to generate enough turgor pressure to physically
breach the host epidermis without losing cell integrity (Howard & Ferrari, 1989).
Appressorium development requires complex cellular differentiation, involving

remodelling of the cell wall and cytoskeleton triggered through the combination
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of multiple signalling pathways (Ryder & Talbot, 2015). Differentiation of
appressoria is observed in both direct penetration and invasion of stomata in
different pathogens, and occurs in response to physical and chemical properties
of the host surface (Gilbert et al., 1996; Hoch et al., 1987). Intriguingly, the
differentiation of appressoria-like cells was recently identified in many
saprotrophic species from across the Dikarya (Demoor et al., 2019).
Furthermore, detailed investigation of appressorium development in the
saprotroph Podospora anserina identified common elements in the genetic
control of appressorium development with plant pathogens (Brun et al., 2009;
Lambou et al., 2008). This suggests that homologous penetration structures
may be a more basal trait in fungi than previously thought (Demoor et al., 2019).

The cellular mechanisms supporting infection-related morphogenesis in fungal
plant pathogens have been extensively studied. Over the past two decades,
autophagy has emerged as a key process for the developmental transitions of
fungal plant pathogens (Khan et al., 2012). Autophagy is the cellular pathway by
which eukaryotic cells transport organelles and cytosolic contents to the
vacuole/lysosome for degradation, which plays diverse roles in cellular nutrient
recycling, homeostasis and development (Reggiori & Klionsky, 2013). This
process has been shown to function in the starvation response and cellular
differentiation of filamentous fungi (Pinan-Lucarré et al., 2003; Richie et al.,
2007). Subsequent studies have found autophagy to contribute to pathogenicity
on plants through its involvement in conidial germination, vegetative growth and
appressorial development (Asakura et al., 2009; Josefsen et al., 2012; Kershaw
& Talbot, 2009; Ren et al., 2017). Autophagy also has a crucial function in
asexual and sexual reproduction in these pathogens, representing another
major developmental transition in their infection cycles (Asakura et al., 2009; Liu
et al., 2007; Lv et al., 2017; Ren et al., 2017).

Considering the lack of available nutrients on the surface of above-ground plant
organs, utilisation of stored nutrients in the form of lipid droplets within spores is
often required during the early development of fungal pathogens (Divon & Fluhr,
2007). Indeed, fatty acid B-oxidation has been shown to contribute to virulence
through functions in conidial germination and appressorium formation in F.
graminearum and M. oryzae, respectively (Patkar et al., 2012; Tang et al.,

2019), while lipid catabolic processes were upregulated during pre-penetration
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development in Blumeria graminis (Both et al., 2005; Pham et al., 2019).
Furthermore, a complex relationship between lipid droplet dynamics and
autophagy has recently been elucidated in yeast and mammalian cells (Maeda
et al., 2017; Shpilka & Elazar, 2015; Singh et al., 2009; van Zutphen et al.,
2014). This relationship has been demonstrated in filamentous fungal
pathogens by the impact of autophagy disruption on conidial lipid droplet
content and breakdown (Josefsen et al., 2012; Liu et al., 2007; Ren et al.,
2017), indicating the potential interplay between these cellular processes during

infection-related development.

Research has also focused on the signalling pathways regulating
developmental transitions during infection. The mitogen-activated protein kinase
(MAPK) FUSS3 has been shown to be ubiquitously required for appressorium
development in plant pathogens (Jiang et al., 2018; Xu & Hamer, 1996). FUS3
signalling was also found to be required for host penetration by pathogens
without appressoria (Cousin et al., 2006; Jenczmionka et al., 2003;
Jenczmionka & Schéfer, 2005; Mey et al., 2002), and in the recognition of host
surface signals (Doehlemann et al., 2006; Liu et al., 2011). Given these
findings, it has been proposed FUS3 plays a conserved role in controlling host
penetration across varied invasion strategies (Turra et al., 2014). The cell wall
integrity (CWI1) pathway involving the MAPK SLT2 has been found to contribute
to pathogenicity in many fungal plant pathogens, with involvement in regulating
vegetative growth and appressorium differentiation (Hou et al., 2002; Kojima et
al., 2002; Xu et al., 1998). Disruption of SLT2 also leads to defects in host
tissue colonisation and increased sensitivity to antimicrobial plant defences
(Joubert et al., 2011; Mehrabi, Van Der Lee, et al., 2006; Mey et al., 2002; Rui &
Hahn, 2007), leading to suggestions of its function in regulating pathogen
resistance to host defence (Turra et al., 2014). Cyclic adenosine
monophosphate (cCAMP) signalling via protein kinase A (PKA) is also required
for development during infection by many fungal pathogens, having crucial roles
in host surface recognition, hyphal morphogenesis and appressorium
development (Choi & Dean, 1997; Doehlemann et al., 2006; Yamauchi et al.,
2004). Finally, cAMP signalling and the aforementioned MAPK pathways are
required for asexual and sexual reproductive morphogenesis in different

pathogens (Choi & Dean, 1997; Jenczmionka et al., 2003; Nguyen et al., 2012;
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Xu et al., 1998). These pathways therefore represent a conserved signalling
network regulating key aspects of infection-related development in fungal plant
pathogens.

Common cellular pathways required for the development of fungal pathogens
present an important potential target for intervention in disease, especially those
involved in the initial steps of host penetration and colonisation. The proper
functioning of pathways such as autophagy, lipid metabolism, MAPK cascades
and cAMP signalling, are emerging as potential prerequisites for fungal
pathogenicity on plants. This is especially intriguing considering the apparent
conservation of some elements of these pathways between fungal pathogens
(Turra et al., 2014). For example, FUS3 homologs have been shown to
complement the deletion of native alleles in various pathogens (Di Pietro et al.,
2001; Guo et al., 2011; Mey et al., 2002; Takano et al., 2000), and this gene
has shown promise as a target for RNAi-based control across different rust
species using identical constructs (Panwar et al., 2013). Furthermore,
elucidating the downstream components and transcriptional targets of these
signalling pathways is crucial in furthering our understanding of the mechanisms

behind morphogenesis in fungal pathogens.

1.3 Zymoseptoria tritici
1.3.1 Septoria tritici blotch: impacts and control

Wheat is currently the second most important global crop, estimated to provide
18.3% of global calorie intake (FAOSTAT, 2018). Global wheat production is
under threat from yield losses caused by various biotrophic and necrotrophic
fungi, which has increased due to the intensification of wheat growing and
emergence of highly virulent pathogen strains (Singh et al., 2016). This includes
the devastating ascomycete fungus Zymoseptoria tritici, which causes the
disease Septoria Tritici Blotch (STB; Fig. 1.2; Eyal et al., 1987). STB causes
necrosis in the foliar tissue of the host (Fig. 1.2), reducing its capacity to
photosynthesise and subsequently leading to reduction in grain yields. Severe
STB epidemics have been reported to lead to crop losses of up to 50% (Eyal et
al., 1987). This disease remains of huge economic importance, particularly in
Europe where STB has the highest impact of any disease on the intensive

production of bread or common wheat Triticum aestivum (Jgrgensen et al.,
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2014). The host range of Z. tritici also includes Triticum turgidum subsp. durum
(durum wheat). This is a particularly important crop in Middle Eastern and North
African countries such as Tunisia, which has the highest wheat consumption
per capita globally (FAOSTAT, 2018; Slim et al., 2019). The potential for large
yield losses remains high in these regions, such as in recurring STB epidemics

in Tunisia causing yield reductions of up to 40% (Berraies et al., 2014).

, -
Figure 1.2 Wheat leaf displaying typical STB symptoms.
Leaves develop widespread necrosis and the formation of melanised pycnidia (Z. tritici
asexual fruiting bodies) in stomata. Image from Ponomarenko et al., (2011).

Current strategies for combating Z. tritici are largely based on the application of
fungicides. In recent years, 70% of fungicide input in Europe is attributed to STB
control, costing an estimated $1.2 billion annually (Torriani et al., 2015). This is
combined with major investment in the development of cultivars with STB
resistance (Brown et al., 2015). This effort has faced significant challenges from
the genetic association of resistance loci with those reducing yield potential
(Torriani et al., 2015). This is thought to have been the source of widespread
susceptibility to STB resulting from selection for increased yield during the
Green Revolution (Arraiano & Brown, 2017). A total of 22 Stb (disease
resistance) genes have been mapped in the wheat genome conferring
gualitative resistance to specific Z. tritici genotypes (Brown et al., 2015; Yang et
al., 2018), although their durability has been poor in the field (Brown et al.,
2015; Cowger et al., 2000). The accumulation of quantitative resistance through
breeding is thought to have provided the majority of field resistance (Torriani et
al., 2015), and many of the contributing quantitative trait loci (QTL) have been
mapped (Brown et al., 2015). The results of these efforts to control STB are
evident; average yields losses in the UK can reach 20% when susceptible

wheat varieties are planted, but can be reduced to 5-10% with the combined
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use of resistant cultivars and fungicide application (Fones & Gurr, 2015).
However, Z. tritici remains a moving target for control strategies, having shown
the ability to rapidly evolve resistance to fungicides and virulence on resistant

wheat cultivars (Torriani et al., 2015).
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Figure 1.3 The Z. tritici polycyclic infection cycle (Ponomarenko et al., 2011)

The erosion in efficacy of control strategies against STB is attributed largely to
the genomic population structure observed in Z. tritici, arising from elements of
its life cycle (Fig. 1.3). Z. tritici has an active sexual cycle which leads to high
levels of recombination in the population (Stukenbrock & Dutheil, 2018). Sexual
reproduction results in the production air-borne ascospores which can spread
on a continental scale (Fig. 1.3), leading to a high rate of gene flow (Shaw &
Royle, 1989; J. Zhan et al., 2003). This is compounded by the high levels of
genome diversity in Z. tritici, caused by transposable elements (TEs) and
chromosomal instability (Badet et al., 2020). These factors lead to extremely
high levels of genetic diversity even at a local scale, with one study reporting
that 90% of the global genetic variation in Z. tritici can be found within a single
field of wheat (Zhan et al., 2003). Furthermore, Z. tritici goes through many
generations of asexual sporulation within a growing season (Fig. 1.3), leading to
intra-annual selection for aggressiveness (Suffert et al., 2018). This causes high
population sizes in the field, which is exacerbated by high cropping densities of
genetically uniform hosts (Fones & Gurr, 2015). These life cycle traits give Z.
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tritici a high capacity to rapidly overcome fungicides and host resistance, and

increase the chances of highly virulent strains arising (Fones & Gurr, 2015).

This has had dire consequences on the durability of control strategies to date
(Brown et al., 2015; Torriani et al., 2015). Widespread use of Quinone outside
Inhibitors (Qols) to control Z. tritici has now been rendered almost redundant in
many European countries with widespread evolution of resistance (Blake et al.,
2018; Cheval et al., 2017; Fraaije et al., 2005), Furthermore, genotypes
providing resistance against the demethylation inhibitor (DMI) and succinate
dehydrogenase inhibitor (SDHI) fungicides, currently used for STB control, are
arising rapidly in Europe (Cools & Fraaije, 2013; Kildea et al., 2019; Rehfus et
al., 2018; Steinhauer et al., 2019). The level of diversity seen in isolates of Z.
tritici has also left qualitative resistance, offered by previously identified Stb
genes, vulnerable to coevolution of their fungal counterparts in the gene-for-
gene relationship (Brown et al., 2015). This is evident in the findings that
resistance to STB in the field is a quantitative trait despite the presence of Stb
genes (Stewart et al., 2018; Stewart & McDonald, 2014). Furthermore, the
majority of Z. tritici strains are virulent in most Stb host backgrounds, calling into
guestion the durability of qualitative resistance against a diverse field
population, even with Stb gene pyramiding (Brown et al., 2015).

Looking forward, ongoing management of STB epidemics will require the
complex integration of available control strategies (Jgrgensen et al., 2014;
Torriani et al., 2015), and is the subject of ongoing research efforts with four
main goals. The first aims to identify new resistance loci in wheat and
understand the underlying mechanisms of the resistance they confer, in order to
breed for durable resistance (Brown et al., 2015). This is increasingly focusing
on bolstering downstream host defences without relying on gene-for-gene
resistance and stacking of quantitative resistance loci (Brown et al., 2015;
Torriani et al., 2015). As well as identifying new resistance traits, a recent study
found that introducing resistant varieties into cultivar mixes can dramatically
reduce disease severity in durum wheat, which may also benefit the durability of
resistance through reduced selection pressure on the pathogen (Ben M’Barek
et al., 2020). The second aims to improve the management of fungicide
resistance to currently available chemistries (Torriani et al., 2015). This

encompasses monitoring of the spread of fungicide resistant genotypes in the
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population (Garnault et al., 2019), optimising the dose and timing of spraying
regimes (van den Berg et al., 2013, 2016) and the modelling of Z. tritici
epidemics in an effort to intelligently inform spatiotemporal deployment of

fungicide inputs (Savary et al., 2015).

The third goal focuses on the development of novel compounds with activity
against Z. tritici (Torriani et al., 2015). Two recent studies have reported
identification of fungicides with novel target sites on mitochondrial complex I
which are active against Qol resistant Z. tritici strains (Owen et al., 2017;
Suemoto et al., 2019). The final aims to identify alternative strategies for
controlling STB, including the identification of novel biocontrol agents such as
endophytic fungi (Latz et al., 2020) and bacteria (Lynch et al., 2016; Mejri et al.,
2018). This also includes techniques based on RNA-interference, such as host-
induced gene silencing (HIGS; Qi et al., 2019) and spray-induced gene
silencing (SIGS; Cagliari et al., 2019). However, a recent trial of HIGS against
essential Z. tritici genes was unable to inhibit infection, possibly due to the
inability of the fungus to take up double-stranded RNA (Kettles et al., 2019).

Advancement in our understanding of the molecular determinants of Z. tritici
infection will be valuable to the effective development of these control
strategies. This includes the identification of cellular processes and specific
proteins that are indispensable to Z. tritici pathogenicity, which could present
novel molecular targets for fungicides. This can also increase the efficiency of
fungicide discovery by informing the use of known inhibitor compounds or
development of assays for identifying compounds with activity against specific

cellular processes.

1.3.2 Molecular tools for studying Z. tritici

Despite the importance of STB in global wheat agriculture, relatively little is
known about the molecular host-pathogen interactions and cellular development
of Z. tritici compared to model pathogens like M. oryzae (McDonald et al., 2015;
Steinberg, 2015). However, recent advances in the development of molecular
tools for studying Z. tritici have enabled rapid progress in our understanding of
its interaction with wheat. The initial breakthrough came with the development
of an Agrobacterium tumefaciens-mediated transformation (AtMT) protocol for
efficient genetic manipulation of Z. tritici (Zwiers & De Waard, 2001), allowing

36



functional characterisation of genes through reverse genetics. These
techniques for targeted insertion of transgenic elements are based around
homologous recombination, the efficiency of which has recently been enhanced
by the development of strains deficient in the non-homologous end-joining
pathways (Bowler et al., 2010; Sidhu, Cairns, et al., 2015). These capabilities
have been advanced by the development of suites of transformation vectors
containing different selective markers, designed for functional analysis through
gene knockout, overexpression and fluorophore fusion protein expression
(Cairns et al., 2015; Sidhu, Chaudhari, et al., 2015). This is complemented by
the generation of Z. tritici-optimised fluorescent proteins and strains containing
a range of labelled organelles to improve imaging of Z. tritici cell biology (Kilaru
et al., 2017; Kilaru, Schuster, et al., 2015).

The next major breakthrough enabling our understanding of Z. tritici biology
came with the sequencing of the reference isolate IPO323 genome published in
2011 (Goodwin et al., 2011). This enabled detailed functional genomic analysis,
including the characterisation of the Z. tritici secretome (Morais do Amaral et al.,
2012), candidate small secreted effector proteins (Mirzadi Gohari et al., 2015)
and PCWDEs (Brunner et al., 2013; Goodwin et al., 2011). The use of RNA-
sequencing technologies has also furthered our understanding of Z. tritici
infection at a molecular level, with multiple studies analysing the host and
pathogen transcriptomes across different time points during infection (Kellner et
al., 2014; Ma et al., 2018; Palma-Guerrero et al., 2016; Rudd et al., 2015; Yang
et al., 2013). These genomics studies have facilitated functional
characterisation of genes through reverse genetics, by enabling informed

selection of gene targets for analysis (Rudd et al., 2015).

Forward genetics approaches have also recently been applied to identify key
genes in Z. tritici development and pathogenicity (King et al., 2017; Motteram et
al., 2011; Yemelin et al., 2017). These studies utilised random integration of T-
DNA through AtMT and subsequent identification of insertion loci through
nested PCR technigues. With recent advances in next generation sequencing
technologies and the reductions in the associated costs, identification of
genotypic variations associated with interesting phenotypes is becoming easier.
Indeed, this, along with the ability to perform sexual crosses in Z. tritici (Kema,

Verstappen, et al., 1996), has increased the efficiency of QTL mapping and
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genome wide association studies (GWAS) in identifying loci associated with Z.
tritici virulence, fungicide sensitivity and development (Hartmann et al., 2017;
Lendenmann et al., 2015; Stewart et al., 2018; Zhong et al., 2017)) and wheat
resistance (Odilbekov et al., 2019; Yates et al., 2019).

1.3.3 The Z. tritici infection cycle
1.3.3.1 Host penetration and the asymptomatic phase

Both the sexual and asexual spores of Z. tritici are able to initiate infection of the
wheat leaf (Fig. 1.4A; Eyal et al., 1987). Primary inoculum for Z. tritici infection
at the start of the growing season comes predominantly from airborne
ascospores dispersed from infected wheat debris (Shaw & Royle, 1989; Suffert
& Sache, 2011). After completion of the initial infection cycle, asexual
reproduction produces abundant pycnidiospores which are dispersed locally by
rain splash. These pycnidiospores provide a secondary inoculum, leading to the
polycyclic infection that characterises STB epidemics across each growing
season (Suffert et al., 2018).

After landing on the leaf surface, Z. tritici spores undergo a key morphological
switch to form hyphal filaments, which grow over the leaf surface and colonise
the apoplast through stomata (Fig. 1.4; Kema, Yu, et al., 1996). Some studies
have reported evidence of thigmotropic growth of epiphytic Z. tritici hyphae,
observing orientation of germ tubes towards stomata (Duncan & Howard, 2000).
However, other authors have observed failure of hyphae to penetrate despite
crossing stomatal apertures, and high proportions of germ tubes growing away
from stomata, suggesting that epiphytic growth is likely to be random (Kema,
Yu, et al., 1996; Shetty et al., 2003). Indeed, Fones et al., (2017) found that the
rate of stomatal penetration over early infection was consistent with that
predicted by their model of random growth across a simulated leaf surface.
Stomatal penetration has been reported to occur as early as 12-24h post
inoculation (Duncan & Howard, 2000; Kema, Yu, et al., 1996). However, recent
evidence suggests that penetration events at this early stage may be rare, with
over 95% of hyphae remaining entirely epiphytic up until 10 days post infection
(dpi; Fones et al., 2017). The authors proposed that the frequency of early

penetration events may have been overestimated in earlier studies due to the
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increased likelihood of epiphytic hyphae being washed off the leaf during
staining procedures, compared to hyphae that had already penetrated stomata
(Fones et al., 2017).
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Figure 1.4 Host colonisation by Z. tritici

(A) Stages of typical wheat infection by Z. tritici (Steinberg, 2015). (B) Cryo-scanning
electron microscopy of Z. tritici germ tubes entering host stomata (top), germ tube
apices swelling over stomata possibly primitive appressoria (middle), and development
of hyphal swellings over anticlinal cell wall of epidermal cells (Duncan and Howard,
2000).

The mode of leaf penetration by Z. tritici has been the subject of some debate.
Although there is no evidence for the development of a melanised unicellular
appressorium in Z. tritici, swellings have been observed at the hyphal tip before
penetration (Fig. 1.4; Cohen & Eyal, 1993; Duncan & Howard, 2000; Kema, Yu,
et al., 1996; Siah et al., 2010). These may represent the differentiation of
primitive invasion or appressoria-like structures, as observed broadly in the
Dikarya (Demoor et al., 2019). Although the consensus is that Z. tritici invades
the wheat leaf through stomata (Kema, Yu, et al., 1996), observations of these
swellings forming over the anticlinal cell wall between epidermal cells have

been made (Fig. 1.4; Duncan & Howard, 2000; Rohel et al., 2001). This may
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result from Z. tritici cells mistaking the depression at the epidermal cell junction
for a stomatal aperture (Duncan & Howard, 2000). Furthermore, two studies
have reported observations of direct penetration of the epidermis resulting in
hyphal growth into the mesophyll (Rohel et al., 2001; Siah et al., 2010),
although data demonstrating this was not shown by Siah et al., (2010).
Epidermal penetration events have been reported at varying frequencies, and
may represent a strain-specific invasion strategy (Cohen & Eyal, 1993; Siah et
al., 2010). However these observations may also be the result of utilisation of

microscopic wounds in the leaf surface by Z. tritici.

Following stomatal penetration, Z. tritici hyphae colonise the mesophyll tissue
asymptomatically for 7 days or more (Fig. 1.4A), depending on the strain-
cultivar combination (Duncan & Howard, 2000; Kema, Yu, et al., 1996; Keon et
al., 2007; Palma-Guerrero et al., 2017) and environmental conditions (Chungu
et al., 2001; Suffert & Thompson, 2018). Growth during the symptomless phase
is extremely slow, with increases in biomass undetectable using ELISA assays
(Kema, Yu, et al., 1996) and real-time polymerase chain reaction (RT-PCR;
Keon et al., 2007). Furthermore, leaf colonisation by Z. tritici is strictly
extracellular throughout infection (Kema, Yu, et al., 1996), unlike many plant
pathogens which develop haustorial feeding structures and penetrative invasive
hyphae (De Silva et al., 2017; Kankanala et al., 2007; Voegele & Mendgen,
2003). This has major implications on the Z. tritici infection strategy, with
molecular host-pathogen interactions occurring exclusively within the apoplast
(Kettles & Kanyuka, 2016). Moreover, extensive epiphytic and intercellular
growth during colonisation limits Z. tritici to the nutrients available on the leaf

surface and in the apoplast during symptomless growth (Rudd et al., 2015).

Dramatic transcriptional changes have been identified at this early stage of
infection, with over 1000 Z. tritici genes showing differential expression after
24h on the leaf (Rudd et al., 2015). During symptomless early infection, the
fungus shows upregulation of genes involved in lipid metabolism and
downregulation of hexose and nitrate transporters, suggesting the fungus is
predominantly relying on internal nutrients at this stage (Palma-Guerrero et al.,
2016; Rudd et al., 2015). However, upregulation of a small set of PCWDEs
during this period has been suggested to indicate some use of host derived

nutrition during early colonisation (Brunner et al., 2013; Palma-Guerrero et al.,
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2016; Rudd et al., 2015; Sanchez-Vallet et al., 2015). In general, the
complement of PCWDEs in the Z. tritici genome is significantly reduced
compared to other pathogens with necrotrophic life cycle stages (Goodwin et
al., 2011; Ohm et al., 2012). This, along with the general downregulation of
PCWDEs during early infection (Rudd et al., 2015), could represent a strategy
to avoid host recognition during colonisation, which has been termed ‘stealth
pathogenesis’ (Goodwin et al., 2011). Additionally, secretion of aspartic
proteases and secreted lipases during early infection may contribute to
acquisition of leaf surface and apoplastic nutrients (Palma-Guerrero et al.,
2016).

Stomatal penetration occurs regardless of whether the host is susceptible or
resistant (Shetty et al., 2003; Siah et al., 2010). During infection of resistant
wheat cultivars, arrest of hyphal colonisation is associated with the
accumulation of H202 in the apoplast, indicating a role of ROS in a successful
host defence response to Z. tritici (Shetty et al., 2003). In contrast, initial
colonisation of susceptible hosts is accompanied by downregulated expression
of host defence-related genes and minimal H202 accumulation, indicating
successful evasion and/or suppression of the host defence response by the
fungus during early infection (Rudd et al., 2015; Shetty et al., 2003; Yang et al.,
2013). Z. tritici shows early upregulation of many genes encoding secreted
proteins, including many putative cysteine-rich effectors thought to suppress
host immune responses (Mirzadi Gohatri et al., 2015; Palma-Guerrero et al.,
2016; Rudd et al., 2015). Also upregulated at this stage are the secreted
chloroperoxidases, an expanded gene family in Z. tritici (Morais do Amaral et
al., 2012), which may act to detoxify host defence-related ROS generation
(Palma-Guerrero et al., 2016; Rudd et al., 2015). The subset of proteases
expressed during symptomless infection may also contribute to hydrolysing host
defence proteins (Palma-Guerrero et al., 2016; Stotz et al., 2014). Contrary to
the hypothesis of successful evasion of host recognition by Z. tritici, Ma et al.,
(2018) reported upregulation of receptor-like kinase (RLK) and senescence-
related genes associated with defence during the symptomless phase of
infection by virulent Z. tritici strains. However, as all these strains went on to

successfully colonise the leaf, any defence response triggered in the host was
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successfully suppressed or endured by Z. tritici, presumably facilitated by the

armoury of fungal secreted proteins.

1.3.3.2 The transition to necrotrophy

Following this extended latent phase, Z. tritici undergoes a switch to
necrotrophy (Fig. 1.4A; Fig. 1.5). This is characterised by host cell death and
lysis, release of nutrients into the apoplast and a rapid increase in fungal growth
rate (Kema, Yu, et al., 1996; Keon et al., 2007; Rudd et al., 2015). This
transition coincides with an increase in cytosolic cytochrome c, loss of genomic
DNA integrity and the accumulation of ROS, strongly suggesting that host cells
are undergoing programmed cell death (PCD) reminiscent of the HR (Keon et
al., 2007). Furthermore, transcriptome analysis at this stage identified
upregulation of genes related to host defence responses, including
pathogenesis-related (PR) proteins and biosynthesis of defence-related
hormones (Rudd et al., 2015). This is accompanied by upregulation of host
peroxidases which may contribute to ROS production, as well as cell death-
related subtilases and plastocyanin-like proteins (Rudd et al., 2015). There is
evidence that this host PCD response is controlled by the upregulated
expression and activation of TaMPK3, a homolog of MAPKs involved in HR-
mediated resistance in other plant-pathogen interactions (Rudd et al., 2008).
These findings suggest that Z. tritici triggers host cell death through induction of
HR-like defence pathways to facilitate colonisation, similar to other necrotrophic
pathogens (Hammond-Kosack & Rudd, 2008).

Days after inoculation
4 6 7 8 9 0 11 12 13 14 16 1r 18

Figure 1.5 Transition between symptomless and necrotrophic phases during Z.
tritici infection

Time course of symptom development in wheat leaf infected with Z. tritici (Keon et al.,
2007).
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Transcription analyses have attempted to elucidate how Z. tritici controls this
transition to necrotrophy. These studies have identified upregulated expression
of small cysteine-rich proteins and a set of secondary metabolite gene clusters
during this transition (Mirzadi Gohatri et al., 2015; Palma-Guerrero et al., 2016;
Rudd et al., 2015). These effectors are proposed to trigger necrosis through
direct activation of plant HR and provide protection from the induced plant
defence (Rudd et al., 2015). However, functional characterisation is yet to
confirm their individual contribution to virulence, suggesting the presence of
functional redundancy (Mirzadi Gohari et al., 2015; Rudd et al., 2015;
Stergiopoulos et al., 2003). While genes involved in fatty acid metabolism show
reduced expression at the transition to necrotrophy, the fungus upregulates
production of secreted proteases as well as ammonium, amino acid and MFS
transporters (Palma-Guerrero et al., 2016). This indicates a switch from use of
internal lipid stores to the uptake of nutrients released from host cell lysis,
especially extracellular proteins (Rudd et al., 2015).

1.3.3.3 Necrotrophic growth and sporulation

After the transition to necrotrophy, the fungus continues to grow rapidly in the
collapsing wheat leaf tissue (Kema, Yu, et al., 1996; Keon et al., 2007). Rudd et
al., (2015) observed a general reduction in the expression of secreted effectors
by the fungus during late necrotrophic growth, with only a small group of
putative effectors peaking at this stage. Conversely, another study reported the
peak expression of a large group of candidate effectors during necrotrophy
(Mirzadi Gohatri et al., 2015). However, this discrepancy is likely due to variation
in sampling time-points, with expression of most of these genes peaking around
the transition at 8 or 12 dpi and subsequently declining (Mirzadi Gohari et al.,
2015). The late necrotrophic phase also sees a downregulation in secreted
proteases and simultaneous upregulation of the majority of secreted PCWDEs
and a-amylases, indicating a shift in fungal nutrient acquisition towards host cell
wall polysaccharides and starch (Brunner et al., 2013; Palma-Guerrero et al.,
2016; Rudd et al., 2015). Concurrent with the abundant host cell death, the
plant further increases its expression of defence-related genes while reducing

its investment in photosynthesis (Rudd et al., 2015).
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During necrotrophic colonisation, asexual reproduction begins through
development of melanised fruiting bodies called pycnidia in the substomatal
cavities (Fig. 1.4A; Kema, Yu, et al., 1996). This occurs after between 14-40
days in the field depending on host cultivar and environmental factors
(Ponomarenko et al., 2011). Z. tritici produces two types of conidia, multicellular
macropycnidiospores and unicellular micropycnidiospores, which are exuded
through the stomata in a mass called a cirrus (Eyal et al., 1987). Pseudothecia
appear in infected leaf lesions long after the first development of pycnidia (29-
95 days), and continue to produce ascospores on senescent leaf tissue and
crop debris (Eriksen & Munk, 2003; Hunter et al., 1999). This produces a peak
in airborne ascospore densities in late autumn, which provide inoculum to infect
emerging seedlings (Hunter et al., 1999; Suffert & Sache, 2011). Z. tritici was
also recently shown to develop chlamydospores with thick cell walls, capable of
maintaining viability under heat, cold and desiccation stress (Francisco et al.,
2019). The authors proposed that these cells may enhance pathogen survival

between growing seasons (Francisco et al., 2019).

1.3.4 Beyond the reference strain — diversity in Z. tritici infection
strategies

Along with the immense genetic diversity in the field, significant variability in
virulence and infection strategy has been observed between Z. tritici strains. As
described above, the broadly defined infection stages of host penetration,
symptomless colonisation, transition to necrotrophy and colonisation of necrotic
host tissue are consistent (Haueisen et al., 2019). However, some elements of
the infection cycle vary considerably between Z. tritici genotypes, such as the
timing of host penetration and the length of latent period before symptom
development and asexual reproduction (Haueisen et al., 2019; Palma-Guerrero
et al., 2016). These infection checkpoints can even vary considerably between
cells of the same genotype (Fones et al., 2017; Haueisen et al., 2019). This is
unlike fungal pathogens with strictly coordinated developmental programs such
as Magnaporthe oryzae, which displays incredible synchronicity in its infection
cycle (Kankanala et al., 2007; Osés-Ruiz & Talbot, 2017; Soanes et al., 2012).
In a recent study, detailed microscopic investigation of infection by three Z. tritici
isolates revealed diversity in their colonisation strategies, despite similar

disease severity after the necrotrophic transition (Haueisen et al., 2019). This
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included variation in the extent of epiphytic growth and the pattern of mesophyll
colonisation during the symptomless phase. Elucidating the causes of this
variation in infection phenotypes is crucial to our understanding of infection by
diverse Z. tritici genotypes in the field (Haueisen et al., 2019).

Recent genomic and transcriptomic analysis has focused on the genetic basis
for this variation in development and virulence between Z. tritici isolates (Badet
et al., 2020; Francisco et al., 2019; Haueisen et al., 2019; Ma et al., 2018;
Palma-Guerrero et al., 2017). Analysis of the recently constructed pangenome
of Z. tritici has revealed the genomic plasticity of the species, displaying around
40% accessory gene content (Badet et al., 2020; Plissonneau et al., 2018).
Furthermore, eight of the 21 chromosomes the Z. tritici genome are
dispensable, showing presence-absence variation and substantial
rearrangements within the population driven by meiosis (Croll et al., 2013;
Fouché et al., 2018). Fungal pathogens often display two-speed genomes, with
genomic regions rich in transposable elements and repeat sequences acting as
a “cradle for adaptive evolution” (Dong et al., 2015). Indeed, transposable
elements (TESs) are associated with chromosomal size variation and
rearrangements (Badet et al., 2020; Croll et al., 2013) as well as gene
presence-absence polymorphisms (Hartmann & Croll, 2017), and accessory

genes are located in close proximity to TEs (Plissonneau et al., 2018).

To elucidate the causes of the observed variation in virulence, these studies
have revealed interesting patterns in the conservation and expression of genes
involved in pathogenicity between Z. tritici strains. On top of the aforementioned
genetic diversity, expression of the ‘core’ genes identified across isolates can
also be highly divergent, with one study reporting differential expression of 20%
of the genes shared by three isolates across infection (Haueisen et al., 2019).
However, enzymes thought to be involved in the degradation of host tissue,
including PCWDEs, proteases and secreted lipases, are highly conserved in
their gene content and expression patterns across infection amongst Z. tritici
strains (Badet et al., 2020; Palma-Guerrero et al., 2017). Siah et al., (2010)
reported an observed correlation between pycnidia density and xylanase activity
during late infection, proposing that these PCWDES represent an important
pathogenicity factor influencing virulence. However, this correlation could result

from co-expression of xylanases with other virulence factors during infection,
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meaning more detailed functional characterisation is required. Conservation in
content and regulation of genes encoding secreted peroxidases and proteases
has also been observed, with these enzymes predicted to function in
detoxification of ROS and defence proteins generated by the host (Palma-
Guerrero et al., 2017). However, higher expression levels of two
chloroperoxidases was reported for the most virulent strain in this study,
suggesting that regulation of these enzymes may have some impact on

virulence (Palma-Guerrero et al., 2017).

Converse to the apparent conservation of these enzyme classes, the majority of
putative effector proteins are encoded by accessory genes (Badet et al., 2020),
and these are frequently located in TE-enriched regions (Hartmann et al., 2017,
Meile et al., 2018; Zhong et al., 2017). Similarly, 40% of secondary metabolite
gene clusters show presence-absence polymorphism across strains (Badet et
al., 2020). Although the overall pattern of putative effector gene expression is
consistent between strains, with peaks in small secreted protein expression
during symptomless growth and the transition to necrotrophy, strain-specific
expression profiles of these genes have been frequently observed (Haueisen et
al., 2019; Palma-Guerrero et al., 2016, 2017). Those effector genes found to
have consistent expression profiles between strains have been proposed to
represent “core” effectors with important infection-related functions across the
species (Haueisen et al., 2019). Effectors displaying variation in gene
presence—absence and regulation between isolates are thought to contribute
significantly to variation in virulence. Indeed, structural rearrangements and
gene polymorphisms associated with TE-rich regions have been shown to
contribute to Z. tritici virulence evolution through their influence on adaptation,
loss and differential regulation of avirulence effectors (Brunner & McDonald,
2018; Fouché et al., 2020; Hartmann et al., 2017; Meile et al., 2018).

The diversity in effectors deployed by Z. tritici strains during infection represents
a varied molecular armoury used to colonise the host. This is thought to
contribute to the flexibility in infection strategies employed by Z. tritici (Haueisen
et al., 2019), and the maintenance of pathogen virulence shaped by co-
evolutionary responses to the host environment (Palma-Guerrero et al., 2017).
Considering this, the relevance of studying the importance of virulence factors

in single isolate-cultivar interactions to field populations has been questioned
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(Haueisen et al., 2019). This highlights the importance of identifying conserved
infection-related processes, required for the virulence of all Z. tritici genotypes,

to the development of effective control strategies.

1.3.5 Understanding the molecular determinants of Z. tritici virulence

Aiming to identify crucial molecular factors that contribute Z. tritici infection,
many studies have carried out detailed investigation of putative effector
proteins. Genomic and transcriptomic analysis has identified candidates for
effectors involved in the manipulation of the host at different stages of wheat
infection, including defence suppression and necrosis induction (Haueisen et
al., 2019; Mirzadi Gohari et al., 2015; Palma-Guerrero et al., 2017; Rudd et al.,
2015). However, subsequent functional characterisation of these effectors has
revealed that many are dispensable to virulence (Mirzadi Gohari et al., 2015;
Rudd et al., 2015). Similarly, although the identity of three Z. tritici avirulence
genes has been elucidated, the functions of the encoded effectors during
infection of susceptible hosts, and the mechanisms by which they induce host
defence (Fig. 1.6), has not been determined (Hartmann et al., 2017; Kettles &
Kanyuka, 2016; Meile et al., 2018; Zhong et al., 2017). Along with high variation
in effector content and expression between strains, this indicates a high level of
functional redundancy and host specificity in their contribution to infection (Rudd
et al., 2015).

Although it is typical for protein effectors to possess no homology to functionally
characterised proteins, members of several conserved effector families have
been investigated in Z. tritici. Three chitin-binding Lysin (LysM) domain proteins
were identified in Z. tritici, which are highly expressed during the symptomless
and transition phases of infection (Marshall et al., 2011; Palma-Guerrero et al.,
2017). Mg3LysM was confirmed to inhibit chitin recognition by the pattern
receptors CEBIP and CERK1 and protect hyphae from host chitinases (Fig.
1.6), and is essential for Z. tritici virulence (Lee et al., 2014; Marshall et al.,
2011). The remaining two LysM effectors were recently shown to display partial
functional redundancy with Mg3LysM, and also contribute to Z. tritici virulence
(Tian et al., 2021). Other effectors have been investigated as potential triggers
of host cell death during the transition to necrotrophy. The Necrosis and

Ethylene-inducing Peptide 1 (NEP1)-like proteins (NLPs) are a family known to
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Figure 1.6 Characterised molecular interactions between wheat and Z. tritici

(a) LysM domain effectors suppress the recognition of fungal PAMP chitin by wheat
Chitin Elicitor Binding Protein (CEBIP) and Chitin Elicitor Receptor Kinase 1 (CERK1).
(b) Z. tritici effectors (e.g. necrosis-inducing proteins (ZtNIP1/2)) induce programmed
cell death. (c) Z. tritici avirulence genes (e.g. AvrStb6) induce host defence via wheat
R proteins (e.g. Stb6) without host cell death. (d) Many Z. tritici effectors of unknown
function (Kettles and Kanyuka, 2016).

induce necrosis in dicots (Gijzen & Nurnberger, 2006). However, MgNLP from
Z. tritici caused no necrosis in wheat leaves and was dispensable for virulence
(Motteram et al., 2009). Similar findings have recently been reported for M.
oryzae MoNLP effectors, leaving the question of the role of these effectors in
monocot pathogens open (Fang et al., 2017). An alternative method of
necrotrophic effector discovery is to identify necrosis-inducing proteins in culture
filtrates (Bailey, 1995). Using this approach, two necrosis inducing proteins
(ZtNIP1/2) were identified in Z. tritici culture filtrates which trigger cell death in
wheat (Fig. 1.6). However, this effect varied between host genotypes, and
elucidation of their impact on virulence through gene deletion has not yet been

reported (Ben M’Barek et al., 2015).

The Z. tritici effector Zt6 was recently characterised as a potent ribonuclease
with cytotoxicity to wheat, suggesting that it may contribute to the induction of
host cell death (Kettles et al., 2018). However, Zt6 was also shown to have
toxicity to bacteria and fungi, and display two peaks in expression during
symptomless phase and after the transition to necrotrophy. This prompted
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authors to suggest that Zt6 functions in niche protection against competing
microorganisms in the leaf (Kettles et al., 2018). This type of antimicrobial
effector may be responsible for the observed suppression of Blumeria graminis
f. sp. tritici powdery mildew when co-inoculated with Z. tritici (Orton & Brown,
2016). Effectors with such antimicrobial functions remain relatively unexplored
(Snelders et al., 2018). Intriguingly, one study has recently demonstrated the
importance of the antimicrobial effectors VAAMP2 and VdAvel from Verticillium
dahliae for the colonisation of plant hosts and soil in competition with bacteria
(Snelders et al., 2020). This paves the way for similar studies into Z. tritici
effector function. Interest in the interaction of Z. tritici with the wheat microbiome
has focused on identifying antagonistic interactions which may lead to novel
biocontrol agents (Kerdraon et al., 2019; Kildea et al., 2008). Understanding the
mechanisms of these microbial interactions is important for understanding Z.

tritici infection in a field context.

Despite these advances in our understanding of Z. tritici effector function,
detailed functional analysis of many effector candidates remains to be done
(Fig. 1.6; Rudd et al., 2015). This includes those identified to be conserved
among Z. tritici isolates and display consistent expression at crucial time points
during infection (Haueisen et al., 2019; Palma-Guerrero et al., 2017). For
example, multiple hydrophobins have been hypothesised to have important
functions in Z. tritici virulence, with cases of conserved expression patterns
across virulent isolates (Haueisen et al., 2019) and differential expression
correlated with variation in virulence between strains (Palma-Guerrero et al.,
2017). Hydrophobins are known to contribute to virulence of multiple other plant
pathogens through their involvement in infection-related development and
surface adhesion (Quarantin et al., 2019; Talbot et al., 1996). Furthermore,
characterisation of putative necrosis-inducing effectors could assist in breeding
of Z. tritici resistance in wheat, through screening of germplasm for sensitivity to

these proteins (Kettles & Kanyuka, 2016).

Investigation into the molecular determinants of Z. tritici virulence has also
focused on the mechanisms of infection-related development. Given that
filamentous growth is required for host colonisation by Z. tritici, studies have
explored the regulation of the dimorphic switch and hyphal growth. Z. tritici is

usually propagated in vitro in its ‘yeast-like’ form, which results from budding of
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multicellular blastospores formed of 2-8 elongate cells separated by septa (Fig.
1.7A). However, hyphal germination can be induced in vitro through the
application of various stressors, including oxidative stress, high temperature
and nutrient deprivation (Fig. 1.7B; Francisco et al., 2019; Steinberg, 2015).
This facilitates characterisation of the molecular processes involved in
morphogenesis (Mehrabi, Zwiers, et al., 2006; Motteram et al., 2011).
Interestingly, cell stress was recently shown to induce de-repression of regions
rich in TEs, and lead to expression of many co-localised effector genes (Fouché
et al., 2020). This provides a possible explanation for the mechanisms behind
effector gene regulation during infection, and the observed co-regulation of
these genes with in vitro mycelial growth (Francisco et al., 2019). Germination
of Z. tritici spores during infection is likely triggered by starvation stress, as the

leaf surface represents a nutrient-poor environment (Francisco et al., 2019).

A B

Blastospores Hyphal germination

Figure 1.7 In vitro growth morphologies of Z. tritici

(A) Z. tritici IPO323 blastospores grown on rich media (YPD) at 19°C for 5 days, (B)
Blastospore germinating hyphal growth from the spore apex and laterally after 24h on
2% water agar. Scale bars = 20 pum.

Functional investigation of major signalling pathways in Z. tritici has revealed
regulatory elements controlling developmental transitions, hyphal growth and
adaptation to the host environment. The MAPK MgHog1 was found to be
required for germination under nutrient-limitation in vitro and on the leaf surface,
and is therefore a necessary signalling component for pathogenicity (Mehrabi,
Zwiers, et al., 2006). Similarly, deletion of MgSTE7 and MgSTE11, homologs of
upstream components in the FUS3 MAPK pathway in S. cerevisiae (Chen &
Thorner, 2007), led to defects in flamentation and loss of pathogenicity (Kramer
et al., 2009). Interestingly, deletion of MgFUS3 had no impact on germination

and hyphal growth, with loss of pathogenicity in this strain attributed to impaired
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stomatal penetration (Cousin et al., 2006). This is consistent with the conserved
role of the fungal FUS3 pathway in plant colonisation (Turra et al., 2014), and
suggests that Z. tritici stomatal penetration requires some level of cellular
differentiation triggered by stomatal recognition. This also indicates that
MgSTE7 and MgSTE11 may act in the regulation of alternate signalling
pathways than through FUS3 (Kramer et al., 2009). The Z. tritici homolog of the
MAPK Slt2, part of the S. cerevisiae cell wall integrity (CWI) pathway, was also
found to be required for pathogenicity (Mehrabi, Van Der Lee, et al., 2006).
Although germination and stomatal penetration was unperturbed in mgslt2
mutants, subsequent colonisation of the mesophyll tissue was limited. This led
authors to hypothesise that MgSlt2 regulates cell wall-remodelling required to
evade and withstand the host defence response, as has been proposed for

other plant pathogens (Turra et al., 2014).

In addition to MAPK pathways, cCAMP signalling has also been implicated in the
regulation Z. tritici development during infection (Mehrabi et al., 2009; Mehrabi
& Kema, 2006). The heterotrimeric guanine nucleotide-binding protein (G
protein) subunits MgGpb1 and MgGpa3 were demonstrated to positively
regulate cCAMP production, and deletion of the encoding genes led to aberrant
hyphal growth in vitro and abolished pathogenicity (Mehrabi et al., 2009).
However, the protein kinase A (PKA) subunits MgBcyl and MgTpk2, putatively
regulated by cAMP signalling, were dispensable for development of invasive
hyphae in planta (Mehrabi & Kema, 2006). Loss of pathogenicity in MgBcyl1 and
MgTpk2 deletion mutants was instead attributed to reduced capacity to induce
necrosis and develop pycnidia in sub-stomatal cavities (Mehrabi & Kema,
2006). Furthermore, MgGpb1 deletion led to different in vitro growth phenotypes
to these PKA mutants, developing wavy hyphae which underwent frequent
hyphal fusion (anastomosis), suggesting the involvement of this subunit in

separate signalling pathways (Mehrabi et al., 2009).

Forward genetic screens have also identified genes involved in Z. tritici
morphogenesis and hyphal growth. The alpha-1,2-mannosyltransferase
MgAlg2, involved in protein N-glycosylation, was found to be required for hyphal
growth on the leaf surface and therefore pathogenicity. Authors hypothesised
that this enzyme is crucial for the post-translational modification and localisation

of proteins involved in morphogenesis (Motteram et al., 2011). Disruption of the
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glycosyltransferase gene ZtGT2 also inhibited hyphal growth across solid
surfaces, including the wheat leaf, leading to loss of pathogenicity (King et al.,
2017). It was proposed that ZtGT2 is required for the synthesis of an
extracellular polysaccharide which enables Z. tritici to overcome frictional forces
exerted on hyphae during growth on solid surfaces (King et al., 2017).
Furthermore, Yemelin et al., (2017) conducted a mutagenesis screen for loci
involved in hyphal morphogenesis, identifying a number of genes involved in
various cellular processes. This included another member of the Hogl MAPK
pathway ZtSSK1, as well as the de novo purine biosynthesis enzyme Ade5,7p
(Yemelin et al., 2017).

Many of the genes found to be crucial for Z. tritici development have conserved
functions across the fungal plant pathogens (Turra et al., 2014; Yemelin et al.,
2017), and likely between Z. tritici isolates. They therefore represent promising
targets for novel control strategies against STB and other fungal diseases.
However, many gaps still remain in our understanding of the regulation of
cellular development and infection in Z. tritici. This includes the identity of
downstream targets of the cAMP and MAPK signalling cascades that have been
identified as important to infection. Moreover, investigation of further
components of these pathways is required, in order to build a coherent model of
this complex signalling network and how it contributes to development during Z.

tritici infection.

1.3.6 Current knowledge gaps in Z. tritici infection

Despite dramatic advances in our understanding of Z. tritici infection at a
molecular level, fundamental questions still remain about the infection strategy
of this pathogen (Brennan et al., 2019; Sanchez-Vallet et al., 2015). The first of
these ponders what causes the transition to necrotrophic growth, and what
adaptive advantage is gained from such a long symptomless phase? Despite
the identification of many genes upregulated during the transition to necrotrophy
(Haueisen et al., 2019; Rudd et al., 2015), functional characterisation of these
genes is yet to confirm the requirement of any effectors, metabolites or cellular
processes in triggering this important infection checkpoint (Mirzadi Gohari et al.,
2015; Rudd et al., 2015). Although three Z. tritici effectors have been shown to
induce necrosis in wheat (Ben M’Barek et al., 2015; Kettles et al., 2018), none
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have been shown to confer a quantitative contribution to virulence. This is likely
a result of high functional redundancy between factors inducing necrosis (Rudd
et al., 2015). Considering the resemblance of the necrosis induced by Z. tritici to
the HR characteristic of gene-for-gene resistance to biotrophic pathogens (Keon
et al., 2007; Rudd et al., 2008), the existence of an effector or toxin which
specifically interacts with defence-related host receptor to hijack the host
defence response has been suggested (Hammond-Kosack & Rudd, 2008).
Future characterisation of the conserved effectors and secondary metabolite
clusters may elucidate the existence of such a factor. Furthermore, little is
understood about the regulation of this switch to necrotrophy, both in terms of
the stimuli causing this transition and the intracellular pathways controlling the

dramatic transcriptional shift observed.

It has been speculated that the long symptomless phase represents a lasting
remnant of the previous endophytic lifestyle of Z. tritici (Sanchez-Vallet et al.,
2015). One hypothesis for the adaptive function of the latent phase postulates
that symptomless colonisation maximises fitness by allowing the fungus to
achieve a “critical biomass” before inducing necrosis in the leaf (Brennan et al.,
2019; Lee et al., 2015). Indeed, truncation of the latent phase through silencing
of host homeodomain protein, TaR1, led to reduced pycnidiospore production
(Lee et al., 2015). However, other studies have found that inter-strain variation
in the length of the latent period and the extent of mesophyll colonisation during
symptomless infection, does not necessarily correlate with reproductive fitness
(Haueisen et al., 2019), although this may be a result of the high inoculum
densities used in this study. It is feasible that some degree of colonisation whilst
suppressing host defence is required for Z. tritici to establish a foothold in the
leaf, before hijacking the wheat PCD response to complete its reproductive
cycle. Subsequent variation in this latent period may represent the results of
complex life history trade-offs. For example, the ability to spread extensive
invasive hyphae in the mesophyll layer from the point of penetration may
increase the number of accessible stomata for asexual sporulation, which may
be particularly important during early stages of an epidemic when inoculum
levels are low. Furthermore, genotypes showing reduced latent phases may
produce fewer asexual spores per infection cycle, but have the ability to

undergo more infection cycles in a growing season.
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The second major unanswered question regards the source of nutrients utilised
by Z. tritici during symptomless colonisation, and its controversial classification
as a hemibiotroph (Sanchez-Vallet et al., 2015). The lack of specialised
intracellular feeding structures, as well as the low expression of secreted
hydrolytic enzymes and upregulation of genes involved in lipid metabolism
during early infection, suggests that Z. tritici relies on internal nutrient stores
rather than extracellular plant-derived nutrients during the symptomless phase
(Rudd et al., 2015; Sanchez-Vallet et al., 2015). It has been proposed that the
few secreted PCWDES, proteases and lipases that are expressed during
symptomless colonisation could contribute to accessing nutrients in the
apoplast (Goodwin et al., 2011; Palma-Guerrero et al., 2016; Sanchez-Vallet et
al., 2015). However, these enzymes do have other potential functions.
Cutinases and lipases could assist in spore adhesion and surface sensing, as
demonstrated in other plant pathogens (Deising et al., 1992; Skamnioti & Gurr,
2007), or could facilitate access to the epidermal cell surface for secreted Z.
tritici effectors (Kettles et al., 2017). Secreted proteases may function in
detoxification of plant defence proteins (Palma-Guerrero et al., 2016), such as
those identified in Fusarium sp. (Jashni et al., 2015; Naumann et al., 2011),
while PCWDEs may facilitate apoplastic growth of Z. tritici hyphae, as has been
proposed for the function of such enzymes expressed by biotrophic pathogens
(Spanu & Kamper, 2010).

Moreover, considering the extent of hyphal growth observed in vitro without
external nutrient sources (Francisco et al., 2019; King et al., 2017), it is unlikely
that degradation of host tissues is required for invasive hyphal growth. Neutral
lipid staining has demonstrated the high content of lipid droplets in Z. tritici
spores, which is reduced in hyphae (Francisco et al., 2019), suggesting that the
breakdown of these storage molecules occurs during hyphal germination.
However, although the expression profiles of various genes related to lipid
metabolism has been reported (Rudd et al., 2015), direct evidence for the
requirement of lipid metabolism in Z. tritici infection has not been demonstrated.
Furthermore, investigation is required into the cellular mechanisms involved in

remobilising stored macromolecules in the Z. tritici spore during early infection.
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1.4 The scope of the thesis

The work in this thesis aims to further elucidate the cellular processes involved
in Z. tritici infection of wheat. In order to understand the mechanisms involved in
Z. tritici nutrient acquisition during symptomless colonisation, the role of
autophagy in recycling stored macromolecules during development and
infection was investigated (Chapter 3). Also to this end, various components of
the lipid metabolism machinery in Z. tritici were functionally characterised,
including enzymes involved in fatty acid B-oxidation, to assess the importance

of utilising lipids for host colonisation (Chapter 4).

To complement these reverse genetics analyses, a forward genetic approach
was also taken to identify genetic elements contributing to Z. tritici development
and virulence. Investigation of T-DNA insertion mutants with attenuated
virulence revealed disruption of the CWI pathway MAPK kinase kinase gene
ZtBCK1 and the adenylate cyclase gene (ZtCYR1) responsible for cAMP
synthesis (Chapter 5). Subsequent transcriptomic analysis of knockout mutants
in these genes was implemented to advance our understanding of infection-
related signalling in Z. tritici. Finally, this thesis presents genomic and
transcriptomic characterisation of a spontaneous laboratory mutant, which
displays an unusual cellular morphology, aberrant filamentation and reduced
virulence (Chapter 6).
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Chapter 2
Materials and Methods
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2.1 Microbial strains and growth conditions

All growth media for microbial cultures was prepared with MilliQ water using the
recipes detailed in Table 2.1. Media was sterilised by autoclaving for 15 min at
121°C and 0.1MPa and antibiotics were filter sterilised before being added to

cooled media.

Table 2.1 Growth media recipes

Growth Medium Component Concentration
Yeast Extract—Peptone—Dextrose (YPD) | Yeast extract 10 g/L
Bacteriological peptone 20 g/L
Glucose 20 g/L
Agar 20 g/L
Aspergillus minimal medium (AMM) | NaNOs 6 g/L
(pH 6.5 with KOH) | KCI 0.52 g/L
MgS04.7H20 0.52 g/L
KH2PO4 1.52 g/L
ZnS04.7H20 2.2 mg/L
HsBOs 1.1 mg/L
MnCl2.4H20 0.5 mg/L
FeS04.7H20 0.5 mg/L
CoCl2.5H20 0.16 mg/L
CuS04.5H20 0.16 mg/L
(NH4)sM07024.4H20 0.11 mg/L
Na4sEDTA 5 mg/L
Glucose 10 g/L
Agar (for solid) 20 g/L
Basal medium (BM) | Asparagine 2g/L
(pH 6 with Nap;HPO4) | Yeast nitrogen base w/o 1.7 g/L
amino acids or NH4SO4
NHsNOs 1g/L
Glucose 10 g/L
Agar 20 g/L
Induction medium (IM) | K2HPO4 10 mM
(pH 5.6 with NaOH) | KH2PO4 10 mM
NaCl 2.5mM
MgSQO4.7H20 2mM
CaClz 0.7 mM
FeSOa4 10 uM
(NH4)2S04 4 mM
Glucose 10 mM
Glycerol 0.5% (w/v)
MES buffer 40 mM
Agar (for solid) 20 g/L
Synthetic complete without uracil (SC-URA) | Yeast nitrogen base w/o 6.9 g/L
amino acids
(Formedium, UK)
Complete amino acid 790 mg/L
supplement w/o
Uracil (Formedium, UK)
Glucose 20 g/L
Agar (for solid) 20 g/L
Potato dextrose broth/agar (PDA/PDB) | Potato dextrose broth 24 g/L
(Sigma-Aldrich, UK)
Agar (for soild) 20 g/L
Lysogeny broth (LB) | LB Broth (Miller) 25 g/L
(Sigma-Aldrich, UK)
Agar (for solid) 15 g/L
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V8 juice (V8) | V8® Original vegetable 200 ml/L
juice (clarified by

centrifugation)
CaCOs 3g/lL
Agar 20 g/L

The reference Z. tritici strain IPO323 was used in this study, isolated from a
Dutch field of wheat (cultivar Arminda) in 1984 and subject of the first fully
assembled genome sequence of the species (Goodwin et al., 2011).
Additionally, a minority of mutants were generated in the strain Aku70 (Bowler
et al., 2010), generated from IPO323 through deletion of the gene KU70
(ZtritiPO323_04g07374) involved in the non-homologous end joining pathway
for repairing double stranded breaks in DNA. Blastospores of Z. tritici strains
were stored long-term in suspensions of 50% glycerol at -80°C. Z. tritici
blastospores were routinely cultured on YPD agar at 19°C under darkness for 5
days before use in transformations, infection experiments and in vitro

phenotypic assays.

The Saccharomyces cerevisiae strain BY4741 was used for plasmid
construction, and was cultured on YPD or SC-URA at 30°C, with 180 rpm
shaking for liquid cultures. Plasmid amplification was carried out using the
Escherichia coli strain DH5a, which was cultured using LB broth or agar at
37°C, with 180 rpm shaking for liquid cultures. Z. tritici transformations were
carried out using Agrobacterium tumefaciens strain EHA105, which contains
chromosomal resistance to rifampicin and the tumour-inducing plasmid
pTiBo542DT-DNA, containing the virulence genes required for transfer of T-
DNA to hosts during transformation (Hellens et al., 2000). A. tumefaciens was
grown at 28°C on LB supplemented with 100 pg/ml rifampicin, with 220 rpm

shaking for liquid cultures.

2.2 Plasmid construction and amplification
2.2.1 Plasmid backbones and selective markers

Transformation vectors were constructed using the suite of plasmids developed
previously by Sidhu et al., (2015). These vectors contain the required
components for selection and amplification in S. cerevisiae, E.coli and A.
tumefaciens (Fig. 2.1). They also contain selective marker cassettes between T-

DNA border repeats that confer resistance to hygromycin B (pC-HYG-YR,;
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Addgene ID — 61765), sulfonylurea (pC-SUR-YR; Addgene ID — 61768) and
glufosinate ammonium (pC-BAR-YR; Addgene ID — 61766) when transformed
into Z. tritici. Using this range of selective markers allowed for consecutive
transformations of Z. tritici, enabling generation of multiple gene deletion,
knockout complementation and fusion protein expression within the same

strain.

—_ N—

IPO323
genome

A

pC-HYG-ATG1-KO

2um ori

[ 1B | [RB | T-DNA
_ E‘E‘A P0323
genome

— e A e
genome

Figure 2.1 Construction of plasmids by recombination in yeast for targeted insertion into

the Z. tritici genome, using deletion of ZtATG1 as an example.
(A) Amplification of flanking regions (LF and RF) from Z. tritici genomic DNA used to target T-

DNA to the desired locus. Primers used contain 5" extensions overlapping with the T-DNA border
sequences (yellow) and selective marker region (red) (B) Insertion of flanking sequences into the

digested plasmid backbone by homologous recombination in yeast. Plasmid contains ColE1
origin of replication, RepA replication protein, StaA stability protein and KanR kanamycin
resistance marker for bacterial propagation, and URA3 selective marker and 2 origin of
replication for S. cerevisiae propagation (C) Insertion of the hygromycin resistance (Hyg®)
selective marker by homologous recombination after transfer of T-DNA into Z. tritici nuclei by
Agrobacterium-mediated transformation.
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Selective markers were delivered to specific loci within the Z. tritici genome
through insertion of T-DNA sequences by homologous recombination (Fig. 2.1).
To achieve this, flanking sequences complimentary to regions up- and
downstream of the target locus were cloned on either side of the selective
marker within the T-DNA repeats of the chosen vector (Fig. 2.1A-B). Upon
insertion of the T-DNA into Z. tritici nuclei, these flanking sequences anneal to
complementary sequences in the genome and instigate insertion of the

selective marker by homologous recombination (Fig. 2.1C).

2.2.2 Yeast recombinational cloning

Plasmid vectors for transformation of Z. tritici were constructed by
recombinational cloning in S. cerevisiae, using methods similar to those
described previously (Collopy et al., 2010; Sidhu, Cairns, et al., 2015). Flanking
sequences to be incorporated into plasmids were amplified by PCR using
primers with 5’ extensions of 29 bp (Fig. 2.1A). These 5’ extensions were
designed to overlap with the terminal sequences of fragments to be inserted at
adjacent positions in the vector (Fig. 2.1B). PCR amplified fragments were co-
transformed into S. cerevisiae alongside the aforementioned plasmid vectors
which had been linearised by restriction digestion with EcoR1 and Hindlll. Upon
co-transformation, these overlapping fragments assembled by homologous

recombination to yield the complete plasmid (Fig. 2.1B).

2.2.3 Transformation of S. cerevisiae

Transformation of S. cerevisiae was achieved using a protocol adapted from
Gietz & Woods (2002). An overnight culture was prepared by inoculating 5 ml of
YPD broth with a single colony of S. cerevisiae. After incubation for 12 h, 2 ml of
the overnight culture was diluted in 48 ml YPD broth in a sterile conical flask
and incubated for a further 5 h. S. cerevisiae cells were harvested by
centrifugation in a 50 ml falcon tube at 3000 x G for 5 min, before being washed
with 50 ml sterile deionised water (SDW). After repeating the centrifugation, the
cell pellet was washed with 1 ml of sterile 0.1M lithium acetate (LIOAc) and
transferred to a 1.5 ml centrifuge tube. Cells were pelleted at 13,000 rpm for 15
s, the supernatant was removed, and the pellet resuspended in 400 pl sterile
0.1M LiOAc.

60



DNA fragments to be transformed into S. cerevisiae were combined in a 1.5 ml
centrifuge tube at a final volume of 34 pl. This included 200 ng of the linearised
plasmid and 500 ng of each purified PCR product. This DNA mix was combined
with 50 pl of single-stranded salmon sperm DNA (2 mg/ml in Tris-EDTA (TE)
buffer pH 8; denatured for 5 min at 95°C and cooled on ice), 50 ul S. cerevisiae
cell suspension, 36 pl of sterile 1M LIOAc and 240 pl of sterile 50% (w/v)
polyethylene glycol 3000, and the resulting suspension was mixed by pipetting.
The transformation mix was incubated for 30 min at 30°C before being
transferred to a 42°C water bath for 15 min. Following heat shock, the
transformation mix was centrifuged at 6000 rpm for 15 s, the supernatant was
removed and the cell pellet was resuspended in SDW. The cell suspension was

plated on SC-URA agar plates and incubated for 3 days at 30°C.

2.2.4 Plasmid extraction from yeast

S. cerevisiae colonies were screened for correct assembly of fragments by
colony PCR using alkaline lysis. A small amount of cells was harvested from a
colony using a 10 pl pipette tip and suspended in 20 ul of 20 mM NaOH. Cells
were lysed by incubation at 96°C for 20 min, before the cell debris was pelleted

by centrifugation and 1 ul of the supernatant was used in a 25 pl PCR reaction.

Once identified, a colony containing a fully assembled plasmid was inoculated
into 10 ml SC-URA broth and incubated overnight. Plasmid DNA was extracted
using a QAlprep spin miniprep kit (Qaigen, UK) in combination with lyticase
enzymatic digestion of the cell wall (Singh and Weil 2002). In brief, a 5 mg/ml
lyticase solution was prepared using lyticase from Arthrobactor luteus (Sigma-
Aldrich, UK) in 100 mM sodium phosphate buffer (pH 7.4) containing 1.2M
sorbitol. Cells were harvested by centrifugation at 3000 x G for 5 min and cell
pellet was suspended in 200 pl of Buffer P1 and 100 pl lyticase solution. After
incubation for 30 min at 37°C, 300 pl Buffer P2 was added and the suspension
was incubated for 10 min at room temperature. Following addition of 420 pl
Buffer N3, the plasmid was isolated following the QAlprep spin miniprep kit
protocol and eluted in 30 pl TE buffer.

2.2.5 Amplification of plasmids in E. coli

In order to amplify the plasmids constructed in S. cerevisiae, they were
transformed into E. coli chemically competent cells. Competent E. coli cells
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were prepared by washing cells with CaClz. An overnight culture of E. coli was
prepared by inoculating 5 ml of LB with E. coli straight from glycerol stock. The
overnight culture was diluted 100-fold in 100 ml LB in a conical flask and grown
until the ODsoo reached 0.48. Reagents and cell cultures were cooled on ice for
20 min before cells were pelleted by centrifugation at 4°C and 3000 x G for 5
minutes. The supernatant was discarded and the cells were resuspended in 20
ml ice-cold 100mM CacClz, before incubating on ice for 20 min. Centrifugation
was repeated and the resulting pellet was resuspended in 5 ml ice-cold 200mM

CaClz amended with 15% glycerol. Competent cells were stored at -80°C.

For transformation, competent E coli cells were thawed on ice and a 50 pl
aliquot was mixed with 10 pl of plasmid isolated from S. cerevisiae. After
incubation on ice for 30 min, cells were submitted to heat shock at 42°C for 30
sec in a water bath and replaced on ice for 5 min. E. coli cells were allowed to
recover by addition of 200 pl LB and incubation for 2 h at 37°C with 180 rpm
shaking. Cell suspensions were plated out on LB agar plates amended with 100
pg/ml kanamycin and incubated overnight. A single colony was inoculated into 5
ml LB containing 100 pg/ml kanamycin incubated overnight, before plasmid
DNA was extracted using QAlprep spin miniprep kit (Qaigen, UK) following the
manufacturers protocol. The fidelity of flanking sequence cloning was confirmed
by Sanger sequencing through the Eurofins Genomics Mix2Seq service, using
Seql-F/Seg2-R and HYF-F/Seq-4-R for the left and right flanks of pC-HYG-YR-
based vectors, Seql-F/Seg2-R and BAR_END_F/Seq-4-R for the left and right
flanks in pC-BAR-YR-based vectors and Seql-F/ SUR_INT_R and
SUR_END_F/Seg-4-R for the left and right flanks in pC-SUR-YR-based
vectors.(Table 2.2).

2.2.6 Transformation of A. tumefaciens

Constructed plasmids were transformed into A. tumefaciens prior to
Agrobacterium-mediated transformation of Z. tritici. To prepare competent cells,
A. tumefaciens was grown overnight in 5 ml LB. A 2 ml aliquot of this overnight
culture was diluted in 48 ml of the same media in a sterile conical flask and
incubated until the ODeoo reached 0.6. After cooling on ice for 5 min, the cells
were pelleted by centrifugation at 3000 x G for 5 min at 4°C. The pellet was
resuspended in 1 ml of 20mM CacClz and 50 ul aliquots were stored at -80°C.
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For transformation, 50 pl aliquots of competent A. tumefaciens cells were
thawed on ice before 10 pl of plasmid DNA was added and mixed gently.
Transformation mixtures were then snap frozen in liquid nitrogen before
undergoing heat shock in a water bath at 37°C for 5 min. Cells were then
allowed to recover by addition of 500 pl LB and incubation at 28°C for 3 h with
220 rpm shaking, before plating onto LB agar amended with 100 pg/ml

rifampicin and 100 pyg/ml kanamycin and incubation for 2 days.

2.3 Agrobacterium tumefaciens-mediated transformation of Z.

tritici

Agrobacterium tumefaciens-mediated transformation (AtMT) was carried out
following a protocol adapted from Zwiers & De Waard (2001). A single colony of
A. tumefaciens was inoculated into 5 ml LB containing 100 pug/ml rifampicin and
100 pg/ml kanamycin and grown overnight. The overnight culture was diluted to
an ODeoo of 0.09 in 10 ml induction medium (IM) amended with 40 pug/ml
acetosyringone and 100 pg/ml kanamycin, and grown for 2-3 h until the ODsoo
reached 0.2-0.24. Z. tritici cells were harvested from YPD agar and suspended
in water, before being filtered through a 100 um sterile cell strainer and diluted
to a concentration of 5x10° spores/ml. Equal volumes of A. tumefaciens and Z.
tritici cells were mixed by gentle pipetting before 150 ul of the mixture was
inoculated onto an IM agar plate covered by a nitrocellulose disc and incubated
at 19°C for 2 days. Following co-incubation of A. tumefaciens and Z. tritici,
nitrocellulose discs were transferred onto either AMM containing 200 ug/ml
hygromycin B or 200 pg/ml glufosinate ammonium or BM containing 10 pg/ml
sulfonylurea, depending on the resistance cassette used. Selection plates also
contained 250 pg/ml cefotaxime, 100 ug/ml streptomycin and 100 ug/ml
ampicillin to inhibit further growth of A. tumefaciens.

2.4 Nucleic acid extraction and manipulation
2.4.1 Rapid DNA extraction for PCR

DNA was extracted for cloning and diagnostic PCR following a protocol adapted
from that reported by Liu et al. (2000). A small amount of mycelium or yeast-like
cells was collected using an inoculation loop and suspended in 500 pl lysis

buffer (400 mM Tris-HCI pH 8.0, 60 mM ethylenediaminetetraacetic acid (EDTA,
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pH 8.0), 150 mM NaCl, 1% sodium dodecyl sulfate) amended with 50 pg/ml of
RNAse A. Cell lysis and RNA degradation was allowed to proceed during
incubation for 1 h at 37°C with 180 rpm shaking. Subsequently, 150 ul of
potassium acetate solution (pH 4.8; 3M potassium acetate, 11.5% v/v glacial
acetic acid) was added and the tube vortexed, before centrifugation for 3 min at
13,000 x G to pellet the cell debris and precipitated proteins. The supernatant
was added to an equal volume of isopropanol, mixed gently and centrifuged at
13,000 x G for 10 min. The supernatant was discarded and the pellet washed
with 300 ul of 70% ethanol, before a final centrifugation at 13,000 x G for 3 min
and removal of the supernatant. The DNA pellet was dried at 37°C and
resuspended in 20-80 ul TE buffer (10mM Tris, 1mM EDTA [pH 8.0]) depending

on the size of the pellet.

2.4.2 Extraction of high quality DNA for whole genome resequencing

To extract high quality DNA for Illumina sequencing, 100 mg fresh weight of
yeast-like cells was collected from Z. tritici culture on YPD agar and snap frozen
in liquid nitrogen. The sample was ground into a fine powder in a pestle and
mortar. DNA was extracted using the illustra™ Nucleon Phytopure Genomic
DNA Extraction Kit (GE Healthcare, UK) following the manufacturers protocol,
including the RNAse A digestion step. The resulting DNA pellet was dissolved in
HyClone™ water (GE Healthcare, UK). Extracted DNA was then further purified
using the DNeasy Plant Mini Kit (Qiagen), before the eluted sample was
centrifuged for 2 min at 1000 x G and the supernatant taken forward for DNA
quantification using a Qubit™ dsDNA BR Assay Kit (Fisher Scientific, UK).

2.4.3 Polymerase chain reaction

PCRs were carried out using Phusion® High-Fidelity DNA Polymerase (New
England Biolabs, UK). PCR was carried out following the manufacturer’s
protocol. The sequences of primers used in PCRs are listed in Table 2.2.

2.4.4 Restriction digestion

Restriction digestion of plasmids was implemented using HindllI-HF® and
EcoRI-HF® enzymes (New England Biolabs, UK) in 50 pl reactions with
CutSmart® Buffer. Double digestion of 1 ug of plasmid DNA was carried out
overnight at 37°C before reactions were terminated by incubation at 80°C for 2
min. The complete digestion of plasmids was confirmed by gel electrophoresis.
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2.4.5 Gel electrophoresis

Electrophoresis was carried out using agarose gels made with 1xTris-Acetate-
EDTA (TAE) buffer, which was used as the running buffer. DNA electrophores
was run on 1% agarose gels amended with SYBR™ Safe DNA gel stain
(Thermo-Fisher Scientific). Samples were loaded using 6X Gel Loading Dye
(New England Biolabs, UK) and fragment sizes assessed using 1 kb DNA
Ladder (New England Biolabs, UK). Denaturing RNA electrophoresis samples
were prepared by diluting 4 ul of extracted RNA with 12 pl formamide solution
(Sigma-Aldrich), 0.5 pl of SYBR™ Safe DNA gel stain and 3.5 ul 6X loading
dye. These samples were denatured at 65°C for 5 min and immediately
transferred to ice for 5 min, before being loaded onto 1.2% agarose gels.

Table 2.2 Primers used in this study

Primer name Sequence (5’-3’)

ZtATG1_LF_F CTAGGCCACCATGTTGGGCCCGGCGCGCCAATGGCGAAGAATGTAGCAA
ZtATG1_LF_R TCCTTCAATATCAGTTGGGTACCGAGCTCGATGGCGGTAGTGTTGTTGT
ZtATG1_RF_F GATCCTCTAGAGTCGACCTGCAGGCATGCGCAAGGATGACTCGCTAGTC
ZtATG1_RF_R GTCAGATCTACCATGGTGGACTCCTCTTATCGGCTGGAGATGACAGTAC
ZtATG8_LF_F CTAGGCCACCATGTTGGGCCCGGCGCGCCGATGGCTTACTGGGCACAAC
ZtATG8_LF_R TCCTTCAATATCAGTTGGGTACCGAGCTCGTTGGCGATGTGTGTTGTGG
ZtATG8_RF_F GATCCTCTAGAGTCGACCTGCAGGCATGCACGCCACCTAACATCGACAC
ZtATG8_RF_R GTCAGATCTACCATGGTGGACTCCTCTTAGACAGCGAGGTGAAACTTCG
ZtATG1_EXT_F GAGTTATTCACTAGGTGCGCGG

ZtATG1_INT_R TCGCCACCACTCGACTTCAT

ZtATG8_EXT_F ACTCCTCACTCCTCCACTCC

ZtATGS_INT_R TCTCGCAAATGACCTTCACG

ZtGFP_F ATGGTCTCCAAGGGCGAGGA

ZtGFP_R CTTGTAGAGCTCGTCCATGC

ZtATGS_LF_GFP_R

ZtATGS_GFP_F

ZtATGS_TERM_R

ZtATGS_RF2_F
ZtATGS_RF2_R

GTGAAGAGCTCCTCGCCCTTGGAGACCATGTTGGCGATGTGTGTTGTGG
GCATGGACGAGCTCTACAAGGCGGCGGCGATGCGCTCCAAGTTCAAGGA
TCCTTCAATATCAGTTGGGTACCGAGCTCTGCTGTGGCGCGGTCGTAAA
GATCCTCTAGAGTCGACCTGCAGGCATGCGCGTGTCTGACCGCCAACTT
GTCAGATCTACCATGGTGGACTCCTCTTAGAGTGCTGCTCGTCTGTCTT

ZtEch1l_LF_F CTAGGCCACCATGTTGGGCCCGGCGCGCCGAACGAGAGCAGAAAACGTA
ZtEchl_LF_R TCCTTCAATATCAGTTGGGTACCGAGCTCTGTGAGTAAGCTGATCACAA
ZtEch1l_RF_F GATCCTCTAGAGTCGACCTGCAGGCATGCGGGAGAATGTCACAATGAAT
ZtEch1_RF_R GTCAGATCTACCATGGTGGACTCCTCTTAGTGGCGCGTAAGTATCTCAA
ZtEch1_INT_R GTTCAACTGGGGAGGTGTTA

ZtEch1_EXT_F GAGCCGGTATTTGTGATCAG

ZtEchl_F ATGTTGGCATCAAGACTCCG

ZtEchl_R TCATCTGTGAACCCACTCCG

ZtEch1_LF2_F

CTAGGCCACCATGTTGGGCCCGGCGCGCCCGCTGAGCACATGCATCACC

is
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ZtEchl_LF2_R

ZtEch1_PROM_F

ZtMFP1_LF_F
ZtMFP1_LF_R
ZtMFP1_RF_F
ZtMFP1_RF_R
ZtMFP2_LF_F
ZtMFP2_LF_R
ZtMFP2_RF_F
ZtMFP2_RF_R
ZtMFP1_EXT_F
ZtMFP1_INT_R
ZtMFP2_INT_F
ZtMFP2_EXT_R

ZtBCK1_del_seq_F
ZtBCK1_del_seq_R
ZtBCK1_insert_seq_F
ZtBCK1_insert_seq_R

ZtBCK1_LF_F
ZtBCK1_LF_R
ZtBCK1_RF_F
ZtBCK1_RF_R
ZtBCK1_EXT_F
ZtBCK1_INT_R

ZtCYR1_SNP_seq_F
ZtCYR1_SNP_seq_R

ZtCYR1_LF_F
ZtCYR1_LF_R
ZtCYR1_RF_F
ZtCYR1_RF_R
ZtCYR1_EXT_F
ZtCYR1_INT_R
Seql-F

Seq4-R
Seq2-R

HYG-R

HYG-F

HYG-F2
BAR_END_F
SUR_INT_R
SUR_END_F

TCCTTCAATATCAGTTGGGTACCGAGCTCCCATCGACGGTGCTGCGATC
GATCCTCTAGAGTCGACCTGCAGGCATGCGAAGTCGTCGGTCTAGAGAT
CTAGGCCACCATGTTGGGCCCGGCGCGCCGAGTTTGAGTTGGGTCGGTT
TCCTTCAATATCAGTTGGGTACCGAGCTCGTTTGTGGATGTGAGAGGAA
GATCCTCTAGAGTCGACCTGCAGGCATGCTTTCGAAGATGTGTTTGGCG
GTCAGATCTACCATGGTGGACTCCTCTTAGATGGGGTTGCCGAGTAGTT
CTAGGCCACCATGTTGGGCCCGGCGCGCCATCTACGACCTCCATTCCCC
TCCTTCAATATCAGTTGGGTACCGAGCTCTTCGAGAGAGCTCCGAGTAT
GATCCTCTAGAGTCGACCTGCAGGCATGCTGGGTGTGAGGAGGGGAAGT
GTCAGATCTACCATGGTGGACTCCTCTTAAACATCATCCGGACGTGTCT
CCATTCCTCCTCAGGGACTC

GTGGTGTATATCCCTCCTCC

GGTATCCGAGTGTGGAGGAT

GCGAACGTTTTGAGATGGAC

GCGCATACACATACGACCTC

GCGCGACTGACTTTGTGATT

TAGCTTCGCCGCTACGTTTC

AGGTATGTAGCCTCCGACGG
CTAGGCCACCATGTTGGGCCCGGCGCGCCGCGATGAAGATTGACACGCT
TCCTTCAATATCAGTTGGGTACCGAGCTCGTTCGCTGAATCTGCCTTTC
GATCCTCTAGAGTCGACCTGCAGGCATGCCGCAGCATAGGAAAGTGTATGG
GTCAGATCTACCATGGTGGACTCCTCTTACTCCTTTGATGTCCGGGACT
TGGATTACCCGCAGAGCAAG

TCGGAGCAGATTCCTGTCTC

GAACAGCACGATCTTGTGGG

CGTTGGACTTCCTGGATGAA
CTAGGCCACCATGTTGGGCCCGGCGCGCCCCGAACAATCTCCCAGCTAC
TCCTTCAATATCAGTTGGGTACCGAGCTCCCATCGAGGCTCAGCGGATT
GATCCTCTAGAGTCGACCTGCAGGCATGCGCAGTCGTCGGATGCCTGAC
GTCAGATCTACCATGGTGGACTCCTCTTACACACATCGCGAACACACAC
GGTGAATAGGCGTGCAGATG

CTGAACCATCCTCCTGCGAA

TGCGGACGTTTTTAATGTAC

GTAATTCACACGTGGTGGTG

TTGTTGACCTCCACTAGCTC

TATTCCTTTGCCCTCGGACGA

CTCTTCTGGAGGCCGTGGT

ATGAAAAAGCCTGAACTCACCG

TTTCTGGCAGCTGGACTTCA

GCTCGCTCGTGATTCTGACT

GCAAGGATAAGCAACGGAGA

66



2.5 Bioinformatics analysis

The fully assembled Z. tritici genome (Goodwin et al., 2011) was downloaded
from Ensembl Fungi (http://fungi.ensembl.org/Zymoseptoria_tritici/Info/Index),
with all gene models taken from the latest Rothamsted Research annotation
(King et al., 2017). All short read sequence alignments were carried out using
genome indices prepared with this annotation. Short read alignments were
indexed using the SAMtools index function (Li et al., 2009) and visualised using

the Integrative Genomics Viewer (IGV) program (version 2.7.0).

Whole genome resequencing was carried out by BGI Tech Solutions Co., Ltd.
(Hong Kong) using their BGISEQ-500 platform for paired-end 150 bp reads.
Sequencing reads were trimmed with fastp (S. Chen et al., 2018) using the
parameters ‘--cut_tail --cut_tail_mean_quality=20 --detect_adapter_for_pe --
length_required=75’, and aligned with the IPO323 genome with Bowtie 2
version 2.3.4.1 using --local mode (Langmead & Salzberg, 2012). Single
nucleotide polymorphisms (SNPs) and indels were detected in the genome
sequences via a Galaxy pipeline (https://usegalaxy.org/), using FreeBayes for
variant calling (Garrison & Marth, 2012). The workflow used, including specified
parameters, is described in Supplementary Methods. Polymorphisms were
validated by inspection using the Integrative Genomics Viewer (IGV;
Thorvaldsdattir et al., 2013). The resulting polymorphisms were filtered to
exclude those present in the isogenic IPO323 strain (also resequenced here)

and identify those unique to the strains of interest.

The Z. tritici genome was mined for gene homologs using BlastP algorithm on
the Ensembl BLAST tool
(https://fungi.ensembl.org/Zymoseptoria_tritici/Tools/Blast). To analyse
sequence identity across the whole protein, pairwise sequence alignments were
carried out with the full length predicted protein sequences of resulting hits
using the BlastP algorithm. Multiple sequence alignments were carried out
using the M-Coffee program (Tommaso et al 2011), with figures generated by

the BoxShade server (https://embnet.vital-it.ch/software/BOX form.html).

Phylogenetic trees were generated using multiple sequence alignments
generated with Clustal Omega (Madeira et al., 2019). Protein domain searches

were done using InterProScan (Madeira et al., 2019).
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2.6 Virulence assay

Z. tritici infection assays were carried out following the protocol based on that
described by Motteram et al., (2009). Wheat seedlings (cultivar Riband) were
grown in Levington M2 compost with a 3:1 addition of vermiculite, at 18°C and
85% relative humidity under a 12:12 h light:dark cycle in a Fitotron SGC120
growth chamber (Weiss Technik, UK). Z. tritici blastospores were harvested
from YPD agar plates and suspended in SDW containing 0.01% (v/v) Tween
20. Blastospores were filtered through a 100 um cell strainer, before being
diluted to a concentration of 5x10° (unless otherwise stated). The second leaf of
18 day-old seedlings was attached to an aluminium platform using double-sided
tape, before blastospore suspensions were inoculated onto the adaxial side
using a sterile cotton bud. Plants were placed in large trays containing water
and covered with plastic lids to increase humidity for the initial 72 h of infection.
Disease symptoms were assessed at 21 days post infection (dpi), at which point
the infected section of leaves was harvested and kept in a falcon tube
containing 1 ml SDW overnight. Leaves were mounted on laminated white
sheets using micropore tape and imaged using an Epson Perfection V850 Pro
scanner. For quantitative assessment of virulence, pycnidia counts and infected
leaf surface area were calculated using ImageJ in order to quantify pycnidia
density. At least 3 leaves were infected in each of three technical replicates of
the experiment for each strain analysed. Symptom development by mutant
strains was compared to its isogenic background strain and mock leaves
inoculated with 0.01% Tween 20.

2.7 Germination efficiency assay

Z. tritici blastospores were harvested in SDW from YPD agar cultures and
filtered through a 100 um cell strainer, before being washed twice with SDW.
Cell suspensions were diluted to 5x10* spores/ml before 500 ul was spread
onto 2% water agar plates and allowed to dry. The presence of hyphal growth
emanating from 100 spores was assessed microscopically after incubation at
19°C for 24 h (unless otherwise stated). The experiment was repeated at least

three times.
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2.8 Radial growth under starvation assay

The growth of Z. tritici strains under starvation was assessed on Aspergillus
minimal medium (Table 2.1), which was adjusted to create a growth medium
lacking a carbon source (AMM C-) without glucose or a nitrogen source (AMM
N-) without ammonium heptamolybdate and ammonium nitrate. Z. tritici
blastospores were harvested from YPD agar plates, filtered through a 100 ym
cell strainer and washed twice with SDW. Suspensions were diluted to a
concentration of 5x10® and 5 ul droplets were plated onto AMM, AMM C- and
AMM N- plates. Radial growth was assessed after 14 d (unless otherwise

stated) and the experiment repeated 3 times.

2.9 Microscopy

All epifluorescence and bright field microscopy was carried out using Zeiss
Axiovert 200M microscope, while imaging of Z. tritici colonies was done using a
Leica M165 FC dissection microscope. Images were taken using a Q-Imaging

MicroPublisher 3.3 RTV camera mounted on these microscopes.

The epiphytic growth and stomatal interactions of Z. tritici on the wheat leaf
surface was assessed through staining with calcofluor white (CFW). Infected
leaf sections were harvested and mounted on a slide. Droplets of 35 ug/ml CFW
were applied to the leaf surface and a cover slip was secured on top, before Z.

tritici cells were imaged by epifluorescence microscopy.

69



Chapter 3
Distinct roles for different
autophagy-associated genes in
virulence of Z. tritici
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3.1 Introduction

Autophagy is the process by which eukaryotic cells sequester cytoplasmic
contents for degradation in the vacuole, in order to recycle the constituent
macromolecular parts (Klionsky et al., 2011). This includes the breakdown of
cytosolic proteins, organelles and intracellular pathogens (Feng et al., 2014;
Orvedahl & Levine, 2009). This process plays a crucial role in cellular
homeostasis under favourable conditions, through degradation of defective
proteins and organelles, and in response to abiotic and biotic stress, most
notably during nutrient starvation (Mizushima & Komatsu, 2011). Furthermore,
autophagy functions in the extensive remodelling of cellular architecture during
differentiation and tissue development (Mizushima & Levine, 2010). As well as
these pro-survival and developmental roles, autophagy has been found to play
diverse roles in programmed cell death across eukaryotes (Minina et al., 2014;
Shimizu et al., 2004).

The term autophagy encompasses two mechanisms for transport of cytoplasmic
components to the vacuole; the first by direct invagination of the vacuolar
membrane, referred to as microautophagy (Li et al., 2012), and the second
through engulfment by a specialised vesicle called an autophagosome, known
as macroautophagy (Fig. 3.1A; Reggiori & Klionsky, 2013). Macroautophagy
(hereby referred to as autophagy) involves the localisation of autophagy
proteins at the pre-autophagosomal structure (PAS) adjacent to the vacuole,
which initiate formation of a double membrane structure called a phagophore
(Xie & Klionsky, 2007). The phagophore engulfs organelles and other cytosolic
contents to form the autophagosome. The autophagosome then fuses with the
vacuole, where its cargo is degraded and the resulting macromolecules
transported back to the cytoplasm (Fig. 3.1A; Reggiori & Klionsky, 2013). This
process can either be utilised for unselective sequestration of bulk cytoplasm, or
the selective degradation of cytosolic proteins, via the cytoplasm to vacuole
targeting (Cvt) pathway (Lynch-Day & Klionsky, 2010), and organelles, including
peroxisomes (pexophagy; Till et al., 2012), mitochondria (mitophagy; Kanki et
al., 2009) and lipid droplets (lipophagy; van Zutphen et al., 2014).
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Figure 3.1 Autophagy in S. cerevisiae
(A) Schematic displaying the processes of autophagy and (B) the core molecular
autophagy machinery

A suite of 42 ATG (AuTophagy-related Genes) genes have been found to be
involved in these processes in Saccharomyces cerevisiae and other yeast
species (Parzych et al., 2018), many of which are conserved in filamentous
fungi (Kershaw & Talbot, 2009; Liu et al., 2017; Lv et al., 2017). The core
protein machinery involved in autophagy, summarised in Figure 3.1B, can be
broken down into 5 complexes (Farré & Subramani, 2016). The ATG1 complex
and vesicle-bound ATG9 are involved in protein assembly at the PAS and
initiation of phagophore expansion, while the phosphatidylinositol-3- kinase
(PI3K) complex, the ATG18-ATG2 complex and the ATG5-ATG12 and ATGS8-
phosphatidylethanolamine (PE) conjugation systems are required for
autophagosome expansion (Fig. 3.1B; Nakatogawa et al., 2009). These core
genes are also required for selective forms of autophagy, alongside other
pathway specific proteins. This includes the receptors which recruit the targeted
cargo to the PAS through interaction with the ATG11 scaffold protein (Zientara-
Rytter & Subramani, 2020).

Despite the use of model yeast species in the majority of research into the
molecular machinery of fungal autophagy, the role of autophagy in the

development of filamentous fungi has been recently investigated (Khan et al.,
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2012; Pollack et al., 2009). As in S. cerevisiae, autophagy has been shown to
be vital for growth under nutrient starvation conditions in many ascomycetes
(Josefsen et al., 2012; Nitsche et al., 2013; Richie et al., 2007; Shoji et al.,
2010; Voigt & Poggeler, 2013). In the mycelium of Aspergillus oryzae,
degradation of organelles by autophagy in basal hyphal compartments is
proposed to enable recycling of nutrients to the growing hyphal tips via tubular
vacuoles (Shoji et al., 2006, 2010). In this way, autophagy has been proposed
as a precursor to autolytic cell death in aging mycelial compartments (Shoji &
Craven, 2011), but has also been implicated in programmed cell death in
several species (Pinan-Lucarré et al., 2003; Veneault-Fourrey et al., 2006).
Furthermore, autophagy has been shown to support developmental transitions
between morphological forms during the life cycles of many filamentous
ascomycetes (Pollack et al., 2009). To date, autophagy has been shown to play
a role in the differentiation of aerial hyphae (Liu et al., 2007; Nguyen et al.,
2011; Pinan-Lucarré et al., 2005), spore germination (Liu et al., 2007),
conidiation (Liu et al., 2007; Lv et al., 2017) and development of sexual fruiting
bodies (Liu et al., 2007; Lv et al., 2017; Pinan-Lucarré et al., 2005).

Autophagy plays a crucial role in the virulence of economically important fungal
plant pathogens, often through involvement in cellular differentiation. Disruption
of autophagy in Magnaporthe oryzae causes loss of pathogenicity, due to the
impairment of developmentally-regulated cell death in the conidia and an
inability to build sufficient turgor pressure in the appressorium for host
penetration (Kershaw & Talbot, 2009; Liu et al., 2007). Similarly, autophagy is
required for differentiation of functional appressoria in Botrytis cinerea and
Colletotrichum orbiculare (Asakura et al., 2009; Ren et al., 2017). Furthermore,
Fusarium graminearum was found to require autophagy to spread between
spikelets during infection of wheat (Josefsen et al., 2012). Authors suggested
this was caused by the inability of autophagy-deficient mutants to utilise stored
carbon to cross the nutrient-limited rachis (Josefsen et al., 2012; Nguyen et al.,
2011). Autophagy was also found to support asexual and sexual reproduction in
M. oryzae and F. graminearum, with autophagy mutants in both species
displaying reduced conidiation and an inability to generate perithecia (Liu et al.,
2007; Lv et al., 2017). These reproductive processes are crucial for completion

of the infection cycle and pathogen spread.
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Although Z. tritici does not form appressoria to penetrate the leaf cuticle, the
transition to hyphal growth required for host colonisation involves significant
changes in cellular morphology. This morphological switch and subsequent
invasive growth is proposed to require recycling of stored lipids in response to
the nutrient-limiting conditions on the leaf surface (Rudd et al., 2015). Z. tritici
spores are densely packed with lipid droplets (LDs), which are less abundant in
hyphal filaments (Francisco et al., 2019; Sidhu, 2015), while transcriptome data
has identified the upregulation of genes involved in lipid metabolism during early
infection (Rudd et al., 2015). Autophagy has a complex relationship with LD
dynamics in eukaryotes, with roles in both their formation, through the release
of fatty acids (FASs) for synthesis of triacylglycerol (TAG), and their breakdown
via lipophagy (Rambold et al., 2015; Singh et al., 2009; van Zutphen et al.,
2014). Indeed, disruption of autophagy has been found to not only reduce LD
accumulation in fungal spores (Liu et al., 2007; Ren et al., 2017), but also inhibit
their breakdown under starvation conditions (Josefsen et al., 2012).

Considering the involvement of autophagy in the growth of other ascomycete
fungi under starvation stress (Liu et al., 2007; Shoiji et al., 2010), and its
widespread importance in virulence, we investigated the role of autophagy in Z.
tritici development and infection. Autophagy gene homologs were identified in
the Z. tritici genome, and functional characterisation of the ZtATG1 and ZtATGS8
was carried out through targeted gene deletion. Autophagy was inhibited by
deletion of ZtATG1, but this gene was found to be dispensable for hyphal
growth under starvation and pathogenicity of Z. tritici. However, deletion of
ZtATGS led to a delay in the necrotrophic switch, indicating an autophagy-
independent role of ZtATG8 during Z. tritici infection.

3.2 Materials and Methods

3.2.1 BlastP searches and alignments

Homologs of previously characterised autophagy proteins from S. cerevisiae
were identified in the Z. tritici genome through BlastP searches on the Ensembl
Fungi Zymoseptoria tritici genome database

(http://fungi.ensembl.org/Zymoseptoria_tritici/Tools/Blast), using default

parameters apart from adjustment of the E-value threshold to 1e-3. Additionally,
BlastP searches for pexophagy-specific proteins from Pichia pastoris (ATG28,

ATG30, ATG35, ATG37) and Pichia angustsa (ATG25) were carried out. Where
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ATG protein sequences from these yeast species yielded no Z. tritici homologs,
ATG protein sequences from M. oryzae were used in BlastP searches, as the
closest filamentous ascomycete relative of Z. tritici in which autophagy has
been extensively characterised. Following identification of Z. tritici ATG gene
homologs, pairwise protein sequence alignments were carried out with
predicted S. cerevisiae and M. oryzae ATG proteins as query sequences, in

order to assess sequence identity across the whole protein.

3.2.2 Construction of targeted gene deletion and GFP-fusion vectors
Construction of plasmid vectors for the deletion of ZtATG1 and ZtATG8 was
carried out by yeast recombinational cloning (see Chapter 2 for details). The
plasmid pC-HYG-YR was used as a backbone for these vectors (Sidhu,
Chaudhari, et al., 2015). Left flank (LF) and right flank (RF) sequences were
PCR amplified using the primer pairs ZtATG1-LF-F/R, ZtATG1-RF-F/R,
ZtATG8-LF-F/R and ZtATG8-RF-F/R. LF and RF amplicons were transformed
into S. cerevisiae alongside the pC-HYG-YR vector, which had been linearised
by restriction digestion with the enzymes EcoRI and Hindlll (New England
Biolabs, UK). This resulted in the plasmids pC-HYG-ATG1KO and pC-HYG-
ATG8KO. The fidelity of PCR amplification was confirmed by Sanger
sequencing in the completed vectors. These vectors were transformed into Z.
tritici via Agrobacterium tumefaciens-mediated transformation (ATMT; Chapter
2).

The plasmid pC-SUR-GFPATGS8 was also generated for expression of a
ZtGFP:ZtATGS fusion protein from the wild type ZtATG8 locus. This was
constructed using the Z. tritici codon-optimised GFP (Kilaru, Schuster, et al.,
2015). The ZtATG8 LF sequence, which includes the pZtATGS8 native promotor,
was amplified with the primers ZtATG8 _LF_F and ZtATG8 LF _GFP_R
containing 5’ primer extensions overlapping the left border sequence and start
of ZtGFP, respectively. The ZtATG8 open reading frame and terminator were
amplified with primers ZtATG8_GFP_F and ZtATG8_R containing 5’ extensions
overlapping the end of ZtGFP (with the stop codon replaced by a tri-alanine
linker) and the start of the SURR selection cassette, respectively. A right flank
sequence (RF2) starting downstream of the ZtATG8 terminator was amplified
with the primers ZtATG8-RF2-F/R containing 5’ extensions overlapping the end

of the SURR cassette and the right border sequence, respectively. Finally, the
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ZtGFP coding sequence lacking a stop codon was amplified with the primers
ZtGFP_F and ZtGFP_NOSTOP_R. These fragments were transformed into S.
cerevisiae with the linearised pC-SUR-YR plasmid to form the plasmid pC-SUR-
GFPATGS.

3.2.3 Soluble protein extraction from Z. tritici

The following steps were carried out on ice and at 4°C in the centrifuge.
Samples from Z. tritici liquid cultures were centrifuged in 2 ml micro-centrifuge
tubes at 20,000 x G for 10 min and the supernatant removed. Cells were
washed with 1 ml ice-cold MilliQ water and the centrifugation repeated. Cell
pellets were re-suspended in 500 pl ice-cold breaking buffer (100 mM Tris [pH
7.5], 1 mM DTT, 10% v/v Glycerol, 1 mM EDTA, , 0.01% SDS) containing
Pierce Protease Inhibitor Tablets (ThermoFisher Scientific), and pooled into a
screw cap tube. Samples were centrifuged for 10 min at 20,000 x G, the
supernatant removed and the pellets stored at -20°C.

Cells were thawed on ice and re-suspended in a volume of breaking buffer
equal to the cell pellet. Glass beads were added to just below the meniscus
layer and the cells were lysed using a FastPrep-24™ Classic Instrument (MP
Biomedicals), carrying out four runs of 20 sec at 6.5 m/s, interspaced with 1 min
intervals of cooling samples on ice. Following cell lysis, the cell debris and glass
beads were pelleted by centrifugation at 13,000 x G for 10 min, after which the
supernatant was transferred to a new 1.5 ml micro-centrifuge tube and the
centrifugation repeated to clarify the protein extract. The total protein
concentration of each sample was determined using the Pierce™ Coomassie
(Bradford) Protein Assay Kit (ThermoFisher Scientific) following the

manufacturer’s instructions.

3.2.4 Western blotting

Western blots were carried out using 30 ug of each protein sample in 20 pl of
breaking buffer, to which 5 pyl of NUPAGE™ LDS Sample Buffer (Invitrogen) and
1 pl 0.5 M dithiothreitol (DTT) was added. Samples were denatured at 70°C for
10 min before being loaded onto a 10% NuPAGE™ Bis-Tris Gel (Invitrogen)
and separated by electrophoresis at 200 V in NuPAGE™ MOPS buffer
(Invitrogen). A PVDF membrane was activated by soaking in methanol for 30

seconds, before being equilibrated by soaking in NUPAGE™ Transfer Buffer
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(Invitrogen). Proteins were transferred to the activated membrane by
electrophoresis at 30 V for 75 min in NUPAGE™ Transfer Buffer. The
membrane was then washed in TBS (10 mM Tris-HCI ph8, 137 mM NacCl)
before protein transfer was assessed using Ponceau S stain (0.1% Ponceau S,
5% Acetic acid). Ponceau S was washed from the membrane using 100 mM
NaOH and rinsed thoroughly with TBS.

The membrane was blocked by incubation in 25 ml TBS-T (TBS amended with
0.1% Tween-20) containing 5% milk powder (TBS-T+M) overnight at 4°C. The
membrane was then stained in 25 ml TBS-T+M containing 200 ng/ml GFP
Polyclonal Antibody (Invitrogen) overnight at 4°C. The membrane was washed
four times with TBS-T for 5 min and stained with 25 ml TBS-T+M containing 50
ng/ml Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, HRP
(Invitrogen) for 1 h at room temperature. After washing with TBS-T,
SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Scientific) was

applied to the membrane according to manufacturer’s guidelines.

3.2.5 FM4-64 staining

Cells were harvested after growth on YPD agar plates for 5 days and
suspended in 1 ml yeast extract glucose (YG) broth containing 16 uM FM4-64
stain (Sigma-Aldrich, UK). Spore suspensions were incubated at 19°C for 10
min, before being pelleted for 3 min at 8,000 x G and re-suspended in fresh YG
broth for a 15 min chase period at 19°C. Spores were imaged under a Zeiss
Axiovert 200M microscope with a Q-Imaging MicroPublisher 3.3 RTV camera.

3.3 Results

3.3.1 Identification of autophagy genes in Z. tritici
Analysis of the Z. tritici genome identified homologs of 27 ATG genes from S.

cerevisiae and M. oryzae (Table 3.1). These results were largely in agreement
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Table 3.1 Autophagy gene homologs identified in the Z. tritici genome

Query Query
Gene |Rothamsted Ensembl Identity|coverage M. Identity |coverage
Auophagy process Function Yeast Gene |Name |annotation Identifier Yeast gene ID |(%) (%) E-value |oryzaegene |(%) (%) E-value
Autophagy ATG1-kinase complex ATG1 ZtATGL  |ZtritlPO323_04g11420 Mycgr3G73716  |YGL18OW 40.82 97|  7.00E-92|MGG_06393 435 97 0.00E+00
induction/Phagophore ATG13 ZtATG13® 2tritIP0323 04509086 Mycgr3G58223  [YPR185W 27.98 20|  2.00E-15|MGG_00454 33.07 65 3.00E-54
X ATG17 ZtATG17 |ZtritlPO323_04g08285 Mycgr3G70424  [YLR423C 26.72 27| 1.00E-09|MGG_07667 29.61 90 1.00E-52
formation ATG29 ZtATG29" |ztritlPO323_04g04445 Mycgr3G111700  |YPL166W 27.45 78| 9.00E-11|MGG_02790 42.39 19 4.00E-25
ATG31 - - - YDR022C - - - - - - -
Membrane trafficking to ATGY ZtATG9  |ztritlPO323_04g10999 Mycgr3G100550  [YDL149W 37.72 50| 1.00E-136|MGG_09559 32.19 99|  2.00E-164
autophagosome ATG27 ZtATG27° |ZtritlPO323_04g06412 Mycgr3G108192  [YJL178C 32.98 33|  4.00E-09|MGG_02386 41.81 95 5.00E-84
ATG41 - - - YPL250C - - - - - - -
Phagophore expansion |Ptdins-3K complex ATG6/VPS30  [ZtATG6  |ztritIPO323_04g10366 Mycgr3G72630  |YPL120W 30.39 68| 3.00E-49|MGG_03694 46.18 97|  8.00E-146)
ATG14 ZtATG14® |ZtritlPO323_04g10306 Mycgr3G109656  [YBR128C - - - MGG_03698 31.84 99 1.00E-67
VPS34 ZtVPS34  |ZtritlPO323_04g08106 Mycgr3G70260  [YLR240W 35.82 99| 9.00E-172|MGG_03069 53.28 99 0.00E+00
VPS15 ZtVPS15  |ztritlPO323_04g13304 Mycgr3G75360  [YBRO97W 32.76 85| 4.00E-162|MGG_06100 42.34 99 0.00E+00
ATG38 - - - YLR211C - - - - - - -
ATG18-ATG2 complex ATG2 ZtATG2  |ztritlPO323_04g00381 Mycgr3Gesa23  [YNL242w 34.13 39|  6.00E-93|MGG_05998 48.74 85  4.00E-151
ATG18 ZtATG18 |ZtritlPO323_04g13426 Mycgr3G75475  [YFRO21W 29.9 97|  2.00E-72|MGG_03139 54.59 95  6.00E-134
ATG12 conjugation complex ATG12 ZtATG12 [ztritlPO323_04g08764 Mycgr3G40907  [YBR217W 42.53 45| 9.00E-24{MGG_00598 517 80 1.00E-43
ATGS ZtATG5  |ZtritlPO323_04g11307 Mycgr3Geee99  |YPL149W 22.71 84|  5.00E-15|MGG_09262 37.41 73 6.00E-52
ATG16 ZtATG16" |ZtritlPO323_04g05954 Mycgr3Go0647  [YMR159C 28.77 48|  5.00E-05|MGG_05255 28.87, 93 8.00E-24
ATG10 ZtATG10° |7tritlPO323_04g11575 - YLLO42C - - - MGG_14737 36.84 53 1.00E-26
ATG8 conjugation pathway ATG8 ZtATG8  |ztritlPO323_04g06470°  [Mycgr3G108219 |YBLO78C 66.19 99|  9.00E-66|MGG_01062 79.29 95 6.00E-78
ATG3 ZtATG3  |ztritIPO323_04g08175 Mycgr3Go9699  |YNROO7C 33.15 99|  2.00E-64|MGG_02959 55.07 99|  1.00E-122
ATG4 ZtATG4  |ZtritlPO323_04g03395 Mycgr3G4g421  [YNL223w 40.06 64| 6.00E-78|MGG_03580 45.53 96|  2.00E-140
ATG7 ZtATG7 _ |ztritlPO323_04g10643 Mycgr3G100434  [YHR171W 47.17 77| 5.00E-127|MGG_07297 46.91 9 0.00E+00
Vaculoar proteins Lysis of autophagic bodies ATG15 ZtATG15 |7tritlPO323_04g07939 Mycgr3G108706  [YCRO68W 40.14 85 3.00E-107|MGG_12828 49.22 94 0.00E+00
Amino acid transport ATG22 ZtATG22  |ztritlPO323_04g03104 Mycgr3G76723  |YCLO38C 31.87 98| 1.00E-89|MGG_09904 51.71 80|  1.00E-177
Selective autophagy |Scaffold protein in selective ATG11 ZtATG11 |ZtritlPO323_04g05559 Mycgr3G54658  |YPR0O49C 27.95 45|  1.00E-09|MGG_04486 32.13 99 0.00E+00
Sorting nexins in selective ATG20/Snx42  [ZtSNX41 |ztritlPO323_04g07437 Mycgr3G103627 [YDL113C 24,82 74| 2.00E-42|MGG_12832 58.37 99 0.00E+00
ritank ATG24/Snx4 ZtATG24 _|7tritlPO323_04g09862 Mycgr3G100205 _ [YJLO36W 37.09 91| 1.00E-91|MGG_03638 53.89 95|  8.00E-172
Pexophagy ATG26 ZtATG26  |ZtritlPO323_04g10936 Mycgr3G20064  [YLR189C 48.09 70| 0.00E+00|MGG_03459 46.1 75 0.00E+00
ATG30 - - - PAS_chr3_1230° |- - - - - - -
ATG25 - - - Q6IuTe” - - - - - - -
ATG35 - - - PAS_chr1-1_0041° |- - - - - - -
ATG37 ZtATG37° |ztritlPO323_04g06601 - PAS_chr4_0602° 29 49.21| 8.00E-36|MGG_03156 45.65 95 6.00E-77
ATG36 - - - YJL185C - - - - - - -
ATG28 ZtATG28" |7tritIPO323_04g08930 Mycgr3G85720  |PAS_chr2-1 0596” |- - - MGG_08061 29.77, 58 9.00E-40
Mitophagy ATG32 - - - YIL146C - - - - - - -
ATG33 ZtATG33" |ztritlPO323_04g07428 Mycgr3G103620 _|YLR356W 24.41 62| 2.00E-05|MGG_12948 33.17, 9 2.00E-23
Reticulophagy and Nucleophagy  |ATG39 - - - YLR312C - - - - - - -
ATG40 - - - YOR152C - - - - - - -
Cvt pathway ATG19 - - - YOL082W - - - - - - -
ATG21 ZtATG18  |ztritlPO323_04g13426 Mycgr3G75475  |YPL1I0OW 3032 68| 1.00E-29|- - - -
ATG23 - - - YLR431C - - - - - - -
ATG34 - - - YOLO83W - - - - - - -

®|dentified from Magnaporthe oryzae gene. ®Ordered locus names of Pichia pastoris or Pichia angusta genes.
‘Correct annotation of exons from MPI annotation Zt09_TU_chr_2_00900
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with a recent analysis of Z. tritici autophagy genes from a study of 331 fungal
species (Wang et al., 2019), with the exception of the identification of ZtATG10,
ZtATG14 and ZtATG37 in the present study. A homolog of the E2-like enzyme
ATG10 involved in the ATG12-conjugation complex was absent from the
original JGI genome annotation of the Z. tritici genome. However, a homolog of
M. oryzae ATG10 gene was identified in the recent genome annotation from
Rothamsted Research (King et al., 2017). Additionally, ZtATG14 was identified
using the sequence of a divergent homolog of SCATG14 recently identified in M.
oryzae and conserved in filamentous ascomycetes (Liu et al., 2017). The gene
model for ZtATG37 was absent from the original genome annotation and

therefore missed by this previous study (Wang et al., 2019).

The ZtATG genes identified include homologs of all autophagy genes involved
in the core machinery of autophagosome formation during macroautophagy in
S. cerevisiae, with the exception of the phosphoprotein ATG31, which forms
part of the Atgl7-Atg31-Atg29 complex that acts as a scaffold for recruitment of
ATG proteins to the PAS (Kabeya et al., 2009). Furthermore, the ATG29
homologs identified in Z. tritici (ZtATG29; ZtritiIPO323_04904445; 464 amino
acids) and M. oryzae (MoATG29; MGG_02790; 443 amino acids) are
significantly larger than SCATG29 (YPL166W; 213 amino acids) and show only
low homology at the N- and C-terminus, indicating considerable divergence in
the Atgl7-Atg31-Atg29 complex in filamentous ascomycetes in comparison to

yeast.

Homologs of a group of genes (ZtATG11, ZtATG24, ZtATG26, ZtATG28,
ZtATG33, ZtATG37) required for selective forms of autophagy in yeast were
identified in the Z. tritici genome (Table 3.1). The predicted Z. tritici protein
identified with sequence similarity to SCATG20/Snx42, ZtritiPO323_0490743,
displayed higher identity with ScSnx41 and was therefore designated ZtSnx41.
This gene likely fulfils the roles of both yeast sorting nexins Snx41 and
Snx42/ScATG20 in pexophagy and endosomal retrieval trafficking, as was
found for the M. oryzae protein MoSnx41 (Deng et al., 2013). However, no
evidence was found for the conservation of the yeast Cvt pathway in Z. tritici, in
the absence of homologs of the Cvt-specific genes ATG19, ATG23 and ATG34,
consistent with findings in other filamentous ascomycetes (Wang et al., 2019).

Despite this, recent evidence for disrupted maturation of vacuolar
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aminopeptidase 1 (Apel), a well characterised cargo protein of yeast Cvt
pathway, in Aatg7 and Aatg20 of A. oryzae and F. graminearum, respectively,
has suggested the presence of a distinct Cvt pathway in filamentous fungi (Lv et
al., 2020; Yanagisawa et al., 2013). Searches for homologs of SCATG18 and
ScATG21 identified the same Z. tritici gene, ZtritlPO323 04913426, although
the predicted protein showed higher sequence identity with SCATG18, and was
hence designated ZtATG18. This may explain the previous identification of
ScATG21 homologs in all fungal classes (Wang et al., 2019), although the role

of these genes in the Cvt pathway of these species is yet to be determined.

Considering the essential role of their yeast homologs in both nonselective and
selective forms of autophagy, the Z. tritici genes ZtATG1 and ZtATG8 were
selected for further analysis. Based on sequence alignments with MOATGS8 and
ScATGS8, ZtATGS8 is incorrectly annotated in the Rothamsted Research (RRes)
annotation, with the first intron being truncated in the predicted transcript
ZtritiPO323_04t06470 (Figure S3.1A). This was confirmed using the alignments
of RNA sequencing reads from Z. tritici IPO323 in YPD cultures (Figure S3.1B).
Instead, the predicted transcript from the Max Planck Institute (MPI) annotation,
Zt09_TU_chr_2_ 00900, correctly predicts the first intron and was used as the
gene model for further analysis. Both ZtATG1 and ZtATG8 show very high
sequence identity with their homologs in S. cerevisiae and M. oryzae (Table 3.1;
Figure S3.1A, Figure S3.2), suggesting their conserved function in Z. tritici
autophagy.

3.3.2 Disruption of autophagy by targeted deletion of ZtATG1 and

ZtATG8

Targeted deletion of ZtATG1 and ZtATG8 was carried out to determine the
function of autophagy in Z. tritici cellular differentiation and virulence. Wild type
Z. tritici IPO323 was transformed with the plasmids pC-HYG-ATG1KO and pC-
HYG-ATG8KO, resulting in replacement of ZtATG1 and ZtATG8 with the HYGR
selective marker through homologous recombination (Fig. 3.2A-B). Correct
insertion of the selective marker and absence of the native coding sequences
was confirmed by PCR (Fig. 3.2A-B), and three independent Aztatg7 and

Aztatg8 strains were isolated.
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Figure 3.2 Targeted deletion of Z. tritici autophagy genes ZtATG1 and ZtATGS8
and expression of a ZtGFPZtATGS fusion

Schematics displaying homologous recombination between flanking sequences (LF
and RF) of T-DNA from the plasmids pC-HYG-ATG1KO (A), pC-HYG-ATG8KO (B)
and pC-SUR-GFPATGS8 (C and D) and the targeted loci in the Z. tritici genome.
Below each homologous recombination schematic is the resulting transgenic locus
containing the selective markers HYGR and SURR for resistance to hygromycin B and
sulfonylurea, respectively. Depicted sequences include the ZtATG8 promotor
(pZtATG8) and terminator (T), as well as the codon-optimised GFP (ZtGFP; Kilaru et
al 2015). Primers (arrows) used for PCR screening of resulting transformants are
shown below their respective target loci.

The activity and progression of autophagy is typically monitored through the
fluorophore-tagging of ATGS8. This ubiquitin-like protein is associated with the
autophagosome from its formation to its breakdown in the vacuole, enabling
observation of macroautophagy from initiation to completion (Torggler et al.,
2017). Therefore, in order to confirm the inhibition of autophagy in Aztatg1, the
vector pC_SUR_GFPATGS8 was transformed into Aztatg1 (Fig. 3.2C). This
vector contains a cassette for expression of a ZtGFP:ZtATG8 fusion protein,
which is under the control of the endogenous ZtATG8 promotor and targeted to
its native locus in the Z. tritici genome (Fig. 3.2C). The Aztatg8 deletion strain
was also transformed with pC_SUR_GFP:ATGS, replacing the hygR resistant
marker with the ZtGFP:ZtATGS8 fusion at its native locus (Fig. 3.2D). This was
done both as a control for visualisation of autophagy progression in wild type Z.
tritici and as a complementation assay for any phenotype identified in Aztatg8

strains.
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Localisation of ZtGFP:ZtATG8 was observed in wild type ZtGFP:ZtATGS8 and
Aztatg1 ZtGFP:ZtATG8 cells after 5 days growth on YPD plates (Fig. 3.3). Cells
were stained with FM4-64 in order to visualise the vacuolar membrane and
assess autophagosome delivery to the lytic compartment. In wild type cells,
ZtGFP:ZtATGS fluorescence was observed at small puncta, indicating the
formation of autophagosomes, as well as more dispersed regions of lower
intensity fluorescence within the vacuolar membrane, indicating the delivery of
ZtGFP:ZtATGS into the vacuole through autophagy (Fig. 3.3). This suggests
that Z. tritici is actively undergoing autophagy even during growth by
blastosporulation in nutrient-rich conditions. Conversely, ZtGFP:ZtATG8 was
localised at bright puncta in Aztatg1 cells, but was never observed to be
dispersed within the vacuolar membrane (Fig. 3.3), indicating that
ZtGFP:ZtATGS8 is not being transported into the vacuole. This indicates that
while ATG proteins are accumulating at the PAS in Aztatg1 cells, any resulting

autophagosomes are not being transported to the vacuole, suggesting that

autophagy is blocked in these mutants.

ZtGFP:ZtATG8 Merged
Aztatgl
ZtGFP:ZtATG8

ZtGFP:ZtATGS erged [T Bright field
SN
ZtGFP:ZtATGS

Figure 3.3 Vacuolar localisation of ZtGFP:ZtATGS8 is abolished in Aztatgl cells
Localisation of ZtGFP:ZtATG8 fluorescence within FM4-64 stained vacuoles of
ZtGFP:ZtATGS cells, which is not observed in Aztatgl cells expressing ZtGFP:ZtATGS.
Scale bars = 10um.
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To support the observation of inhibited vacuolar delivery of ZtGFP:ZtATGS8 in
Aztatg1 from microscopic analysis, western blot assays were carried out to
assess the degradation of ZtGFP:ZtATG8 (Fig. 3.4). Upon release of
GFP:ATG8 proteins into the vacuole, proteolysis of the ATG8 moiety leads to
the release of free-GFP, which is more stable under protease activity (Torggler
et al., 2017). This enables assessment of autophagic flux by quantifying the
relative abundance of the 41 kDa ZtGFP:ZtATG8 band and the 27 kDa free-
GFP band on a western blot using an anti-GFP antibody. ZtGFP:ZtATG8 and
Aztatg1 ZtGFP:ZtATG8 were grown for 5 d on YPD agar plates before being
suspended in YPD broth, PDB and V8 broth at 5x10° spores/ml and incubated
at 19°C for 24 h. Total protein was extracted and analysed by western blotting
with an anti-GFP antibody. In the wild type background, full length
ZtGFP:ZtATGS8 protein was detected alongside free-GFP in all conditions tested
(Fig. 3.4), indicating that autophagic delivery of ZtGFP:ZtATG8 is occurring
during growth in a range of nutrient-rich media. Furthermore, while full length
ZtGFP:ZtATG8 was present, no free-GFP was observed in the Aztatg1
background (Fig. 3.4), corroborating with microscopic evidence of inhibited

autophagy in this mutant.

40 i — s 7t GEP-ZtATGS
30

— p— - ZtGFP
25

kDa WT A1 WT A1l WT Al
YPD PDB V8

Figure 3.4 Autophagic breakdown of ZtGFP:ZtATGS8 is abolished in Aztatgl cells
Autophagic breakdown of ZtGFP:ZtGFPATGS protein (41 kDa) releasing free-ZtGFP
(27 kDa) protein is observed in wild type (WT) cells during growth on rich media,
including yeast extract peptone dextrose broth (YPD), potato dextrose broth (PDB) and
V8 juice broth (V8), which is abolished in Aztatgl (A1) background.
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3.3.3 Autophagy is not required for germination or growth under
starvation in Z. tritici

As autophagy has been shown to be important for cellular differentiation and
growth under starvation in other fungal species, the involvement of ZtATG1 and
ZtATGS8 in the morphological switch to hyphal growth in response to nutrient
deprivation was investigated. The rate of hyphal germination was unchanged in
Aztatg1 and Aztatg8 compared to IPO323, with all strains displaying a mean
germination efficiency over 90% after 48 h on water agar (Fig. 3.5A). This
suggests that autophagy is not essential for the hyphal transition in Z. tritici. To
further investigate whether growth was inhibited in autophagy mutants during
nutrient starvation, Aztatg1 and Aztatg8 strains were grown on minimal medium
deficient in either a nitrogen or carbon source. Hyphal growth was induced
under all nutrient regimes, and the radial growth rate of the autophagy mutants
was similar to that of the wild type over 14 days in all conditions analysed (Fig

3.5B). However, Aztatg8 strains showed slightly reduced hyphal density in

A Figure 3.5 Autophagy is not required for

starvation induced hyphal growth

(A) Mean hyphal germination rate for each strain on

water agar after 48h with error bars representing

standard error. No significant difference between

means identified by one-way ANOVA (n=4). (B)
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radial colonies grown on carbon-depleted medium, and displayed altered
pigmentation on nitrogen depleted medium (Fig. 3.5B). Both of these
phenotypes were reversed in Aztatg8 ZtGFP:ZtATG8 complementation strains
(Fig. 3.5). This provides evidence that autophagy plays no significant role in
starvation induced hyphal growth in Z. tritici, while ZtATGS8 deletion has a minor

effect on growth morphology under these conditions.

3.3.4 Disruption of autophagy causes increased susceptibility to
oxidative stress

Growth of Z. tritici on YPD was inhibited under oxidative stress induced by
hydrogen peroxide at concentrations above 4mM (Fig. 6). While yeast-like
growth of Aztatg1 and Aztatg8 was equivalent to the wild type on YPD, the
inhibitory effect of hydrogen peroxide was enhanced in these mutants (Fig. 6).
This phenotype was subtle but reproducible, and increased sensitivity to
hydrogen peroxide was not observed in Aztatg8 ZtGFP:ZtATG8
complementation strains. This suggests that autophagy is involved in

maintaining cell viability and growth under oxidative stress in Z. tritici.

YPD YPD 5mM H,0, YPD 6mM H,0,

IPO323 X J
Aztatg8.12 | |

Aztatg8.15 |
Aztatg8.24 W ]
Aztatg8.ZtGFP:ZtATG8.3 W
Aztatg8 ZtGFP:ZtATG8.4 W )
Aztatg8 ZtGFP:ZtATG8.7 [
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Figure 3.6 Aztatgl and Aztatg8 strains show increased sensitivity to oxidative
stress

Z. tritici strains plated onto YPD containing hydrogen peroxide H»O; at increasing
concentrations. Spore suspensions prepared in 10-fold dilution series down from 5x10°8
spores/ml and plated in 5 ul droplets.
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3.3.5 Autophagy is not required for Z. tritici pathogenicity, but
ZtATGS8 deletion influences virulence.

Deletion of ZtATG1 and ZtATGS8 did not inhibit the ability of Z. tritici to complete
its asexual infection cycle on susceptible wheat leaves. Aztatg1 and Aztatg8
strains were able to cause necrosis and form pycnidia in the substomatal
cavities of infected leaf tissue 21 days after inoculation (Fig. 3.7A). This
provides evidence that autophagy is not required for infection-related
development of Z. tritici. However, leaves infected with Aztatg8 strains
displayed a significant reduction in pycnidia density compared to IPO323 and
Aztatg8 ZtGFP:ZtATG8 complementation strains at this stage, which was not
identified in Aztatg1 strains (Fig. 3.7B). Despite this, leaves infected with
Aztatg8 strains were covered with pycnidia-bearing necrotic lesions by 28 dpi
(Fig. 3.7A). This is consistent with a delay in the onset of the necrotrophic
phase in leaves infected with Aztatg8 strains, which was observed during daily
inspection of symptom development. These findings suggest that while
autophagy is not required for the pathogenicity of Z. tritici, ZtATG8 has an
autophagy-independent role in supporting full virulence of this pathogen.

3.4 Discussion

To our knowledge, autophagy has been found to contribute to the virulence of
all fungal plant pathogens in which it has been characterised to date (Asakura
et al., 2009; Corral-Ramos et al., 2015; Josefsen et al., 2012; Kershaw &
Talbot, 2009; Meng et al., 2020; Nadal & Gold, 2010; Ren et al., 2017; L. Shi et
al., 2019; Sumita et al., 2017; Zhan et al., 2017). In the present study, the Z.
tritici genome was found to encode a similar complement of autophagy genes
as previously identified in the filamentous pathogens M. oryzae and F.
graminearum (Kershaw & Talbot, 2009; Liu et al., 2017; Lv et al., 2017).
Furthermore, deletion of ZtATG1 was shown to block autophagy in Z. tritici, with
mutants defective in the transport of autophagosome-bound ZtGFP:ZtATG8 to
the vacuole for degradation. The ZtGFP:ZtATGS8 puncta observed in Aztatg1
cells likely represent accumulation of this fusion protein at the PAS, which has
also been seen to occur in Aatg1 strains of S. cerevisiae (Cheong et al., 2008;
Suzuki et al., 2001) and F. graminearum (Lv et al., 2017). However, Aztatg1

strains remained fully virulent towards wheat leaves,
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Figure 3.7 Aztatg8 is delayed in causing symptoms during infection of wheat
leaves

(A) Scanned wheat leaves infected with Z. tritici strains after 21 and 28 days post
infection (dpi) with spore suspensions at 5x108 spores/ml. (B) Pycnidia density on
infected leaves after 21 dpi. Significant differences between mean pycnidia density on
leaves infected with IPO323 and others strain determined by one-way ANOVA and
subsequent pairwise comparisons with a Tukey post hoc test, identifying significant
reduction (***p<0.001) in pycnidia density of Aztatg8 infected leaves, which was
reversed in Aztatg8 ZtGFP:ZtATGS8 strains.
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displaying equivalent symptoms and asexual development to the wild type,

suggesting that autophagy is dispensable for Z. tritici pathogenicity.

Despite some reports of the formation of appressorium-like swellings by Z. tritici
hyphae (Duncan & Howard, 2000), host invasion is thought not to require the
development of complex penetration structures, for which autophagy is required
in other plant pathogens (Asakura et al., 2009; Liu et al., 2007; Ren et al.,
2017). However, the previously characterised role of autophagy in hyphal
germination and growth under starvation conditions in filamentous fungi is
relevant to Z. tritici infection, as early infection by this fungus is thought to
require recycling of stored nutrients for epiphytic growth and initial colonisation
of the apoplast (Rudd et al., 2015; Sdnchez-Vallet et al., 2015). However,
Aztatg1 strains showed no defect in the morphological switch to filamentous
growth under starvation. This suggests that autophagy is not required for this
process, and that other mechanisms for mobilising internal energy stores can

drive filamentation.

Autophagy is proposed to facilitate the recycling of nutrients from aging hyphae
prior to cell death in A. oryzae (Shoji & Craven, 2011). Similarly, autophagy is
required for developmentally-regulated programmed cell death in the conidia of
M. oryzae, the contents of which are transported to the developing
appressorium (Veneault-Fourrey et al., 2006). However, there is accumulating
evidence that epiphytic compartments of Z. tritici play important role in infection
cycle. Pycnidiospores have been demonstrated to produce blastospores on the
leaf surface, which is proposed to provide a source of secondary inoculum
without the completion of the invasive infection cycle (Francisco et al., 2019).
Experiments using leaf surface-acting fungicides to kill epiphytic hyphae have
also demonstrated their contribution to virulence up to 7 days after inoculation
(Fones et al., 2017). Furthermore, avirulent Z. tritici strains are able to
contribute to sexual reproduction despite their inability to colonise the leaf tissue
(Kema et al 2018), suggesting that their persistence on the leaf surface may
enable them to contribute to sexual reproduction (Suffert et al., 2019).
Unselective autophagy of bulk cytoplasm will lead to the degradation of
organelles as well as lipid stores (KisSova et al., 2007; Shoji et al., 2010), which
may be detrimental to epiphytic cell survival. Accordingly, there may be a

disadvantage to intracellular degradation and autolytic death of epiphytic Z.
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tritici cells after germination and host penetration. This could explain the
reduced reliance on autophagy for stored nutrient mobilisation in Z. tritici

compared to other pathogens such as M. oryzae.

Z. tritici may therefore preferentially degrade LDs directly in the cytoplasm via
the activity of TAG lipases. Crosstalk between lipolysis and autophagy has
recently been elucidated in yeast and animal cells (Maeda et al., 2015;
Rambold et al., 2015; van Zutphen et al., 2014). Recent evidence suggests that
mammalian cells favour mobilisation of FAs from LDs through lipolysis over
lipophagy under starvation conditions (Rambold et al., 2015). The authors
proposed that lipophagy may lead to toxicity from increases in cytosolic FAs,
while lipolysis allows direct flow of FAs from LDs to mitochondria, facilitated by
the proximity of these organelles (Rambold et al., 2015). In contrast, yeast cells
were found to accumulate lipid droplets in the vacuole under starvation,
indicating that autophagy is important for energy mobilisation under these
conditions (van Zutphen et al., 2014). Furthermore, TAG lipase activity was
found be higher during stationary phase growth after deletion of the vacuolar
lipase ATGL15, indicating coordinated regulation of lipolysis and lipophagy
(Maeda et al., 2015). It is therefore possible that lipolysis is the primary method
of LD breakdown in Z. tritici, or is at least able to complement the loss of

lipophagy in this species.

Investigation of cytosolic lipolysis in Z. tritici through functional characterisation
of TAG lipases may be hindered by the presence of functional redundancy
between these enzymes. Indeed, individual deletion of all putative intracellular
TAG lipases in M. oryzae led to no alteration in virulence phenotype (Wang et
al., 2007). This could result from their redundant function, as suggested by
authors (Wang et al., 2007), or from the sole importance of lipophagy for LD
degradation in M. oryzae. To avoid this, the broad arsenal of selective markers
developed for Z. tritici could be utilised to generate multiple knockouts in TAG
lipase homologs. Alternatively, the potentially overlapping roles of lipophagy
and lipolysis in Z. tritici could be investigated through deletion of the putative
vacuolar lipase ZtATG15. ATG15 is responsible for the lysis of autophagic
vesicles (Teter et al., 2001), as well as the degradation of neutral lipids during
lipophagy (Nguyen et al., 2011; van Zutphen et al., 2014). Deletion of ATG15 in

yeast leads to inhibition of both lipophagy and lipolysis, as LDs are sequestered
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away from cytosolic lipase activity through autophagy, but remain undigested

due to lack of vacuolar lipase activity (van Zutphen et al., 2014).

Autophagy deficient mutants were also found to display increased sensitivity to
hydrogen peroxide here, although this effect was not dramatic. Autophagy is
known to be involved in the response to oxidative stress through the
degradation of organelles and macromolecules damaged by reactive oxygen
species (ROS; Filomeni et al., 2015), and increased sensitivity to exogenous
ROS is a common phenotype of autophagy deficient filamentous fungi (Meng et
al., 2020; Nitsche et al., 2013; Ying et al., 2016). The influence of autophagy
disruption on ROS sensitivity may be dampened by the activation of adaptive
enzymatic responses to oxidative stress in autophagy mutants, exemplified by
the increased superoxide dismutase activity in S. cerevisiae Aatg mutants
(Zhang et al., 2007). The weak effect of autophagy disruption on ROS
sensitivity observed here may reflect the capability of Z. tritici to withstand high
levels of extracellular ROS during induction of necrotrophy (Keon et al 2007),
which is thought to involve the activity of secreted chloroperoxidases and

superoxide dismutase enzymes (Palma-Guerrero et al., 2016).

Although Z. tritici Aztatg1 mutants were fully virulent, deletion of ZtATGS8 led to
a delay in symptom development during infection. Distinct phenotypes of ATG8
knockout strains have been observed in multiple fungal pathogen species.
Deletion of ATG8 in the entomopathogenic fungus Metarhizium robertsii led to
severe reductions in appressorium formation, which were not observed in Aatg1
strains, although reduced virulence was observed in both mutants (Duan et al.,
2013). Similarly, defects in Ustilago maydis and Beauveria bassiana virulence
were markedly more severe in Aatg8 than Aatg? (Nadal & Gold, 2010; Ying et
al., 2016). However, the cellular mechanisms governing the disparity between
the phenotypes of Aaftg7 and Aatg8 mutants in these species remains to be

characterised.

Multiple autophagy-independent functions of ATG8 have been identified in
model yeast species, many of which do not involve its conjugation to PE (or
lipidation), which is required for its role in autophagosome formation (Liu et al.,
2018; Maeda et al., 2017). Deletion of ATG8 was found to impair vacuolar
morphology in Pichia pastoris during growth on methanol (Tamura et al., 2010)
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and in Schizosaccharomyces pombe under various stress conditions (Liu et al.,
2018; Mikawa et al., 2010), which in both cases was independent of ATG8
lipidation. Similarly, the formation of vacuolar microdomains during the
stationary phase in S. cerevisiae was impaired in Aatg8 but not in autophagy-
deficient strains (Liu et al., 2018). These functions in S. cerevisiae and S.
pombe were governed by the interaction of ATG8 with the vacuolar membrane
protein Hfl1, two homologs of which can be identified in the Z. tritici genome
containing the characteristic TMEM184 domain (IPR005178;
ZtritiPO323_04g02580 and ZtritiPO323 _049g07778). Crucially, these additional
vacuolar functions of yeast ATG8 were dependant on environmental stress or
growth phase (Liu et al., 2018; Tamura et al., 2010). ZtATG8 may therefore
influence vacuolar morphology in Z. tritici during infection under conditions not

characterised in vitro in this study.

Furthermore, ATG8 has been shown to bind to LDs in a lipidation-independent
manner in S. cerevisiae and increase the quantity of LDs in stationary phase
cells, which is not observed in TAG lipase-deficient strains (Maeda et al., 2017).
LD clustering was observed in vitro upon co-incubation with purified ATG8
protein, providing a potential explanation for the ATG8-dependant maintenance
of LDs under lipolytic enzyme activity (Maeda et al., 2017). A similar role of
ZtATGS8 in LD dynamics may influence invasive growth and therefore virulence
of Z. tritici in a quantitative manner, which may reflect the minor changes in
hyphal growth morphology identified here in vitro. These findings provide
potential mechanisms by which ZtATG8 may carry out autophagy-independent
functions that impact Z. tritici virulence. The localisation of ZtATGS8 to vacuolar
and LD membranes should be assessed to investigate these possible functions.
Additionally, the virulence phenotype of strains deficient in ZtATG8 lipidation,
through deletion of ZtATG4 or ZtATG7, should be analysed to assess whether
the delayed symptom development of Aztatg8 strains is independent of defects

in ZtATG8 conjugation which inhibit autophagy.

3.5 Conclusions

In summary, the present study provides evidence that autophagy is not required
for the germination and hyphal growth of Z. tritici under nutrient deprivation

during early invasion of the host, and is therefore dispensable for pathogenicity.
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This is contrary to the crucial function of autophagy in infection-related
development identified in many other pathogenic fungi. Further study is required
to understand how Z. tritici mobilises stored fatty acids from LDs to support
growth under starvation, focusing on elucidating the role of cytosolic lipolysis
and its potential crosstalk with autophagy in this process. Moreover, the
potential autophagy- and lipidation-independent functions of ZtATG8 warrant
further investigation, considering the quantitative impact deletion of this gene

has on Z. tritici virulence.
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3.6 Supplementary information

Figure S3.1 ZtATG8 shows high sequence homology with characterised ATGS8

proteins

(A) Gene models for ZtATGS8 from the Z. tritici genome annotations by Rothamsted
Research (RRes) and the Max Planck Institute (MPI) aligned to ATG8 sequences from
Saccharomyces cerevisiae (SCATGS8; YBL0O78C) and Magnaporthe oryzae (MoATGS;
MGG_01062). Coverage of the ZtATGS8 locus with RNA sequencing reads from IPO323
in vitro cultures, confirming that the prediction of the first intron is truncated in the RRes
annotation, and is consistent instead with the MPI annotation.
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Figure S3.2 ZtATG1 shows high sequence homology with characterised ATG1
proteins

Alignment of ATG1 protein sequences, including ZtATG1 from Z. tritici, MOATGS8
(MGG_06393) from Magnaporthe oryzae and SCATGS8 (YGL180W) from
Saccharomyces cerevisiae.
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Chapter 4
Mitochondrial B-oxidation is
required for the pathogenicity
of Z. tritici
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4.1 Introduction

The use of neutral lipids for energy storage is ubiquitous amongst eukaryotes
and plays a crucial role in survival when external carbon sources are scarce.
Lipid metabolism is also crucial for the formation and maintenance of cellular
membranes, as well as the generation of signalling molecules. Lipids are stored
in the form of triacylglycerols (TAGSs) and sterol esters (SES) in specialised
organelles known as lipid droplets (LDs), which are covered in a surfactant
phospholipid monolayer to form stable emulsions in the cytoplasm (Tauchi-Sato
et al., 2002; Thiam et al., 2013). LD biogenesis occurs at the endoplasmic
reticulum, where TAG and SE synthesis occurs. Breakdown of LDs is carried
out directly in the cytoplasm by lipolysis, through the activity of TAG lipases and
SE hydrolases which localise to the LD membrane (Haemmerle et al., 2006;
Koffel et al., 2005; Kurat et al., 2006). Alternatively, LD are digested through
autophagic processes, either through bulk autophagy or the selective process of
lipophagy (Singh et al., 2009; van Zutphen et al., 2014). The resulting fatty
acids (FAs) are utilised for energy production through B-oxidation, or for the

production of membrane components and signalling molecules.

FA B-oxidation occurs in both the mitochondria and peroxisomes in mammals.
Due to the lack of mitochondrial B-oxidation in S. cerevisiae, this pathway was
assumed to be absent in fungi until its characterisation in various basidiomycete
and ascomycete species (Feron et al., 2005; Maggio-Hall & Keller, 2004; Shen
& Burger, 2009). Sequence homology between peroxisomal (3-oxidation
enzymes and those from a-proteobacteria indicates that eukaryote B-oxidation
was originally a mitochondrial process, which has transferred to peroxisomes
over time (Camdes et al., 2015; Gabaldon, 2014). This may have occurred to
reduce the damaging effects of reactive oxygen species (ROS) produced during
oxidative phosphorylation associated with B-oxidation in the mitochondria
(Speijer, 2011). In plants and Saccharomycete yeasts, which lack mitochondrial
B-oxidation (Poirier et al., 2006; Shen & Burger, 2009), this process of enzyme
transfer is assumed to have been completed. The division of labour in FA (3-
oxidation between mitochondria and peroxisomes is part of the complex

metabolic interaction being elucidated between these two organelles (Schrader
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& Yoon, 2007), which have recently been demonstrated to undergo physical

tethering in yeast (Mattiazzi USqj et al., 2015).
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Figure 4.1 Fatty acid catabolism in fungi

Metabolic pathways associated with the degradation of stored lipids, including fatty
acid B-oxidation in the mitochondria and peroxisome (blue) and utilisation of resulting
acetyl-CoA for ATP production and synthesis complex carbohydrates via the glyoxylate
and Krebs cycles (orange). The glyoxylate cycle is represented on the edge of the
peroxisome due to the flexibility of the partaking enzyme location between this
organelle and the cytosol. Enzymes discussed in the text are presented in red; acyl-
CoA dehydrogenase (ACAD), acyl-CoA oxidase (ACOX), enoyl-CoA hydratase (ECH),
3-hydroxyacyl-CoA dehydrogenase (HAD), multifunctional protein (MFP), 3-ketoacyl-
CoA thiolase (KAT), malate synthase (MLS) and isocitrate lyase (ICL).

The process of 3-oxidation is carried out in 4 reactions, which are catalysed by
different sets of enzymes in the peroxisomes and mitochondria of fungi (Fig.
4.1). The conversion of acyl-CoA to enoyl-CoA in the first step is catalysed by
acyl-CoA dehydrogenase (ACAD) in mitochondria. This first reaction was

thought to be carried out exclusively by acyl-CoA oxidases (ACOX) in
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peroxisomes, although peroxisomally-localised ACAD enzymes have recently
been characterised (Camoes et al., 2015). The subsequent two steps are
carried out by enoyl-CoA hydratase (ECH) and 3-hydroxyacyl-CoA
dehydrogenase (HAD) in mitochondria, while these two enzymatic functions are
carried out by multifunctional B-oxidation proteins (MFP; also referred to as
FOX2/MFE) in fungal peroxisomes. The final step, which releases acetyl-CoA
and the acyl-CoA chain truncated by two carbon atoms, is catalysed by
separate 3-ketoacyl-CoA thiolase (KAT) enzymes in both pathways. In
mitochondria, electrons and acetyl-CoA generated by 3-oxidation can be
transferred to the respiratory chain and Krebs cycle, respectively (Fig. 4.1). On
the other hand, the acetyl-CoA produced by peroxisomal 3-oxidation enters the
glyoxylate cycle or is transported into the cytosol (Poirier et al., 2006). The
glyoxylate cycle leads to production oxaloacetate, which feeds into glucose
production by gluconeogenesis, allowing for carbohydrate synthesis from stored
lipids (Fig. 4.1; Dunn et al., 2009).

The metabolism of lipids has been revealed to be crucial for fungal
pathogenicity towards plants (Dunn et al., 2009). In particular, plant pathogenic
fungi have been shown to utilise stored lipids to overcome the scarcity of
nutrients on the host surface during the initial stages of infection (Both et al.,
2005; Solomon et al., 2004; Weber et al., 2001). The generation of appressorial
turgor pressure for host penetration in M. oryzae relies on glycerol generated
from the breakdown of LDs transported from the spore (Thines et al., 2000;
Weber et al., 2001). Furthermore, the biotrophic barley pathogen Blumeria
graminis f sp hordei was found to upregulate transcription of lipid metabolism
genes in germinating spores. This is followed by a dramatic decrease in
expression of these genes coinciding with disappearance of LDs in cells,
indicating the importance of mobilizing stored lipids for in planta germination
(Both et al., 2005). This finding is indicative of an emerging trend that lipid
metabolism is involved in supporting spore germination under nutrient limited
conditions, with evidence to support this in Stagonospora nodorum, M. oryzae,
Leptospheria maculans and Fusarium graminearum (ldnurm & Howlett, 2002;
Solomon et al., 2004; Tang et al., 2019; Wang et al., 2003).

Initial molecular characterisation of lipid metabolism in plant pathogenic fungi

focused on the glyoxylate cycle, following discovery of its importance for the
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virulence of bacterial and fungal pathogens of humans (Lorenz & Fink, 2002;
McKinney et al., 2000). The key glyoxylate cycle enzymes isocitrate lyase (ICL)
and malate synthase (MLS; Fig. 4.1) were found to be crucial for the early
stages of leaf infection by multiple species, showing defects in germination and
host penetration (Asakura et al., 2006; Idnurm & Howlett, 2002; Solomon et al.,
2004; Wang et al., 2003). However, the involvement of glyoxylate cycle as a
downstream component of lipid catabolism cannot be assumed. This is
exemplified in Candida albicans, in which the role of ICL in virulence can be
separated from the reliance on FA B-oxidation, indicating the importance of the
glyoxylate cycle for metabolism of a different substrate (Piekarska et al., 2006,
2008). Despite this, the mobilisation of LDs from the spores of M. oryzae and S.
nodorum was inhibited by glyoxylate cycle disruption, suggesting that this
pathway is required for lipid catabolism and virulence in these species
(Solomon et al., 2004; Wang et al., 2003).

Subsequent characterisation of the 3-oxidation pathways in peroxisomes and
mitochondria of filamentous fungi have revealed a similar division of labour to
mammalian lipid metabolism. Characterisation of exogenous FA utilisation in
fungal B-oxidation mutants has identified specialisation in the two pathways
based on FA chain length and saturation. This specialisation follows a general
trend in catabolism of longer, branched and unsaturated FAs by peroxisomal
enzymes and short- and medium-chain length FAs by mitochondrial enzymes,
although with significant variation between species (Klose & Kronstad, 2006;
Kretschmer, Klose, et al., 2012; Kretschmer, Wang, et al., 2012; Maggio-Hall &
Keller, 2004; Tang et al., 2019). This is similar to the substrate specificity seen

in mammalian B-oxidation (Poirier et al., 2006).

To our knowledge, both B-oxidation pathways have been found to contribute to
the virulence of all plant pathogenic fungi in which they have been
characterised, including Ustilago maydis (Klose & Kronstad, 2006; Kretschmer,
Klose, et al., 2012), M. oryzae (Patkar et al., 2012; Wang et al., 2007) and F.
graminearum (Tang et al., 2019). The peroxisomal B-oxidation protein MFP1
was found to be important for M. oryzae host penetration through its function in
mobilisation and degradation of LDs in the appressorium (Wang et al., 2007).
Furthermore, deletion of mitochondrial 3-oxidation enzyme MoEch1l caused

similar disruption of appressorium formation and host penetration, as well as
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reduced conidial germination (Patkar et al., 2012). However, Amoech1 also
displayed aberrant mitochondrial morphology and increased sensitivity to
oxidative stress, which was proposed to inhibit the small number of invasive
hyphae formed from entering the host (Patkar et al., 2012). These phenotypes
show considerable similarity to F. graminearum Aech1 strains, which display
reduced germination, accumulation of LDs and increased oxidative stress
sensitivity, resulting in severely reduced virulence (Tang et al., 2019). These
studies indicate the importance of FA B-oxidation for utilising stored lipids during

the initiation of infection.

The utilisation of stored lipids has been proposed to support germination and
early invasive growth of Z. tritici during the symptomless phase of infection
(Rudd et al., 2015; Sanchez-Vallet et al., 2015). Z. tritici blastospores and
chlamydospores have been shown to contain high concentrations of LDs
(Francisco et al., 2019; Sidhu, 2015), similar to the spores of other fungal plant
pathogens (Solomon et al., 2004; Thines et al., 2000). Transcriptome studies
have reported the upregulation of genes putatively involved in lipid metabolism
and FA B-oxidation during early infection, suggesting that catabolism of these
lipid stores is occurring at this stage (Palma-Guerrero et al., 2016; Rudd et al.,
2015). Beyond these gene expression analyses, the only molecular
characterisation of Z. tritici lipid metabolism investigated the function of the
glyoxylate cycle (Sidhu, 2015). Deletion of the MLS1 enzyme was found to
severely reduce Z. tritici virulence, which correlated with reduced mobilisation of
LDs in the spore, similar to other fungi (Solomon et al., 2004; Wang et al.,
2003). This loss of virulence could be rescued with application of exogenous
glucose, indicating that the contribution of the glyoxylate cycle to

gluconeogenesis was supporting growth during infection (Sidhu, 2015).

In the present study, the contribution of FA B-oxidation to Z. tritici development
and virulence was assessed using a reverse genetic approach. The inventory of
genes putatively encoding peroxisomal and mitochondrial B-oxidation enzymes
was identified in the Z. tritici genome. Homologs of ECH and MFP enzymes
were characterised by targeted gene deletion to investigate the contributions of
these two pathways to FA metabolism and virulence in the fungus. The results
uncover the crucial role of mitochondrial 3-oxidation in supporting germination

and hyphal growth during host colonisation by Z. tritici. Furthermore, MFP
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enzymes putatively involved in the peroxisomal $-oxidation pathway were
dispensable for growth under starvation and virulence. These results further
support the hypothesis that Z. tritici uses stored lipids to support growth during

the symptomless phase of wheat infection.
4.2 Materials and Methods

4.2.1 Construction of plasmid vectors

Plasmid vectors for the deletion of ZtMFP1, ZtMFP2 and ZtEchl were
constructed by yeast recombinational cloning (Chapter 2.2). The plasmids pC-
HYG-YR and pC-BAR-YR were used as backbones for these vectors (Sidhu,
Chaudhari, et al., 2015), which were linearised by restriction digestion with the
enzymes EcoRI and Hindlll (New England Biolabs, UK). Left flank (LF) and right
flank (RF) sequences were PCR amplified using the primer pairs MFP1-LF-F/R,
MFP1-RF-F/R, MFP2-LF-F/R, MFP2-RF-F/R, ECH1-LF-F/R and ECH1-RF-F/R.
LF and RF amplicons for ZtMFP1 and ZtEch1 were transformed into S.
cerevisiae with the linearised pC-HYG-YR vector, while the LF and RF
amplicons for ZtMFP2 were transformed alongside pC-BAR-YR, generating the
plasmids pC-HYG-MFP1KO, pC-HYG-ECH1KO and pC-BAR-MFP2KO (Fig.
4.2). The fidelity of LF and RF DNA sequence cloning was confirmed by Sanger
sequencing in the completed vectors. These vectors were transformed into Z.
tritici through Agrobacterium-mediated transformation (Chapter 2.3). Correct
insertion of the selective markers and absence of the native gene was
confirmed in the resulting transformant strains by PCR using the primer pairs

described in Figure 4.2.

The plasmid vector pC-BAR-ECH1comp was constructed in order to
complement the deletion of ZtEchl (Fig. 4.2D). A 1000 bp region upstream of
the ZtEchl1 promoter (LF2) was amplified using the primer pair ECH1-LF2-F/R,
while an amplicon containing a ZtEchl promoter region of 600 bp, the ZtEchl
coding sequence and the RF sequence was amplified with the primer pair
ECH1-PROM-F/ECH1-RF-R. These fragments were co-transformation into S.
cerevisiae along with the linearised pC-BAR-YR backbone to produce pC-BAR-
ECH1comp. The sequence of the cloned ZtEchl1 coding region was confirmed

by Sanger sequencing before the vector was transformed into the Aztech1
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strain. Correct insertion of the BARR selective marker and ZtEch1 cassette was

confirmed by PCR using the primers described in Figure 4.2.

A B

C-HYG-MFP1KO - |
A T | HYG" > RF_} PCBARMIP2KO [T ] BAR" > RF_}

Wild type ild
ZtMFP1 locus T{ LF | ” ZtMFPI > RFE_|— wiewee  — 1F ] ZtMFP2 > RF |—

ZtMFP2 locus
» -
ZHMFPL-EXT-F ZtMFPL-INT-R ZEMFP2-INT-F ZtMFP2-EXT-R

Aztmfpl locus 4‘ LF " HYGF > RF |7 Aztmfp2 locus —' LF " BARR > RF I_

» P
> -
ZEMFP1-EXT-F HYG-R BAR-END-F ZtMFP2-EXT-R

C D

C-HYG-ECH1KO C-BAR-ECH1.
B roNA 1 tF ] HYG? > RF_| e comp | 1F2 | BARR>pZtECHI |ZrECHI> RF_}

T-DNA

Wild type
ZtECH1 locus . LF "

-+
ZtECH1-EXT-F ZtECH1-INT-R

ZtECHI >{ RF — Aztechilocus —— LF2 | pZtECH1 | HYGR > RF |—

> -
ZtECH1-EXT-F Seq2-R

astechilocus —] LF | HYG? > RF |— Astech1 ZIECHL ™ 5 T BARR > PZtECH1 |zzECH1>( RF |-

locus
> - > “« -
ZECH1-EXT-F Seq2-R ZtECHI-EXT-F  Seq2-R ZLECHI-INT-R

Figure 4.2 Targeted deletion and complementation of Z. tritici B-oxidation genes
ZtMFP1, ZtMFP2 and ZtECH1

Schematics displaying homologous recombination between flanking sequences (LF
and RF) of T-DNA from the plasmids pC-HYG-MFP1KO (A), pC-BAR-MFP2KO (B),
pC-HYG-ECH1KO (C) and pC-BAR-ECH1comp (D) and the targeted locus in the Z.
tritici genome. Below each homologous recombination schematic is the resulting
transgenic locus containing the selective markers HYGR and BARR for resistance to
hygromycin B and glufosinate ammonium, respectively. Primers (arrows) used for
PCR screening of resulting transformants are shown below their respective target
loci.

4.2.2 Growth assays on exogenous fatty acids

To assess the ability of Z. tritici strains to metabolise FAs, cells were grown on
YPD agar for 5 days at 19°C. Blastospores were harvested, washed three times
with AMMC- and diluted to 5x10° spores/ml in the same medium. A 10-fold
dilution series was prepared and 5 ul droplets were plated onto AMMC- agar
supplemented with a range of FAs, olive oil (1% v/v), sodium acetate (120mM)
or glucose (1% wi/v) as the sole carbon source. FAs included butyric acid,
valeric acid and octanoic acid at 2.5 mM, and lauric acid, palmitic acid and
stearic acid at 5 mM. All FAs were purchased from Sigma-Aldrich (UK). All FAs
and olive oil were solubilised with 0.05% Tween 20 (Sigma-Aldrich, UK) apart
from butyric acid and valeric acid. Control plates included AMM and AMMC-
containing 0.05% Tween 20 to assess toxicity of the surfactant to Z. tritici cells.
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Plates were incubated at 19°C for 14 days and growth rate and morphology
observed.

4.2.3 Rhodamine 123 staining of mitochondria

Z. tritici cells were harvested from 5 day old YPD plates, filtered through a cell
strainer and suspended in YG broth at a concentration of 1x10° spores/ml. After
incubation overnight at 19°C with 180 rpm shaking, cells were pelleted by
centrifugation at 10,000 x G for 3 min and suspended in YG broth amended with
10 pg/ml rhodamine 123 (Sigma-Aldrich, UK). After 30 min incubation in the
same conditions, cells were pelleted and washed twice with YG broth, before

observation using an epifluorescence microscope.
4.3 Results

4.3.1 Identification of B-oxidation genes in Zymoseptoria tritici

The MFP enzyme was chosen as a target for investigation of the peroxisomal -
oxidation pathway, due to its conserved function in other fungi (Klose &
Kronstad, 2006; Maggio-Hall & Keller, 2004; Piekarska et al., 2006; Wang et al.,
2007). To identify homologs of MFP enzymes in Z. tritici, the sequence of the
Fox2 protein from Neurospora crassa was used to query the genome using the
BlastP algorithm. This identified two genes, ZtrittPO323 04910198 and
ZtritiPO323_04908334, with predicted protein products displaying high
sequence identity to Fox2. Both putative proteins contained a C-terminal
tripeptide Alanine—Lysine—Leucine (-AKL) PTS1 targeting sequence (Fig. S4.1)
and were predicted to have peroxisomal localisation by DeepLoc (Almagro
Armenteros et al., 2017). Multiple sequence alignments revealed that while
ZtritiPO323_04g10198 showed sequence homology across the entire length of
NcFox2 and MoMFP1 from M. oryzae, ZtrittPO323_049g08334 was truncated at
the C-terminus by approximately 300 amino acids (Fig. S4.1). Protein domain
analysis found that ZtrittPO323 04910198 displayed typical domain structure of
Fox2-like multifunctional B-oxidation enzymes (Fig. 4.3A), containing two short-
chain dehydrogenase (SDR) domains (IPR002347) responsible for 3-
hydroxyacyl-CoA dehydrogenase activity, and a C-terminal MaoC domain
(IPR002539) responsible for ECH activity (Hiltunen et al., 1992). However,

ZtritiPO323_04g08334 is missing the MaoC domain corresponding with the
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truncation at its C-terminus (Fig. 4.3A). ZtritiPO323 04910198 and
ZtritiPO323_04g08334 were designated ZtMFP1 and ZtMFP2 and used for

investigation of Z. tritici peroxisomal B-oxidation.

NcFox2 TN T
10 196 316 497 776 887
ZtMFP1 - T T
11 198 317 498 783 894
ZtMFP2 T T -
12 202 319 497
AnEchA [T T
1 22 4 287
ZtEchl  [E— YT N

1 21 43 287

Figure 4.3. Domain structure of the targeted Z. tritici B-oxidation proteins

(A) Multifunctional protein Fox2 from Neurospora crassa (NcFox2) and its Z. tritici
homologs ZtMFP1 (ZtritiPO323_04g10198) and ZtMFP2 and (ZtrittPO323_04g08334)
all contain 2 short-chain dehydrogenase (SDR) domains (IPR002347), while ZtMFP2
lacks the C-terminal MaoC domain (IPR002539). (B) Enoyl-CoA hydratase from
Aspergillus nidulans (AnEchA) and its Z. tritici homolog ZtEchl
(ZtritiPO323_04907883) both contain an N-terminal mitochondrial targeting sequence
(MTS) and a C-terminal Enoyl-CoA hydratase/isomerase domain (IPR001753).

The enzyme ECH was chosen for further investigation of mitochondrial 8 -
oxidation in Z. tritici, as it has been the subject of molecular characterisation in
A. nidulans (Maggio-Hall & Keller, 2004), M. oryzae (Patkar et al., 2012) and F.
graminearum (Tang et al., 2019). Interrogation of the Z. tritici genome by BlastP
alignment using AnEchA from A. nidulans led to identification of 13 hits, all of
which contain the crotonase-like domain (IPR029045) typical of ECH enzymes.
ZtritiPO323_04g07883 (previously Mycgr3G38857) displayed the strongest
seguence identity to previously characterised ECH enzymes, showing between
64-68% identity across 96-98% of the protein sequence with MoEchl, FgEchl
and AnEchA (Fig. 4.4A; Fig. S4.2). ZtritiPO323_04g07883 is one of three
crotonase-like domain-containing Z. tritici proteins predicted to contain a
mitochondrial targeting sequence (MTS) at its N-terminus by MitoFates (Fig.
4.3B; Fukasawa et al., 2015). ZtritiPO323 04906529 was also predicted to
localise to the mitochondria, but had much lower sequence similarity to AnEchA

(30% identity across 35% query coverage), and contained 3-hydroxyisobutyryl-
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CoA hydrolase-type enoyl-CoA hydratase/isomerase domain (IPR032259)

predicted to be involved in valine catabolism (Fig. 4.4A). Similarly, although

ZtritiPO323_04g03198 contained a mitochondrial pre-sequence, the predicted

protein product showed much lower sequence homology to AnEchA (35%

identity across 98% query coverage), and showed significant homology with the

human methylglutaconyl-CoA hydratase enzyme AUH which has low ECH

activity (Fig. 4.4A; Nakagawa et al., 1995). One additional enoyl-CoA
hydratase/isomerase domain protein, ZtritiPO323 04909620, was predicted to

locate to the mitochondria by DeeplLoc, although this protein was not predicted

to contain an N-terminal MTS (Table 4.1). These results led to selection of

ZtritiPO323_04g07883, hereby designated ZtEch1, for molecular

characterisation of mitochondrial 3-oxidation.

A Enoyl-CoA hydratases

T 111 AT TTTT]

Figure 4.4 Putative mitochondrial and peroxisomal enoyl-CoA hydratase and

ZtitiPO323_04g10731 0.43335 A
ZtitlP0323_04g03681 0.36541 A
ZtitiPO323_04g02756 0.34385 A
ScECI1 0.35797 A
ZtitiPO323_04g07985 0.37952 A
ZtitiPO323_04g08571 0.37233 A
ZtitiPO323_04g07553 0.37343 A
ZtitiPO323_04909620 0.37094 I
ZtritiPO323_04t06529 0.33853 M
ScHIBCH 0.32743 ™
ZitiPO323_04g00405 0.26167 A
ZtitiPO323_04g13444 0.26858 A
ZtitlPO323_04g00727 0.24251 A
ZtitiPO323_04g10344 0.24166 A
ZtitiP0323_04g03198 0.30227 M
HsAUHM 0.30657
ZtitlPO323_04g07297 0.36479
ZtEch1 0.17124

MoEch1 0.11448

FgEch1 0.11121
EchA 0.17298
ZtitiPO323_04g10310 0.25164 A
ZtitiPO323_04g13508 0.27564 A

EEERE)>E

acyl-CoA dehydrogenase genes
Phylogenetic trees of predicted protein sequences of enoyl-coA hydratase genes from
Z. tritici (putative), M. oryzae (MoEch1l/MGG_12868), F. graminearum
(FgEch1l/FGSG_13111) and A. nidulans (EchA/AN5916), along with S. cerevisiae 3,2-
trans-enoyl-CoA isomerase (SCECI1/YLR284C) and 3-hydroxyisobutyryl-CoA
hydrolase (ScHIBCH/YDRO036C) and Homo sapiens methylglutaconyl-CoA hydratase

(HsAUHM/Q13825), and (B) acyl-CoA dehydrogenases from Z. tritici (putative), A.

B Acyl-CoA dehydrogenases

N STTAlT A TET

ZtritiPO323_049g00247 0.31186 A
ZtritiPO323_04g09797 0.29288 A
ZtritlPO323_04902086 0.20504 A
ZtritiPO323_04g08714 0.20128 A
ZtritiPO323_04g01965 0.31338 A
ZtritIPO323_04908972 0.23133 W
ZtrittiPO323_04g13441 0.22622 B
HsACAD11 0.27283
ZtritiP0323_04912638 0.26035 A
HsACADL 0.342
HsIVD 0.21799
ZtritiPO323_049g07459 0.22674
HsACADM 0.32362
HsACADS 0.28936
HsACDSB 0.25741
ZtritIPO323_04g08781 0.12257
AnScdA 0.11541
HsGCDH 0.2151
ZtritIPO323_04g11195 0.22855
HsACADV 0.34656

HA

nidulans (AnScdA/AN0824) and H. sapiens (HSACAD11/Q709F0; HSACADL/P28330;
HsIVD/P26440; ACADM/P11310; HSACADS/P16219; HSACADSB/P45954;

HSACADV/P49748; HsGCDH/Q92947). Putative subcellular localisation (DeepLoc;

Almagro Armenteros et al., 2017) to the mitochondria (square) or peroxisome

(triangle), with (black) or without (white) prediction from MitoFates (Fukasawa et al.,

2015) or PTS1 predictor (Neuberger et al., 2003), respectively.
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Other genes with potential functions in FA 3-oxidation in Z. tritici were identified
through the presence of conserved enzymatic domains and prediction of
subcellular localisation to the mitochondria and peroxisomes (Table 4.1).
Searches for ACAD enzymes required for the first step of mitochondrial 8-
oxidation identified 5 proteins, containing the associated InterPro domains
(IPR013786; IPR006091; IPR009075) and putative mitochondrial localisation
signals (Table 4.1). This includes homologs of mammalian isovaleryl-CoA
dehydrogenase and glutaryl-CoA dehydrogenase (Fig. 4.4B), responsible for
catabolism of leucine and lysine, respectively. Also identified was a homolog of
the A. nidulans ACAD AnScdA (Fig. 4.4B), which is required for catabolism of
short chain FAs and branched-chain amino acids valine, leucine and isoleucine
(Maggio-Hall et al., 2008). The remaining two ADADS are likely to display
activity towards other FA chain lengths (Table 4.1; Fig. 4.4B). Individual 3-
hydroxyacyl-CoA dehydrogenase domain (IPR022694) and thiolase domain
(IPR0O02155) proteins were predicted to have mitochondrial localisation, which
are assumed to carry out the third and fourth steps of mitochondrial B-oxidation
in Z. tritici (Table 4.1).

Searches for peroxisomal B-oxidation enzymes identified two ACOX domain
(IPR012258) proteins predicted to be localised to the peroxisome (Table 4.1).
Furthermore, seven putative ACAD enzymes were also predicted to localise to
the peroxisome, which is consistent with the characterisation of a ‘hybrid’
peroxisomal pathway including this enzyme activity in several fungal lineages
(Shen & Burger, 2009). This included a homolog of ACAD11
(ZtritiPO323_049g12638), which was experimentally verified to have peroxisomal
localisation in U. maydis (Camdes et al., 2015). Two of these putative ACAD
proteins (ZtrittiPO323_04g00247 and ZtritiPO323_049g09797) contained an
additional Cytochrome b5-like heme/steroid binding domain (IPR001199) at the
N-terminal end of the sequence, which may act as an electron acceptor domain
(Camdes et al., 2015). Additionally, four proteins with thiolase domains were
predicted to localise to the peroxisome, although none contained a canonical
PTS1 sequence (Table 4.1). These findings indicate that Z. tritici peroxisomes
may be equipped to metabolise a broad range of FA chain lengths, as seen in
the chain length-specificity of mammalian mitochondrial ACAD enzymes
(Bartlett & Eaton, 2004).
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Table 4.1 Putative fatty acid B-oxidation genes from Z.

Pathway Step
Peroxisomal B- 1
oxidation

1

2+3

Accessory

Mitochondrial 1
B-oxidation

3

4

Enzyme Gene ID

Acyl-CoA oxidase [ACOX) ZtritlPO323_04g08552
ZtritlPO323_04g03879

Acyl-CoA dehydrogenase (ACAD) ZtritlPO323_04g00247

ZtritiP0323_04g01965
ZtritiP0323_04g02086
ZtritiP0323_04g08714
ZtritiP0323_04g09797
ZtritiP0323_04g11779
ZtritiP0323_04g12638

Mulifunctional protein (MFP) ZtritlPO323_04g10198
ZtritlP0323_04g08334
Enoyl-CoA hydratase (ECH) ZtritlPO323_04110310

ZtritlPO323_04g00405
ZtritlPO323_04g00727
ZtritlP0323_04g07297
ZtritlPO323_04g08571
ZtritlP0323_04g10344
ZtritlP0323_04g13444
ZtritlPO323_04g13508
ZtritlPO323_04g07985
ZtritlPO323_04g07553
3-Hydroxyacyl-CoA dehydrogenase (HAD) ZtritlPO323_04g00887
ZtritlP0323_04gl10778
3-Ketoacyl-CoA thiolase (KAT) ZtritIPO323_04g07699
ZtritlP0323_04g07910
ZtritiPO323_04g02591
ZtritlPO323_04g09880

3,2-Trans-enoyl-CoA isomerase ZtritlPO323_04g02756
ZtritlP0323_04g03681
Acyl-CoA dehydrogenase (ACAD) ZtritlPO323_04g08781

ZtritlPO323_04g08972

ZtritlPO323_04g13441

ZtritlP0323_04g07459

ZtritlPO323_04g11195
Enoyl-CoA hydratase (ECH) ZtritlPO323_04107883

ZtritlPO323_04g09620
3-Hydroxyacyl-CoA dehydrogenase (HAD)

ZtritlPO323_04g05493
3-Ketoacyl-CoA thiolase [KAT) ZtritlPO323_04g00471

*Predicted by DeepLoc (AlmagroAlmenterosetal 2017)
*Predicted by PTS1 predictor—positive scores give reliable PTS1 prediction (‘Targeted'), scores between -10 and 0 are considered ‘Twilght zone” hitswith some divergence in
binding motifs and potentialinaccessibility to Pex5 protein, and scores below -10are considered ‘Not targeted’ (Neuberger et al 2003)
“Predicted by MitoFates (Fukasawaet al 2015)

tritici

Deeploc prediction®
(Likelihood)
Peroxisome (0.9294)
Peroxisome (0.9234)
Peroxisome (0.4118)
Peroxisome (0.4807)
Peroxisome (0.7335)
Peroxisome (0.6874)
Peroxisome (0.418)
Peroxisome (0.8578)
Peroxisome (0.4552)
Peroxisome (0.8722)
Peroxisome (0.9359)
Peroxisome (0.8603)
Peroxisome (0.9848)
Peroxisome (0.9865)
Peroxisome (0.9722)
Peroxisome (0.9849)
Peroxisome (0.9854)
Peroxisome (0.9872)
Peroxisome (0.9716)
Peroxisome (0.9787)
Peroxisome (0.6218)
Peroxisome (0.5087)
Peroxisome (0.6854)
Peroxisome (0.6707)
Peroxisome (0.7597)
Peroxisome (0.6163)
Peroxisome (0.6098)
Peroxisome (0.9444)
Peroxisome (0.9721)
Mitochondrial (0.9997)
Mitochondrial (0.995)
Mitochondrial (0.994)
Mitochondrial (0.9999)
Mitochondrial (0.9993)
Mitochondrial (0.9987)
Mitochondrial (0.9407)

Mitochondrial (0.9994)
Mitochondrial (0.9979)

pTS1°
Targeted

Mot targeted
Twilight zone
Targeted
Twilight zone
Targeted

Mot targeted
Targeted
Targeted
Targeted
Targeted
Twilight zone
Targeted

Mot targeted
Targeted
Targeted
Targeted

Mot targeted
Twilight zone
Targeted
Targeted

Mot targeted
Mot targeted
Mot targeted
Mot targeted
Mot targeted
Mot targeted
Twilight zone
Targeted

Mot targeted
Mot targeted
Mot targeted
Mot targeted
Mot targeted
Mot targeted
Mot targeted

Mot targeted
Mot targeted

Despite the function of MFP enzymes in the second and third steps of the

MTS
No
No

canonical peroxisomal 3-oxidation pathway, 13 proteins containing enoyl-CoA

hydratase/isomerase domains (IPR001753) were predicted to localise to the

peroxisome (Table 4.1; Fig. 4.4A). Two of these proteins
(ZtritiPO323_04902756 and ZtritiPO323_049g03681) showed homology with
peroxisomal 63,02-enoyl-CoA isomerase from S. cerevisiae involved in -
oxidation of unsaturated FAs (Table 4.1; Fig 4.4A; Geisbrecht et al., 1998).

Furthermore, two proteins containing HAD domains were predicted to localise to

the peroxisome, although neither of these contained a canonical C-terminal

PTS1 sequence (Table 4.1). These findings raise the possibility that there may

be other peroxisomal proteins which could perform the enzymatic functions of

MFP proteins.
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4.3.2 MFP-dependant peroxisomal B-oxidation is not required for

growth under starvation or virulence

Targeted deletion of ZtMFP1 and ZtMFP2 was carried out by gene replacement
using Agrobacterium-mediated transformation. The Aku70 strain, deficient in the
non-homologous end joining pathway (Bowler et al., 2010), was used as the
background for these gene deletions due to difficulty targeting T-DNA inserts to
the ZtMFP2 locus in wild type IPO323. ZtMFP1 was replaced with the HYGR
selective marker using the plasmid pC-HYG-MFP1KO, while ZtMFP2 was
replaced with the BARR resistance marker using the plasmid pC-BAR-MFP2KO
(Fig. 4.2). Antibiotic resistant transformants were screened by PCR for correct
integration of T-DNA at the target locus and absence of the coding sequence
(Fig. 4.2), and three independent mutants were isolated per gene. Amfp1.1 was
further transformed with pC-BAR-Amfp2 to generate three independent
Amifp1Amip2 double knockout strains.

Deletion of ZtMFP1 and ZtMFP2 was found to cause no defect in the
morphological switch or hyphal growth under nutrient-limited conditions (Fig.
4.5). The radial growth rate of all Amfp1, Amfp2 and Amfp1Amifp2 strains was
indistinguishable from Aku70 on AMM deficient in a nitrogen and/or carbon
source (Fig. 4.5A). Furthermore, the rate of hyphal germination of these strains
on 2% water agar (WA) was not significantly different to the progenitor Aku70
strain, with all strains displaying over 90% germination efficiency after 24h (Fig.
4.5B). These results suggest that MFP-dependant peroxisomal (3-oxidation is
not required for the breakdown of stored lipids in the spore to support

starvation-induced hyphal growth.

To assess the impact of disrupting peroxisomal $-oxidation on Z. tritici
virulence, Amip1, Amfp2 and Amfp1Amip2 strains were inoculated onto
susceptible wheat leaves. All strains displayed typical development of
symptoms, with signs of chlorosis appearing around 9-10 dpi and developing
into necrotic lesions which covered the leaf by the termination of the experiment
at 21 dpi (Fig. 4.5C). This was accompanied by the appearance of pycnidia
within disease lesions, which exuded abundant pycnidiospores upon exposure

to high humidity. This indicates that peroxisomal $-oxidation via the putative
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multifunctional enzymes ZtMFP1 and ZtMFP2 is not required for the
pathogenicity of Z. tritici.

A Amfpl.1 Amfp2.1 Amfpl.1Amfp2.1 Aku70
AMM
AMM N- C-
AMM N-
AMM C-
B Amfpl

p=0.985 Amfpl.1 Amfp2 1 Amfp2.1 Aku70
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Figure 4.5 ZtMFP1 and ZtMFP2 are not required for growth under starvation or
virulence

(A) Radial growth after 14 days at 19°C on Aspergillus minimal medium (AMM) and
AMM deficient in carbon source (AMMC-), nitrogen source (AMMN-) or both (AMMN-C-
). Spores were inoculated in 5 pl droplets at 5x108 spores/ml. Scale bar = 2mm. (B)
Percentage germination rate of blastospores on 2% water agar after 24 h shows no
significant difference between strains. Mean + SEM of 4 independent experiments is
shown, with p-value representing result of one-way ANOVA (C) Infection symptoms on
wheat (cultivar Riband) at 21 days post infection with Z. tritici strains at 5x10°
spores/ml.
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4.3.3 ZtEch1 deletion impacts blastospore growth rate but
undergoes spontaneous phenotypic rescue

Mitochondrial B-oxidation was disrupted by targeted deletion of ZtEch1 in the
wild type IPO323 background using the plasmid vector pC-HYG-Aech1.
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Insertion of the HYGR cassette in place of the native ZtEch1 allele was
confirmed in isolated transformants by PCR (Fig. 4.2). Three independent
Aztech1 strains were isolated and used for further analysis. The growth rate of
purified Aztech1 blastospores on YPD agar plates was observed to be slower
than the wild type (Fig. 4.6A). Interestingly, Aztech1 strains developed faster
replicating colonies within the slower growing lawn of yeast-like cells (Fig. 4.6A).
Upon subculturing, these rapidly replicating colonies continued to grow at a
similar rate to the wild type. Selection of faster growing single colonies from
these strains was used to purify cells displaying this reverting phenotype, which

were designated Aztech1 Rev strains.

To rule out contamination with untransformed cells, correct insertion of the
HYGR cassette and absence of ZtEchl gene was confirmed in these strains
through diagnostic PCR (Fig. 4.2). Moreover, patches subcultured from the lawn
of slower growing Aztech1 cells continued to display retarded replication, but
also the development of further faster replicating colonies. To confirm that
phenotypes observed in Aztech1 mutants were caused by the targeted gene
deletion, the full length coding sequence of ZtEchl was replaced at its native
locus using the plasmid pC-BAR-Echlcomp. Transformants were screened by
PCR to confirm successful complementation of ZtEchl (Fig. 4.2), and
designated Aztech1 ZtEch1 strains.

4.3.4 Mitochondrial B-oxidation supports the starvation-induced

morphological switch

To assess whether mitochondrial B-oxidation is involved in the breakdown of
stored lipids during starvation-induced hyphal growth, the germination rate of
blastospores taken from the slow replicating lawn of Aztech1 cells was
assessed on 2% WA. Hyphal germination was almost completely abolished in
Aztech1 strains (Fig. 4.6B). This phenotype was rescued in Aztech1 ZtEch1
complementation strains, while Aztech1 Rev strains displayed an intermediate
germination rate (Fig. 4.6B). This defect in hyphal germination of Aztech1
strains was investigated further through analysis of growth on AMM deficient in
a carbon and/or nitrogen source (Fig. 4.6C). While radial growth of hyphae of
Aztech1 was slower than IPO323 and Aztech1 ZtEchl strains on regular and

nitrogen-deficient AMM, germination of Aztech1 hyphae was almost completely
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abolished on carbon-deficient AMM (Fig. 4.6C). The ability of Aztech1
blastospores to germinate hyphae on regular AMM provides evidence that the
abolishment of germination on 2% WA is not caused by a defect in the basic
cellular machinery involved in the morphological switch to hyphal growth. This is
supported by the ability of Aztech1 to form aerial hyphae in response to
incubation at 25°C on rich media (Fig. 4.6C). Furthermore, the abolished
germination in Aztech1 is associated specifically with the lack of external
carbon-source and not nitrogen-deficient conditions, suggesting that this mutant

lacks the ability to utilise stored lipids as a carbon source.
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107 106 10°

Aztechl.3 Aztech1ZtEch1.6 IPO323
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YPD 25°C

Germination rate (%)

Figure 4.6 ZtEch1 deletion reduces growth rate on rich media and inhibits
germination under carbon starvation

In vitro phenotypes of three independent deletion (Aztech1.3/8/10), complementation
(Aztech1ZtEch1.6/17/19) and reverting phenotype (Aztech1.3/8/10 Rev) strains. (A)
Growth of blastospores on YPD at 19°C for 6 days after inoculation in 5 ul droplets at
concentrations provided in spores/ml. (B) Percentage germination rate of blastospores
on 2% water agar after 24 and 48 h. (C) Radial growth after 7 days at 19°C on
Aspergillus minimal medium (AMM) and AMM deficient in carbon source (AMMC-),
nitrogen source (AMMN-) or both (AMMN-C-). Growth of Z. tritici strains on YPD for 7
days at 25°C is also shown. Spores were inoculated in 5 ul droplets at 5x10° spores/ml.
Scale bars = 2mm.

112



4.3.5 Mitochondrial B-oxidation enables utilisation of external fatty
acids

To assess the impact of disrupting B-oxidation on utilisation of external FAs,
Aztech1 and Aztmfp1Aztmfp2 strains were grown on AMMC- containing olive oll
and a range of FAs as the sole carbon source. Interestingly, the presence of
butyric acid (4:0), valeric acid (5:0), octanoic acid (8:0) and lauric acid (12:0) in
the media completely inhibited growth of wild type IPO323, which developed
extensive hyphal filaments on AMMC- without an additional carbon source (data
not shown). This indicates that these short- and medium-chain FAs are toxic to
Z. tritici. Furthermore, growth of the wild type on palmitic acid (16:0) and stearic
acid (18:0) was similar to the control containing only the surfactant Tween-20
used to dissolve FAs (Fig. 4.7), suggesting Z. tritici cannot utilise these
exogenous FAs. The inability of Aztech1 strains to grow in these conditions is
therefore consistent with their lack of germination without an available

exogenous carbon source (Fig. 4.6; Fig. 4.7).

However, IPO323 displayed enhanced yeast-like growth in the presence olive
oil compared to the AMMC- control (Fig. 4.7). This indicates that Z. tritici is able
to utilise the FAs in olive oil (primarily oleic acid (18:1) and linoleic acid (18:2))
as a carbon source. Conversely, Aztech1 strains were unable to grow on media
containing olive oil. The lack of growth of Aztech1 strains on olive oil could be
caused by the accumulation of toxic FAs or B-oxidation intermediates. To
investigate this, FA growth media was supplemented with glucose. Growth of
Aztech1 strains was rescued when glucose was added alongside these FAs
(Fig. 4.7). This suggests that toxic compounds do not accumulate in Aztech1
under these conditions, and that lack of growth on FAs is caused by the inability
of this mutant to utilise both external and internal FAs. However, as FA uptake
and catabolism may be suppressed by the presence of exogenous glucose, this
does not completely eliminate the possibility of toxic intermediates causing
growth inhibition in Aztech1 strains when exogenous FAs are supplied as the
sole carbon source. All growth phenotypes of Aztech1 mutants were rescued in
Aztech1 ZtEch1 and partially reversed in purified Aztech1 Rev strains.
Furthermore, Aztmfp1Aztmifp2 strains displayed similar growth rate to the

isogenic Aku70 strain under all conditions tested (Fig. 4.7). These findings
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indicate that mitochondrial B-oxidation, and not MFP-dependant peroxisomal -

oxidation, is required for metabolism of exogenous unsaturated long chain FAs.

Olive Oil +
Gluc C16 C16 + Gluc C18 C18 + Gluc Olive Oil Gluc

Aku70

Aztmfp1
Aztmfp2

IPO323

Aztechl

Aztechl
ZtEch1

Aztechl
Rev

Figure 4.7 Growth of Z. tritici B-oxidation mutants on exogenous fatty acids
Control media consists of Aspergillus minimal media without glucose amended with
0.05% Tween 20 (AMM-) to dissolve fatty acids. This medium was supplemented with
1% glucose (Gluc), 2.5 mM palmitic acid (C16), 2.5 mM stearic acid (C18), 1% olive oll
or combinations of the above. Scale bar = 1cm.

4.3.6 Mitochondrial B-oxidation influences mitochondrial

morphology

Considering the retarded growth of Aztech1 on rich media, and previous reports
of altered mitochondrial morphology in equivalent strains of M. oryzae (Patkar et
al., 2012), the effect of ZtEch1 deletion on mitochondrial fusion was
investigated. Blastospores were grown in rich media and mitochondria were
stained with rhodamine 123. Preliminary evidence suggested that, while the
mitochondria of IPO323 blastospores appeared tubular, Aztech1 cells contained
largely punctate mitochondria (Fig. 4.8). This suggests that mitochondria in wild
type Z. tritici blastospores form a highly fused network, and that mitochondrial
fusion is disrupted by the deletion of ZtEchl. Further characterisation of

mitochondrial morphology in these strains, using confocal microscopy followed
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by quantification of circularity and aspect ratio (Chacko & Ananthanarayanan,

2019; Jugé et al., 2016), is required to confirm these observations.

IPO323

Aztechl.3

Figure 4.8 Abnormal mitochondrial morphology of Z. tritici Aztechl blastospores
Cells stained with rhodamine 123 in YG broth. Scale bar = 10 ym.

4.3.7 ZtEch1 deletion severely reduces pathogenicity

The impact of disrupting mitochondrial 3-oxidation on the pathogenicity of Z.
tritici was assessed through infection of susceptible wheat leaves with Aztech1
strains. While IPO323 and Aztech1 ZtEch1 strains caused necrotic lesions
across the entire leaf surface after 21 dpi, Aztech1 strains only caused small
localised necrotic lesions (Fig. 4.9A). Localised disease lesions caused by
Aztech1 still harboured pycnidia. The prevalence of these localised lesions was
found to correlate with the spore concentration used for inoculation (Fig. S4.3).
Furthermore, purified Aztech1 Rev strains were able to cause significant levels
of necrosis on the leaf, although lesions were not as widespread as those
caused by infection with IPO323 and Aztech1 ZtEchl (Fig. 4.9A). These
findings suggest that the localised lesions caused during Aztech1 infection are
likely to be the result of cells within the inoculum expressing the recovered
phenotype observed in Aztech1 Rev strains.
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Figure 4.9 ZtEch1l is required for Z. tritici pathogenicity

Z. tritici infection symptoms on wheat (cultivar Riband) at 21 days post-inoculation with
wild type IPO323, Aztechl, Aztechl ZtEch1l complementation and Aztechl Rev
spontaneous recovery strains at 5x10° spores/ml.

In order to assess whether the severely reduced pathogenicity of Aztech? is
caused by a germination defect similar to that observed in carbon-deficient
cultures in vitro, the morphological switch to hyphal growth on the leaf surface
was investigated by microscopic analysis. Calcofluor white stain was used to
stain chitin in the cell walls of Z. tritici on the leaf surface at 24h intervals for the
first three days of infection. IPO323 and Aztech1 ZtEch1 were observed to
germinate before 24h, extending hyphae across the leaf surface which were
seen to interact with stomatal apertures with increasing frequency over the
three days of observation (Fig. 4.9B). Conversely, Aztech1 blastospores were
unable to germinate hyphae on the leaf surface even after three days, and
interaction of hyphae with host stomata was not observed (Fig. 4.9B). These
results suggest that breakdown of stored lipids, specifically via mitochondrial -
oxidation, is required for in planta germination of Z. tritici spores.
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Aechl1.3 Rev1

Figure 4.10 ZtEch1 deletion inhibits germination of Z. tritici on the leaf surface
Calcofluor white stained Z. tritici cells on the wheat leaf surface 48h post-inoculation
with 5x10° spores/ml. Scale bars = 50 ym.

4.4 Discussion
Lipid metabolism has recently emerged as a crucial prerequisite for fungal

pathogenicity on plants. Gene expression studies have provided evidence for
the importance of lipid metabolism during early host colonisation by Z. tritici
(Palma-Guerrero et al., 2016; Rudd et al., 2015). Here, the function of FA B-
oxidation in starvation-induced hyphal growth and virulence of Z. tritici was
investigated. The contribution of parallel -oxidation pathways was assessed
through targeted deletion of mitochondrial ZtEch1 and peroxisomal ZtMFP
enzymes. While the peroxisomal B-oxidation enzymes were found to be
dispensable for virulence, ZtEch1 was found to be crucial for germination of

spores on the leaf surface, and therefore pathogenicity of Z. tritici.

Many fungi are able to utilise exogenous FAs as a carbon source, which has
been used to investigate the molecular machinery involved in FA metabolism in
filamentous fungi. While A. nidulans, F. graminearum and U. maydis are able to
use short- and medium- chain FAs as a sole carbon source (Maggio-Hall &
Keller, 2004; Tang et al., 2019), these were found to be toxic to Z. tritici in the
present study. This finding is consistent with observations of toxicity of C5 to
C12 FAs to M. oryzae (Patkar et al., 2012) and C4 to C6 FAs in Cryptococcus
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neoformans (Kretschmer, Wang, et al., 2012). Despite the general trend for the
importance of peroxisomal (-oxidation in metabolising long chain FAs, some
overlapping function with the mitochondrial pathway has been identified
regarding these chain lengths (Maggio-Hall & Keller, 2004; Patkar et al., 2012,
Tang et al., 2019). Here, results suggest that the mitochondrial pathway is
required for metabolism of unsaturated long chain FAs, with Aztech1 mutants
showing a severe defect in growth on olive oil, which supports extensive yeast-
like growth in the wild type. In comparison, Aztmfp1Aztmfp2 strains showed
unaltered growth on all exogenous FAs tested, suggesting that conventional
MFP-dependant peroxisomal (3-oxidation is not involved in metabolism of these

substrates.

Genes involved in FA metabolism have been shown to have dynamic
expression profiles in response to both exogenous FA supply (Maggio-Hall &
Keller, 2004; Patkar et al., 2012) and infection cycle progression (Both et al.,
2005; Wang et al., 2007). However, ZtEchl and other putative mitochondrial 3-
oxidation genes show consistent expression between in vitro yeast-like and in
planta growth (Rudd et al., 2015). Interestingly, in this study, Aztech1 strains
displayed a reduced growth rate compared to the wild type on rich media
containing glucose. Moreover, preliminary evidence suggested that Aztech1
strains develop a defect in mitochondrial morphology, displaying punctate rather
than highly fused tubular networks of mitochondria as seen in wild type
blastospores. Mitochondrial fusion occurs in starved mammalian cells, and has
been shown to be crucial for the efficiency of FA metabolism (Rambold et al.,
2015).

Combined, these findings suggest that FA metabolism is required for efficient
yeast-like growth in Z. tritici, and therefore that turnover of intracellular lipids
may be occurring during blastosporulation despite the availability of exogenous
glucose. The reduced growth rate could be caused by the build-up of toxic
intermediates, which was proposed to explain defects in growth rate in C.
neoformans MFP mutants when grown on rich media (Kretschmer, Wang, et al.,
2012). This may also be explained by altered cellular FA content leading to
perturbation of membrane phospholipid and sterol composition, as has been
suggested for causing the sensitivity of S. cerevisiae peroxisome mutants to

oleic acid (Lockshon et al., 2007). Alternatively, disruption of mitochondrial 3-
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oxidation may have pleiotropic impacts on mitochondrial processes such as
oxidative phosphorylation, considering enzymes in these pathways have been
demonstrated to have a physical connection in mammals (Wang et al., 2010).
Indeed, mitochondrial fragmentation, as seen in Aztech1 cells, is known to be
caused by inhibition of oxidative phosphorylation (Toyama et al., 2016), as well
as oxidative stress induced by disruption of mitochondrial 3-oxidation in

mammalian cells (Schmidt et al., 2010).

Starvation induces the morphological switch to filamentous growth in Z. tritici,
after which hyphae are able to grow extensively without an external carbon
source (Francisco et al., 2019; Mehrabi, Zwiers, et al., 2006). The abolishment
of hyphal germination in Aztech1 when starved of a carbon source suggests
that mitochondrial B-oxidation is required for the morphological switch to hyphal
growth when external nutrients are scarce. Furthermore, the ability of Aztech1
strains to form hyphae under nitrogen-starvation and high incubation
temperatures, which also induce germination in Z. tritici (Francisco et al., 2019),
suggests that this is due to inability to mobilise stored carbon sources, as
opposed to a more serious defect in the mechanism of germination. In contrast,
hyphal growth under carbon starvation was found to be unaltered upon deletion
of both MFP proteins, indicating that MFP-dependant FA B-oxidation in
peroxisomes is not required for this process. Similarly, germination on glass
coverslips was reduced in M. oryzae Aech1 mutants, while it remained
unchanged in Afox2 (Amfp1) strains (Patkar et al., 2012). However, the
germination rate of M. oryzae Aech1 remained above 50%, which highlights the
extreme reliance of Z. tritici on mitochondrial B-oxidation for carbon acquisition

under starvation identified here.

The Aztech1 mutants were also unable to germinate on the leaf surface, which
in turn led to the loss of virulence in these strains. This suggests that
mitochondrial B-oxidation is required for Z. tritici pathogenicity, and provides
further evidence to support the hypothesis that in planta germination and
invasive growth in Z. tritici is enabled by utilisation of stored lipids within the
spore (Rudd et al., 2015). This is consistent with findings of the importance
stored lipid metabolism for development in response to the nutrient-deficient
host surface in other plant pathogens (Solomon et al., 2004; Thines et al., 2000;

Wang et al., 2007). Along with other recent studies, this supports growing
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evidence that Echl is an important virulence factor in plant pathogenic fungi
(Patkar et al., 2012; Tang et al., 2019). However, these findings do not confirm
that Z. tritici continues to utilise the metabolism of stored FA following
germination for subsequent invasive growth during symptomless colonisation.
The ability to conditionally inactivate the ZtEchl enzyme would allow functional
characterisation at different stages during in vitro development and infection.
This would enable assessment of the continued requirement of mitochondrial (3-
oxidation for catabolism of lipid stores throughout the symptomless phase. A
similar approach was recently used to characterise the function of PMK1 kinase
during M. oryzae infection beyond its essential role in cuticle penetration
(Sakulkoo et al., 2018). This could be achieved through conditional repression
of ZtEch1 using the suite of promotors characterised in Z. tritici (Kilaru, Ma, et
al., 2015), or through implementation of a conditional protein degradation

system such as the auxin-inducible degron method (Yesbolatova et al., 2020).

The reason for spontaneous recovery of germination and virulence in Aztech1
mutants also requires further investigation. This may have been caused by the
appearance of suppressor mutations, or through epigenetic changes leading to
alterations in gene expression. Loss of ZtEch1 activity may have been
complemented by other enoyl-CoA hydratase/isomerase domain proteins
predicted to localise to the peroxisomes, with enhanced transport of
intermediates between the two organelles. Alternatively, products of
peroxisomal B-oxidation, including acetyl-CoA and glucose (via the glyoxylate
cycle and gluconeogenesis), could complement the loss of mitochondrial energy
generation through B-oxidation, with enhanced transport of these metabolites to
the mitochondria in recovering cells. This metabolic recovery may represent
another fascinating insight into the interaction between peroxisomes and
mitochondria, which are increasingly being found to cooperate in metabolic
processes (Schrader et al., 2015; Wanders et al., 2016).

While disruption of mitochondrial $-oxidation led to defects in germination and
virulence in planta, we found no evidence for the role of the peroxisomal
pathway during Z. tritici infection. This is surprising considering the upregulated
expression of both MFP genes in during early infection (Rudd et al., 2015). To
our knowledge, this is the first time MFP homologs have been found to be

dispensable for virulence in a fungal plant pathogen (Kretschmer, Klose, et al.,
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2012; Wang et al., 2007). One possible explanation is that the ZtMFP enzymes
are not required for peroxisomal -oxidation in Z. tritici. A recent study found
evidence for a putative Fox2-independent peroxisomal (3-oxidation pathway in
Candida lusitaniae, with the level of in vitro FA consumption by peroxisomal
fractions of Afox2 cells showing no reduction compared to the wild type (Gabriel
et al., 2014). Furthermore, it has been proposed that genes encoding putative
ECH and HAD enzymes with predicted PTS1 sequences could carry out the
function of MFP enzymes in U. maydis peroxisomes (Camoes et al., 2015).
Similarly, putative peroxisomal ECH and HAD enzymes were identified in the Z.
tritici genome here. However, confirmation of peroxisomal localisation and
functional characterisation is certainly required to substantiate these
speculations. Peroxisomal B-oxidation has been demonstrated as a well
conserved process in eukaryotes, from mammals to fungi (Shen & Burger,
2009). Moreover, deletion of MFP homologs has caused significant defects in
lipid and FA utilisation in all other fungi in which they have been investigated,
including U. maydis (Hiltunen et al., 1992; Kretschmer, Klose, et al., 2012;
Kretschmer, Wang, et al., 2012; Maggio-Hall & Keller, 2004; Wang et al., 2007).

Previously, the glyoxylate cycle was found to be required for full virulence of Z.
tritici, which was presumed to utilise acetyl-CoA produced by FA metabolism in
the peroxisome (Sidhu, 2015). If peroxisomal B-oxidation is indeed inhibited in
Amifp1Amfp2 mutants without impacting fungal virulence, the question remains
what the source of substrates is for the glyoxylate cycle in these strains. Apart
from FA B-oxidation, other sources of acetyl-CoA include ethanol and acetate
(Dunn et al., 2009), which are unlikely to be abundant in the Z. tritici spore, or
breakdown of ketogenic amino acids. This raises the possibility that acetyl-CoA
from mitochondrial B-oxidation may be fuelling the glyoxylate cycle, which could
complement the loss of peroxisomal B-oxidation in Amfp1Amfp2 mutants.
Peroxisomal localisation of the glyoxylate cycle enzymes is not required for their
function, evidenced by the maintenance of a functional glyoxylate cycle in
peroxisome-deficient mutants of several yeast species (Erdmann et al., 1989;
Piekarska et al., 2008). Indeed, localisation of the enzymes, metabolic
intermediates and products of the glyoxylate cycle is understood to be flexible
depending on the available substrates and required downstream metabolic

pathways (Kunze et al., 2006). For example, S. cerevisiae MLS1 was found to
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locate to the cytosol or peroxisomes in cells grown on ethanol and oleic acid,
respectively, corresponding to the location of the acetyl-CoA generated by the
substrates (Kunze et al., 2002). Therefore, although MLS1 in Z. tritici possesses
the C-terminal -SKL motif for peroxisomal targeting (Kunze et al., 2002; Sidhu,
2015), the localisation of this enzyme in wild type and Amfp1Amifp2 Z. tritici

cells should be investigated.

4.5 Conclusions

In this study, mitochondrial B-oxidation was shown to support germination of Z.
tritici spores on the wheat leaf surface, and therefore the pathogenicity of the
fungus. This supports the hypothesis that mobilisation of stored lipids provides a
crucial carbon source for Z. tritici when faced with the nutrient-limited
environment of the leaf surface, which is reflected in previous work on other
fungal plant pathogens. Intriguingly, the two homologs of the conserved
peroxisomal B-oxidation multifunctional enzyme MFP were dispensable for
virulence. Further investigation is required to determine whether these enzymes
are functionally redundant with other putative peroxisomal proteins, or if

peroxisomal B-oxidation is indeed dispensable for Z. tritici pathogenicity.
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4.6 Supplementary information

Figure S4.1 Alignment of peroxisomal B-oxidation multifunctional protein
sequences

Sequences include ZtMFP1 (ZtritiPO323_04910198) and ZtMFP2
(ZtritiPO323_04908334) from Z. tritici, MOMFP1 (MGG_06148) from Magnaporthe
oryzae, NcFox2 (Q01373) from Neurospora crassa, ScFox2 (YKR0O09C) from
Saccharomyces cerevisiae, UmMfe2 (um10038) from Usitlago maydis, AnFoxA
(AN7111.2) from Aspergillus nidulans and CaFox2 (AOA1D8PJ13) from Candida
albicans.
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Figure S4.2 Alignment of mitochondrial enoyl-CoA hydratases

Sequences from Z. tritici (ZtEch1,; ZtrittPO323_04g07883), Magnaporthe oryzae
(MoEch1; MGG_12868), Fusarium graminearum (FgEchl; FGSG_13111) and
Aspergillus nidulans (AnEchA; AN5916.2).
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Figure S4.3 Necrotic lesions caused by Aztech1 are proportional to the inoculum

spore concentration

Z. tritici infection symptoms on wheat (cultivar Riband) at 21 days post-inoculation with
wild type IPO323, Aztechl and Aztechl Rev spontaneous recovery strains at a range
of spore concentrations. Necrotic lesions caused by Aztechl decrease with lower

inoculum concentration.
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Chapter 5
The cell wall integrity and
cAMP signalling pathways are
essential for Z. tritici invasive
growth
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5.1 Introduction

Signalling cascades are integral for the ability of cells to adapt to their
environment, enabling them to couple the recognition of external cues at the
surface with appropriate intracellular processes, such as regulation of gene
expression and protein activity. For fungal pathogens of plants, this involves
regulating crucial changes in morphology and expression of virulence factors in
response to the host environment. This is essential for controlling
developmental transitions during infection, involving host surface recognition
and penetration, invasive growth, and differentiation of reproductive structures.
It is also important for responding to the stresses imposed by the host

environment, such as nutrient deprivation and the plant immune response.

The signalling pathways involved in regulating fungal pathogenicity often
function by transduction through a cascade of protein kinases, culminating in
the phosphorylation of a mitogen-activated protein kinases (MAPKSs). One of the
conserved fungal MAPKs is Slt2, which forms part of the cell wall integrity (CW1)
pathway required for regulating remodelling of the cell wall (Fig. 5.1; Levin,
2011). Through this pathway, cell wall perturbations are recognised by
mechanosensors at the cell surface, which transmit the signal through the
GTPase Rhol to protein kinase C (PKC). PKC then initiates consecutive
phosphorylation of the MAPK cascade, culminating in activation of Slt2, which is
transported to the nucleus to activate transcription factors involved in regulation
of cell wall homeostasis genes (Fig. 5.1).

Modulation of cell wall composition is required for fungal growth and
morphological transitions, as these processes require localised digestion and
re-building of the cell wall to allow cellular expansion (Cabib & Arroyo, 2013;
Riquelme et al., 2018). Remodelling of the cell wall is crucial for responses to
various stresses, including those encountered in the host environment
(Geoghegan et al., 2017; Hopke et al., 2018). Furthermore, the fungal cell wall
components chitin and 3-1,3-glucan are recognised as pathogen-associated
molecular patterns (PAMPS) by host immune systems, to which pathogens
respond by adapting wall composition to mask cells from elicitation of defence
responses (Ballou et al., 2016; El Gueddari et al., 2002; Fujikawa et al., 2012).
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Figure 5.1 The fungal cAMP-PKA and CWI pathways

The CWI pathway is initiated by membrane-bound mechanosensors (Wcs1/2/3 and
Mid2) with extracellular regions embedded in the cells wall, which transmit the signal
via Rho GTPase to protein kinase C (PKC1). PKC activates the MAPK cascade, and
the phosphorylated MAPK SIt2 activates transcription factors, including RIm1 and Swi6
to regulate downstream processes. The cAMP-PKA pathway is activated by glucose in
S. cerevisiae, which leads to activation of adenylate cyclase (CYR1) via Ras and G-
protein coupled receptors. CYR1 catalyses synthesis of CAMP, which acts as a
signalling molecule to activate protein kinase A (PKA) by binding to the regulatory PKA
subunit (BCY1), releasing the catalytic PKA subunits (CPK1/2), of which there are two
homologs in many filamentous fungi. PKA catalytic subunits then control downstream
processes by regulation of transcription factors and direct phosphorylation of target
proteins. Colours represent pathway regulators (blue), kinases (yellow), transcription
factors (green) and regulated processes (purple).
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It is therefore unsurprising that the CWI pathway has been found to play a
crucial role in the virulence of both animal and plant fungal pathogens (Dichtl et
al., 2016; Turra et al., 2014). Initially, SIt2 homologs were found to be essential
for functional appressorium formation in M. oryzae (Xu et al., 1998), and this
function in host penetration was confirmed in other plant pathogens (Kojima et
al., 2002; Rui & Hahn, 2007). However, subsequent studies identified a further
function of the CWI pathway in invasive growth following plant penetration
(Joubert et al., 2011; Mehrabi et al., 2008; Mey et al., 2002; Rui & Hahn, 2007).
These studies proposed that the CWI pathway was required to withstand host
defences, as Slt2 deletion was shown to increase sensitivity to hydrolytic
enzymes (Mey et al., 2002; Rui & Hahn, 2007; Xu et al., 1998), as well as plant-
derived antimicrobial compounds (Joubert et al., 2011; Ramamoorthy et al.,
2007). Clear evidence to support this hypothesis was presented for Alternaria
alternata, in which avirulence of As/t2 mutants was rescued during infection of
A. thaliana plants deficient in the production of the antifungal compound

camalexin (Joubert et al., 2011).

Another signalling cascade which has emerged as crucial for the virulence of
fungal plant pathogens is the cyclic adenosine monophosphate (CAMP)-
dependant protein kinase A (PKA) pathway (Turra et al., 2014). In S. cerevisiae,
the PKA complex is formed from a tetrameric protein containing two regulatory
subunits, encoded by BCY1, which inhibit the activity of two catalytic subunits,
encoded by three homologous genes (TPK1-3) with partially overlapping
functions. CAMP generated by the adenylate cyclase enzyme binds to the
regulatory subunits, allowing the catalytic subunits to dissociate and
phosphorylate downstream targets (Fig. 5.1). This pathway functions in nutrient
sensing in yeast, responding to both intra- and extra-cellular glucose
concentration through Ras proteins and G-protein coupled receptors,
respectively, to regulate carbohydrate metabolism, the cell cycle, growth and
development (Zaman et al., 2008). However, the cCAMP-PKA pathway is known
to regulate an extremely diverse range of fungal processes, including
morphological transitions (D’Souza & Heitman, 2001), sexual reproduction (Hu
et al., 2014), secondary metabolism (Studt et al., 2013) and responses to
diverse nutritional signals (Caza & Kronstad, 2019). One unifying trait of the

CcAMP-PKA pathway is its widespread function in the virulence of fungal
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pathogens, although the underlying causes of this outcome include many of the

aforementioned diverse cellular processes to which it contributes.

Similarly to the CWI pathway, cAMP-PKA signalling has been found to be
required for development of host penetration structures in many plant
pathogenic fungi, including M. oryzae (Choi & Dean, 1997; Xu et al., 1997) and
F. graminearum (Bormann et al., 2014). However, an additional role of this
pathway during post-penetration invasive growth was identified recently in M.
oryzae, as strains lacking both PKA catalytic subunits were unable to cause
disease symptoms after inoculation by injection (Li et al., 2017). Similar roles of
cAMP-signalling have been identified in the appressorium-forming pathogen
Colletotrichum lagenarium, with adenylate cyclase and PKA mutants unable to
cause disease on wounded hosts (Yamauchi et al., 2004). However, unlike the
easily characterised defects in infection-related development, the contribution of
CAMP-PKA signalling to virulence once these pathogens enter the host is
harder to decipher due to the pleiotropic influences it has on fungal biology.

Colonisation of wheat by Z. tritici requires complex regulation of morphological
development and the molecular interaction with the host, which is exemplified
by the dramatic shifts in gene expression across different infection stages
(Rudd et al., 2015). Early molecular studies of Z. tritici MAPK genes found that
the developmental switch to hyphal growth was regulated by the HOG1
pathway (Mehrabi, Zwiers, et al., 2006), while stomatal penetration required the
control of FUS3 (Cousin et al., 2006). Furthermore, the CWI pathway was
proposed to control Z. tritici resistance to apoplastic wheat defence compounds,
as Amgslt2 mutants were unable to colonise the mesophyll tissue following
stomatal penetration, leading to abolishment of virulence, and showed
increased sensitivity to cell wall degrading enzymes (Mehrabi, Van Der Lee, et
al., 2006). Furthermore, while deletion of the PKA catalytic subunit MgTpk2 in Z.
tritici did not impair host penetration or invasive growth in the mesophyll,
Amgtpk2 mutants showed reduced symptom development and abolished

pycnidia formation (Mehrabi & Kema, 2006).

Despite these investigations, the regulatory pathways that control genes
involved in host manipulation by Z. tritici remain elusive. The expression of

predicted small secreted effector proteins, which are crucial for host
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colonisation by plant pathogens (Lo Presti et al., 2015), is tightly regulated at
specific stages of Z. tritici infection (Rudd et al., 2015). Z. tritici effectors
expressed during asymptomatic infection are thought to be required for the
suppression and evasion of wheat defence (Rudd et al., 2015). This includes
transcriptional activation of the LysM effectors, which suppress host recognition
of the fungal PAMP chitin and are required for Z. tritici virulence (Marshall et al.,
2011; Tian et al., 2021). Transcriptional reprogramming at the transition to
necrotrophic growth includes upregulation of a distinct set of effectors, which
are proposed to induce host programmed cell death, alongside expression of
secreted proteins required for nutrient acquisition from dying host tissue (Rudd
et al., 2015). Recent studies have revealed that transcriptional repression of
some effector genes in vitro is influenced by the heterochromatin-rich genomic
regions in which they reside, and that de-repression of these genes in planta is
regulated by histone modifications (Meile et al., 2020; Soyer et al., 2019).
However, the external or internal cues and signal transduction pathways that
trigger these transcriptional changes during host colonisation remain to be

elucidated.

Agrobacterium tumefaciens-mediated transformation (AtMT) has been widely
implemented in reverse genetic characterisation of fungal genes, as
demonstrated in the previous chapters, but can also be used for random T-DNA
insertional mutagenesis in forward genetics studies (Idnurm et al., 2017). This
mutagenesis technique has been implemented successfully in the discovery of
Z. tritici virulence genes by forward genetic screens (King et al., 2017; Motteram
et al., 2011; Yemelin et al., 2017). However, random T-DNA insertion occurs at
a high rate (65-95%) during transformations of wild type Z. tritici that intend to
introduce targeted insertions by homologous recombination (Sidhu, Cairns, et
al., 2015; Zwiers & De Waard, 2001), making this a viable technique for

virulence gene identification alongside reverse genetic screens.

In this study, a forward genetic approach was used to identify the genetic
causes of avirulence in strains that were isolated from T-DNA insertion
transformations. Whole genome resequencing identified disruptions to Z. tritici
genes encoding adenylate cyclase and the CWI MAPK cascade enzyme BCK1,
before targeted gene deletion was used to confirm that loss of these gene

functions led to abolishment of pathogenicity. Despite showing defects during in
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vitro vegetative growth, deletion strains were able to penetrate host stomata,
supporting previous evidence for the role of the CWI and cAMP-PKA pathways
during infection post-penetration. Finally, RNA sequencing was used to
characterise transcription in both Z. tritici and wheat during infection by these
strains, in order to investigate the enigmatic in planta functions of these
pathways. This provided evidence for the role of the CWI pathway in adaptation
to the host environment, through transcriptional regulation of secreted proteins
required to supress the host immune response. Furthermore, cAMP signalling
was implicated in controlling the expression of genes putatively involved in the

transition to necrotrophic growth.
5.2 Materials and methods

5.2.1 Whole genome resequencing

In order to identify ectopic T-DNA insertions and mutations in transformant
strains, whole genome resequencing and variant calling was carried out as
described previously (Chapter 2.5). The genomic location of T-DNA sequences
was identified using discordant alignment of paired-end sequencing mates to
chromosomal loci and T-DNA sequences. To achieve this, the relevant selective
cassette was included in the reference genome as a separate chromosome.
Alignments were carried out using the Bowtie 2 parameters --local, allowing
reads to be soft clipped to achieve optimum alignment score, and -k 2, allowing
up to 2 distinct alignments for each read. These parameters allow reads which
arise from the junction between T-DNA sequences and their insertion sites to
align to both of these regions. T-DNA insertion sites were determined using the
mate location of reads aligned to the ends of heterologous T-DNA sequences

and flanking regions used in the transformation vector.
5.2.2 Construction of plasmid vectors

The plasmids pC-HYG-CYR1KO and pC-HYG-BCK1KO were constructed by
homologous recombination in yeast (see Chapter 2 for details). The plasmid
pC-HYG-YR was used as a backbone for these vectors (Sidhu, Chaudhari, et
al., 2015). PCR amplification of left flank (LF) and right flank (RF) regions from
either side of the ZtBCK1 and ZtCYR1 coding sequences was carried out using

the primer pairs ZtCYR1-LF-F/R, ZtCYR1-RF-F/R, ZtBCK1-LF-F/R and
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ZtBCK1-RF-F/R. LF and RF amplicons were transformed into S. cerevisiae
alongside the pC-HYG-YR vector, which had been linearised by restriction
digestion with the enzymes EcoRI and Hindlll (New England Biolabs, UK). The
sequences of flanking regions were confirmed to be correct in the completed
vectors by Sanger sequencing. These vectors were transformed into Z. tritici via
AtMT (Chapter 2.3).

5.2.3 Enzymatic spore lysis assays

The ability of Z. tritici strains to withstand disruption of cell wall integrity was
assessed using an enzymatic spore lysis assay based on that described by
Yemelin et al., (2017). Spores were harvested from YPD agar cultures grown
for 5 days at 19°C, suspended in isotonic buffer solution (IBS; 1.4 M KClI, 0.15
MNa2HPO4, 0.08 M citric acid; pH 5.8) and passed through a 100 pum cell
strainer (Fisher Scientific). The spores were washed twice with IBS, centrifuging
cell suspensions for 3 mins at 8,000 x G after each wash. Cells were then
suspended in 1ml IBS containing 30 mg/ml lysing enzymes from Trichoderma
harzianum (Sigma-Aldrich, UK) at a concentration of 5x108 spores/ml and
incubated for 2 h at 30°C with 70 rpm shaking. The extent of spore lysis upon
termination of the experiment was assessed microscopically using a Zeiss
Axiovert 200M inverted microscope, and the experiment was repeated three

times.

A second enzymatic assay to assess cell wall stress sensitivity was carried out
using Lyticase from Arthrobacter luteus (Sigma-Aldrich, UK). Cells were
harvested from YPD agar cultures and suspended at a concentration of 5x10°
spores/ml in sterile water containing a range of concentrations of lyticase
enzyme, following a two-fold dilution from 40 U/ml to 0.625 U/ml. Suspensions
were incubated at 25°C for 2 h with 120 rpm shaking, before cell suspensions
were diluted 1:40 and 100 pl plated onto YPD agar plates. Viability of Z. tritici
after lyticase treatment was assessed by observing growth after 5 days at 19°C.

The experiment was repeated 3 times to ensure reproducibility.
5.2.4 RNA sequencing

Wheat leaves (cultivar Riband) were infected with Z. tritici strains IPO323,
Aztcyr1.4 and Aztbck1.4 at a concentration of 5x10°. Leaf samples were
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harvested at 6 and 9 days post infection (dpi), with each sample comprised of
6x6cm leaf sections infected with the same Z. tritici strain, and frozen
immediately in liquid nitrogen before storage at -80°C. Three technical
replicates of this experiment were carried out. RNA was extracted from Z. tritici-
infected wheat leaf tissue using TRIzol™ reagent (Fisher Scientific, UK).
Samples were ground in liquid nitrogen using a pestle and mortar and
transferred immediately to 3 ml TRIzol™ reagent in a 50 ml falcon tube and
vortexed to homogenise. All subsequent centrifugation steps were carried out at
12, 000 x G and 4°C. 1.5 ml of the sample was then transferred to a 2 ml
Eppendorf tube and centrifuged for 10 min. The supernatant was then added to
150 pl of 1-Bromo-3-chloropropane and vortexed. After phase separation by
centrifugation for 10 min, the aqueous phase was added to 750 pl of
isopropanol and vortexed. RNA was allowed to precipitate for 10 min at room
temperature before centrifuging for 10 min to pellet the RNA. The pellet was
washed twice with 70% ethanol before being allowed to dry for 7 min. The RNA
was suspended in 100 pl RNase-free water and purified using the RNeasy Plant
Mini Kit (Qiagen), following the “RNA Cleanup” protocol including an on-column

DNA digestion step using the RNase-Free DNase Set (Qiagen).

The concentration of extracted RNA and absence of contaminating DNA was
determined using a Qubit™ 3.0 Fluorometer with the Qubit™ RNA BR Assay Kit
and Qubit™ dsDNA BR Assay Kit (Fisher Scientific, UK), respectively. RNA
purity was assessed using a NanoDrop 1000 (Fisher Scientific, UK) and RNA
quality was determined using an Agilent 2200 TapeStation system (Agilent
Technologies). Library preparation and RNA sequencing steps were carried out
by the Exeter Sequencing Service. The mRNA libraries were prepared using the
TruSeq HT stranded mRNA preparation kit following the manufacturer’s
protocol, and sequenced as paired-ends using an Illlumina Novaseq 6000 on an
S4 flow cell at 2x150bp. The resulting raw reads will be available in the NCBI

Short Read Archive repository upon publication.
5.2.5 Z. tritici alignments and differential expression analysis

The Z. tritici IPO323 reference genome was indexed with genes annotated
using the recent annotation from Rothamsted Research (King et al., 2017);
https://figshare.com/articles/dataset/Zym_tritici RRes v4 0 RK public_gff/475
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3708/1). Reads were trimmed to remove sequencing adapters and low quality
bases using fastp (Chen et al., 2018), using the parameters ‘--cut_tail --
cut_tail_mean_quality=20 --detect_adapter_for_pe --length_required=75’.
Trimmed reads were aligned to the genome and gene counts calculated with
STAR (Dobin et al., 2013), using the default parameters and set to quant mode
--quantMode GeneCounts. Normalisation of gene counts and differential
expression analysis was carried out using DESeqg2 (Love et al., 2014). Sample
clustering was assessed by principal component analysis using the plotPCA
function on count data transformed with the rlog function, which accounts for
sequencing depth and differences in variance between genes due to expression
level (Love et al., 2014). Sets of genes which were differentially expressed (DE)
between each mutant strain and the wild type at each time point were identified
using the results function. Furthermore, sets of genes which were DE between
6 and 9 dpi for each strain were also identified. Pre-filtering of lowly expressed
genes is not required when running DESeq?2 differential expression analysis, as
this program carries out independent filtering of genes below a mean
normalised count threshold to maximise the number of DE genes for a given p-
value threshold (Love et al., 2014). Wald test p-values were adjusted for
multiple testing using the Benjamin—Hochberg (BH) correction method, and
genes were deemed as DE when padj<0.01.

Plots displaying expression of individual genes across samples represent the
mean of normalised gene counts from DESeq2, with normalised counts
extracted using the plotCounts function from DESeq2 and summary statistics
calculated using summarySE function from the Rmisc package. Heat maps
representing the expression levels of different gene sets were generated with
the pheatmap function. Heat maps represent log2 fold-changes compared to

the mean of normalised counts calculated by the rlog function.
5.2.6 Wheat alignments and differential expression analysis

The Triticum aestivum (cv. Chinese Spring) wheat genome assembly and
annotation from the International Wheat Genome Sequencing Consortium
(IWGSC; Appels et al., 2018) was downloaded from Ensembl Plants

(http://plants.ensembl.org/Triticum aestivum). RSEM was chosen for wheat

transcript quantification as it factors in the high number of multi-mapped reads,
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which result from the polyploidy of the wheat genome, using an expectation
maximization (EM) algorithm (Deschamps-Francoeur et al., 2020; Li & Dewey,
2011). The reference genome was indexed with the RSEM rsem-prepare-
reference, using the parameters --star and --star-sjdboverhang 149 to build
indices for alignment with STAR (Dobin et al., 2013). Trimmed reads were then
aligned to this reference and expected counts calculated using rsem-calculate-
expression, specifying the parameters --star and --paired-end. Expected gene-
level counts were filtered using the filterByExpr function before normalisation
factors were calculated using the trimmed mean of M-values (TMM) method in
EdgeR (Robinson et al., 2010; Robinson & Oshlack, 2010). The data was then
transformed using the voom function, linear models were fitted to each gene
using the Imfit function and empirical Bayes moderation of the standard errors
was carried out using the eBayes function, all within the limma package (Ritchie
et al., 2015). Genes were identified as DE between treatments using the
moderated t-test within the topTable function, testing whether the log2-fold-
change values for a particular contrast differ from O at a BH-corrected padj-
threshold of 0.01.

Visualisation of expression of individual genes between samples was done by
extracting the counts per million (CPM) values and plotting the mean CPM
across each treatment. Heat maps were generated for gene sets using log-CPM

values calculated using the cpm function in EdgeR.
5.3 Results

5.3.1 Investigation of avirulent T-DNA insertion strains

Two transformants with abolished virulence were identified during in planta
phenotyping of targeted deletion mutants in the genes ZtritlPO323_04910737
(Mycgr3G43288), encoding a secreted lipase (ZtL2), and
ZtritiPO323_04g13543 (Mycgr3G18212), encoding a secreted cutinase
(ZtCUTD5). These strains were designated L2 and C5, respectively. Leaves
infected with L2 and C5 did not display necrotic lesions or the appearance of
pycnidia, although patches of mild chlorosis were observed after 21 dpi (Fig.
5.2A). The avirulent phenotypes of these strains were contrary to two other

independent transformants harbouring deletions in each of these target genes
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(Fig. 5.2A), all of which displayed equivalent virulence to the wild type. This
suggested that avirulence was caused by ectopic T-DNA insertion and/or

random mutations in these strains.

To identify the genetic cause of avirulence in C5 and L2, whole genome
resequencing was carried out on these strains along with the isogenic IPO323
wild type background strain. Reads were aligned to the reference IPO323
genome, with the T-DNA sequence from the plasmid pC-BAR-YR included as a
separate chromosome. C5 and L2 were found to contain the glufosinate
ammonium resistance cassette (BARR) at the expected loci determined by the
flanking sequences in the transformed T-DNA (Fig. S5.1), with no evidence of
ectopic insertion. This suggests that avirulence in these strains is caused by
random mutation(s) in their genomes and not secondary T-DNA insertion.

Variant calling for single nucleotide polymorphisms (SNPs) and small indels

IPO323 C5 Aztcut5.6 L2 Aztl2.2

[N

ZtCYR1

- <+ Nucleotide binding sites

Figure 5.2 Identification of a nonsynonymous point mutation in the ZtCYR1
coding sequence of the avirulent Z. tritici strains C5 and L2

(A) Disease symptoms on wheat leaves after 21 days infection by C5 and L2 compared
to wild type IPO323 and representative independent Aztcut5 and Aztl2 deletion strains.
(B) Site of the point mutation (red box) in the A/G-cyclase domain of ZtCYR1 identified
in both C5 and L2, with the ZtCYR1 domain structure (above) and the domains and
features identified by InterProScan in the region of the mutation, including the putative
nucleotide binding site at the mutation position.
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identified three and four unique polymorphisms in strains C5 and L2,

respectively, all of which were located in intergenic regions (Table 5.1).

Table 5.1 Polymorphisms identified in avirulent strains

Strain __ Position® Polymorphism® Reference sequence Mutated sequence | gcation

L2 and C5 1:3263621 SNP G A Intergenic region
2:400119 SNP C T Intergenic region
2:1459200 SNP T C Intergenic region

AGGCG AG ZIAGO1
3:2633702  Deletion (ZtritiPO323_04g08085)
4:999781 SNP G C Intergenic region

GCTCTCTCTCTCTCTC GCTCTCTCTCTCTCT
TCTCTCTCTCTCTCTCT CTCTCTCTCTCTCTC
CTCTCTCTCTCTCTT  TCTCTCTCTCTCTCT

6:1362751 Insertion CTCTT Intergenic region
G A ZICYR1
6:2444773  SNP (ZtritiPO323_04g11209)
TTCATTGTACTTGTTTA TT
9:2142308  Deletion TAT Intergenic region
9:2142331 SNP C G Intergenic region
9:2142337 SNP C G Intergenic region
10:1321821 SNP A C Intergenic region
11:1063938 SNP A C Intergenic region
12:99 SNP CcC CTA Intergenic region
12:605733  Deletion GCTCC GC Intergenic region
TGAAGAAGAGGAAGAAG TGAAGAAGAGG
20:174432  Deletion AGG Intergenic region
L2 10:262311  Deletion GAGGCTTG GG Intergenic region
13:26841 SNP C T Intergenic region
15:611895 SNP C T Intergenic region
C5 13:24680 SNP C A Intergenic region
15:638738 SNP A G Intergenic region
15:638748 SNP T C Intergenic region
8:2443477 SNP G T Intergenic region
T21 3:3451357 SNP T C Intergenic region
3:3451365 SNP G A Intergenic region
5:929375 SNP A G Intergenic region
6:2255788 SNP A C ZtritlPO323_04911145
8:10911 SNP T C Intergenic region
ACGGCTACCGTCGC AC ZtBCK1
11:240720  Deletion (ZtritiPO323_04g03043)
11:970076  SNP T C Intergenic region
14:772867 SNP T C Intergenic region
15:14224 SNP G C Intergenic region
18:422745 SNP TATAA TGTTAT Intergenic region
C5 and T2:21:37878 SNP C T Intergenic region

3Position on chromosome (chr:bp)
bType of polymorphism; deletion, insertion or single nucleotide polymorphism (SNP)

Interestingly, these strains were found to share 15 polymorphisms which were
not identified in the other sequenced strains (Table 5.1), suggesting that they
originate from the same variant within the population of background IPO323

genotypes.

These 15 polymorphisms included two within the coding regions of genes. A
three base pair deletion was identified in the first exon of ZtAGO1
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(ZtritiPO323_049g08085/Mycgr3G38035), which causes a frame shift in the
predicted coding sequence (Table 5.1). However, as this gene has been shown
previously to be dispensable for virulence in Z. tritici (Kettles et al., 2019), this
deletion was deemed unlikely to have caused the avirulence of C5 and L2. The
second exonic polymorphism shared by these strains was a nonsynonymous
SNP in the second exon of the Z. tritici homolog of adenylate cyclase enzyme
MgCYRL1 (ZtritilPO323_04911209/Mycgr3G86659), which will hereafter be
referred to as ZtCYR1. PCR amplification of the region and subsequent Sanger
sequencing was carried out to confirm the presence of this SNP in both C5 and
L2. This substitution causes a missense mutation of E1663K, a residue which is
predicted to be a nucleotidyl binding site in the cyclase domain (IPR001054) of
the enzyme (Fig. 5.2B). Previous studies have identified the contribution of both
G-protein and protein kinase A (PKA) subunits to the virulence of Z. tritici
(Mehrabi et al., 2009; Mehrabi & Kema, 2006), which act upstream and
downstream of adenylate cyclase in the PKA signalling pathway in yeast,
respectively (Tamaki, 2007; Toda et al., 1987). Considering this, disruption of
ZtCYR1 was hypothesised to cause the loss of virulence in the strains C5 and

L2, prompting further functional characterisation of this gene.

A third avirulent T-DNA insertion mutant, referred to as T21, was identified
during screening of transformants generated for targeted deletion of
ZtritiPO323_04g07737 (Mycgr3G108617), encoding a triacylglycerol lipase
(ZtTGL1). This strain was identified as having a defect in melanisation during
subculturing after transformation, which was not identified in other
transformants, warranting further investigation. PCR screening failed to identify
insertion of the T-DNA into the target ZtTGL1 locus, indicating the failure of
homologous recombination to delete this gene. However, T21 displayed
equivalent hygromycin resistance to other transformants and was confirmed to
contain the HygR gene by PCR, suggesting that this strain contained an ectopic
T-DNA insertion. Subsequent virulence phenotyping assays found this strain to

be incapable of causing symptoms on susceptible wheat leaves, while three
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Figure 5.3 Identification of disruptive frame-shift deletion upstream of ZtBCK1 in
the avirulent Z. tritici strain T21

(A) Disease symptoms on wheat leaves caused by T21 compared to IPO323 and a
confirmed Azttgll deletion strain at 21 days post inoculation. (B-D) Integrative
Genomics Viewer (IGV) screenshot showing alignment of T21 whole genome
resequencing reads, clustered vertically by the chromosome to which their pair is
aligned. (B) T21 reads aligned to ZtTGL1 locus showing presence of wild type allele
and increased coverage over each flanking region (LF and RF), indicating the
presence of these sequences elsewhere in the genome. Reads aligning to either end
of the flanking sequences have pairs aligning to the HYGF cassette. (C) Reads aligned
to the T-DNA sequence transformed into this strain, showing reads aligning to the 5’
and 3’ ends of the sequence whose pairs align to chromosome 11. Red arrows
represent locations of LF and RF sequences in inserted T-DNA, which are surrounded
by aligned reads whose pairs are mapped to the loci of LF and RF in chromosome 3.
(D) Reads aligned to the ZtBCK1 locus on chromosome 11. Red arrow represents site
of T-DNA insertion, showing reads aligned either side of this site whose pairs are
mapped to the T-DNA sequence. A deletion was identified at the start of the ZtBCK1
coding sequence (E) Diagram displaying insertion of T-DNA upstream of ZtBCK1 in
strain T21 and the deletion site (red arrow) in the ZtBCK1 coding sequence.
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other independent transformants with confirmed deletion of ZtTGL1 displayed
wild type virulence levels (Fig. 5.3A). Hence, the aberrant phenotype in this
case could potentially have arisen from random integration of the T-DNA into

another locus.

To identify the location of the ectopic T-DNA insertion in T21, whole genome
resequencing was carried out and the resulting reads aligned to the reference
IPO323 genome, including the T-DNA sequence from the plasmid pC-HYG-YR
as a separate chromosome. Investigation of the ZtTGL1 locus on chromosome
3 confirmed the absence of targeted T-DNA insertion (Fig. 5.3B). Furthermore,
increased coverage was observed at genomic regions cloned to flank the
selective marker in the inserted T-DNA, suggesting the duplication of these
sequences at an ectopic locus (Fig. 5.3B). A subset of reads aligning to the end
of the genomic left flank sequence have pairs mapping to a locus on
chromosome 11. Additionally, a subset of reads aligning with the end of the
genomic right flank sequence have pairs mapping to the T-DNA sequence. The
T-DNA region that these reads align to is beyond the right flank sequence,
which would not normally be inserted into the genome during targeted
integration by homologous recombination. Inspection of the reads aligned to this
region of the pC-HYG-YR T-DNA sequence identified those with pairs mapped
to the same locus of chromosome 11 (Fig. 5.3C). This suggests that the full T-
DNA sequence, including regions beyond the flanking sequences, has been

inserted ectopically into chromosome 11.

Inspection of T21 sequencing reads aligned to this region of chromosome 11
confirms presence of this insertion (Fig. 5.3D). Soft clipped sequences of reads
aligning either side of the insertion site are identical to the ends of the T-DNA
sequence, confirming that the complete T-DNA sequence from left border to
right border repeat has been inserted (Fig. 5.3D). The ectopic insertion site lies
133 bp upstream of the start codon of the gene ZtritiPO323 04903043,
encoding the Z. tritici homolog of the MAP kinase kinase kinase BCK1,
hereafter referred to as ZtBCK1 (Fig. 5.3D; Fig. 5.3E). The T-DNA insertion at
this locus could therefore have disrupted the promotor of ZtBCK1, potentially
leading to changes in the expression of this gene. Furthermore, variant calling
and examination of this region identified a 12bp deletion (chr11:240,721-

240,732; Fig. 5.3D) in the coding sequence of ZtBCK1 (Table 5.1; Fig. 5.3D),
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which is presumed to have occurred during the T-DNA insertion event. The
presence of this deletion was confirmed through Sanger sequencing. This
deletion causes the loss of residues 6-9 (‘GYRR’) in the predicted amino acid
sequence, which are outside any predicted conserved domains. Any disruption
of ZtBCK1 gene function by ectopic T-DNA insertion at this locus is therefore
likely to have been caused by interference in the ZtBCK1 promoter and altered

transcriptional regulation.

Apart from the deletion within ZtBCK1, variant calling only identified one other
unique polymorphism within the coding sequence of a gene in the T21 genome
(Table 5.1). This SNP occurs in the second exon of ZtrittPO323_04t11145
(Mycgr3G60318), encoding a putative major facilitator superfamily (MFS)
transporter, causing a V560G substitution in the predicted protein. Furthermore,
the left flank sequence in the T-DNA from the plasmid pC-HYG-TGL1KO
contains the complete sequence of the gene ZtritiIPO323 04907738
(Mycgr3G103740; Fig. 5.3B), which encodes a homolog of the yeast
cytochrome C oxidase assembly protein PET191 (McEwen et al., 1993). As a
consequence, the ectopic T-DNA insertion into the T21 genome will cause a full
copy of this gene to be inserted, potentially altering the expression of this
protein compared to the wild type. However, considering the previous evidence
for the virulence-related function of the CWI pathway in Z. tritici (Mehrabi, Van
Der Lee, et al., 2006), the disruption of ZtBCK1 was chosen for further

investigation into the cause of avirulence in T21.

5.3.2 Targeted deletion of ZtBCK1 and ZtCYR1 abolishes virulence in
Z. tritici

To support the hypothesis that the avirulence of strains C5/L2 and T21 is
caused by the disruption of ZtBCK1 and ZtCYR1, respectively, these genes
were targeted for deletion. Functional complementation of these strains, through
introduction of the wild type ZtBCK1 (including the promotor region) and
ZtCYRL1 alleles, is required to confirm the role of the identified mutations in
causing attenuated virulence. However, due to time constraints and the desire
to investigate the impact of complete loss of ZtBCK1 and ZtCYR1 gene
function, a targeted gene deletion approach was taken. The plasmid vectors
pC-HYG-CYR1KO and pC-HYG-BCK1KO were transformed into Z. tritici

144



A B

pC-HYG-CYR1KO Yy : N\ pC-HYG-BCK1KO
ToNA {_r JEHYGE >< RF_| T-oNA 1L ]
Wild type ZtCYR1 A A Wild type ZtBCK1 A
locus locas
omiBers CRINTR BT EXTE BOKL-INT

Azteyrl locus —[ LF ll H‘Y@t > RF }— Aztbck1 locus % LF H

> »>
CYR1-EXT-F Seq2-R CK1-EXT-F

C 21 dpi 35 dpi
IPO323 Aztbckl T21  Aztceyrl IPO323 Aztcyrl Aztbckl Mock

[} ’ P " ¥
T
Pald
?2 g ! 'j;‘-*
B B "ﬁ
g £ & i
.l."l i 1 § |
“AL i ! ',g {
RN}
SEN ¥ i B

IPO323

Aztbck1

Figure 5.4 Targeted deletion of ZtBCK1 and ZtCYR1 leads to abolishment of Z.
tritici virulence

Diagrams showing strategy for deletion of (A) ZtCYR1 and (B) ZtBCK1 using the
plasmids pC-HYG-CYR1KO and pC-HYG-BCK1KO, respectively, with primers used to
screen transformants under their respective target loci. (C) Disease symptoms on
wheat leaves after 21 and 35 days post infection by Aztcyrl and Aztbckl strains
compared to wild type IPO323, C5 and T21. (D) Epiphytic Z. tritici hyphae stained with
calcofluor white on the leaf surface 3 days post inoculation. Magnified images detailing
stomatal penetration events (arrows), with guard cells indicated by dotted oval. Scale
bars = 40um. 145



IPO323. The resulting hygromycin resistant transformants were screened for
insertion of the HYGR cassette in place of the wild type coding sequences of
ZtCYR1 and ZtBCK1 by PCR (Fig. 5.4A; Fig. 5.4B). Three independent deletion
mutants were purified for each gene, and designated Aztcyr1 and Aztbck1

strains.

Infection assays on susceptible wheat leaves found that these Aztcyr1 and
Aztbck1 strains showed equivalent attenuation of virulence to that displayed by
strains L2/C5 and T21, with all deletion strains unable to induce the necrotic
lesions and pycnidia seen on leaves infected with the wild type after 21 dpi (Fig.
5.4C). Although the mild chlorosis caused by L2 and C5 was not observed on
Azteyr1 infected leaves at 21 dpi, continuation of infection to 35 dpi led to the
appearance of chlorosis on these leaves (Fig. 5.4C). Chlorosis was not
observed on mock inoculated or Aztbck1 infected leaves, confirming that this
was not the result of environmental conditions or senescence (Fig. 5.4C). These
findings provide supporting evidence that the avirulence of L2/C5 and T21 is
caused by disruption of ZtCYR1 and ZtBCK1, respectively.

Microscopic observations confirmed that both Aztcyr1 and Aztbck1 strains were
able to penetrate the leaf through stomata (Fig. 5.4D). Spores of both mutants
germinated on the leaf surface to produce epiphytic hyphae, and numerous
stomatal interactions were observed for all strains after 3 dpi (Fig. 5.4D). These
findings establish that avirulence in these strains is not caused by disruption of
the morphological switch to hyphal growth, sensory perception of the host
surface or recognition of stomatal apertures. Instead, this suggests that
signalling via ZtCYR1 and ZtBCK1 is required during infection stages after host
penetration, during symptomless invasive growth of the mesophyll and/or the

switch to necrotrophy.

5.3.3 Deletion of ZtBCK1 impacts vegetative growth and the cell wall

stress response

Considering previous reports of the CWI pathway influencing both yeast-like
and hyphal growth of Z. tritici (Mehrabi, Van Der Lee, et al., 2006), the
vegetative growth characteristics of Aztbck1 strains were investigated. While

the growth rate by blastosporulation on YPD agar was consistent between
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Figure 5.5 Vegetative growth phenotypes of ZtBCK1 and ZtCYR1 deletion strains
(A) Z. tritici grown for 10 days on PDA containing sorbitol and YPD at 19°C, 5 pl
droplets of a 10-fold serial dilution starting at a concentration of 5x10° spores/ml. (B)
Blastospores grown on YPD for 6 days, with appearance of swollen cells (arrows) in
Aztbckl. Scale bar = 20 um. (C) Growth on potato dextrose agar (PDA) at 28°C and
19°C for 7 days and radial hyphal growth on water agar (WA) at 19°C for 14 days.
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Aztbck1 strains and IPO323, a defect in melanisation was seen in Aztbck1
mutants after a prolonged growth period (Fig. 5.5A). Furthermore, swollen cells
were observed regularly in the blastospores of Aztbck1 strains after 6 days of
growth on YPD, which were absent in IPO323 cells under the same conditions
(Fig. 5.5B). Defects in hyphal growth were also identified in ZtBCK1 deficient
strains. Initially, the germination efficiency and early colony formation on water
agar (WA) was similar between Aztbck1 strains and the wild type. However, the
growth rate of Aztbck1 strains reduced as radial growth continued, resulting in
colonies with significantly smaller diameter than the wild type after 14 days (Fig.
5.5C). Furthermore, compared to the wild type which produced abundant aerial
hyphae when grown at 28°C on PDA, Aztbck1 strains continued to grow by
blastosporulation, with no visible difference in colony formation between 19°C
and 28°C in these strains (Fig. 5.5C). These findings suggest that the Z. tritici
CWI pathway is involved in regulating the morphological switch to hyphal
growth in response to heat stress, as well as in prolonged hyphal growth under
starvation. Furthermore, the in vitro phenotypes of Aztbck1 were consistent with
those of T21, providing further evidence for ZtBCK1 disruption being the sole

genetic cause of the phenotypes of this strain.

The sensitivity of wild type and Aztbck1 strains to cell wall stress was assessed
by exposure to various enzyme mixtures possessing -1,3-glucanase activity.
Exposure of IPO323 spores to lysing enzymes from Trichoderma harzianum led
to some cell wall degradation and cell lysis, although many cells remained intact
(Fig. 5.6A). Cell wall degradation of Aztbck1 blastospores was dramatically
enhanced compared to the wild type, with almost all cells either forming
spheroplasts or undergoing lysis (Fig. 5.6A). To support this, the viability of wild
type and Aztbck1 cells following treatment with lyticase enzymes from
Arthrobacter luteus was assessed. The wild type was able to maintain viability
after exposure to a higher concentration of lyticase than Aztbck1, providing
further evidence that deletion of ZtBCK1 leads to enhanced sensitivity to cell
wall stress (Fig. 5.6B). To investigate whether this effect was specific to
disruption of B-1,3-glucan, the sensitivity of Aztbck1 to calcofluor white, which
disrupts chitin synthesis, and caspofungin, which inhibits $-1,3-glucan
synthesis, was assessed. While Aztbck1 strains displayed no change in

sensitivity to calcofluor white, they were found to have elevated sensitivity to
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Figure 5.6 Deletion of ZtBCK1 leads to increased sensitivity to cell wall degrading
enzymes

(A) Z. tritici cells incubated with 30 mg/ml lysing enzymes from Trichoderma harzianum
for 2 h. Scale bars = 50 ym (B) Z. tritici cell suspensions exposed to various
concentrations of Lyticase enzyme from Arthrobacter luteus for 2 h 25°C before being
cultured on YPD agar for 5 days at 19°C, showing loss of viability of Aztbckl strains at
lower enzyme concentrations than the wild type. (C) Sensitivity assays of Z. tritici
strains grown on YPD supplemented with calcofluor white (CFW) and caspofungin

(Casp). 5 pl droplets of a 10-fold serial dilution starting at a concentration of 5x10°
spores/ml.
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caspofungin (Fig. 5.6C). Together, these results suggest that the ZtBCK1 is
specifically involved in regulation of the Z. tritici response to perturbation of 3-
1,3-glucan integrity. Furthermore, Aztcyr1 strains, but not strain C5, also
displayed increased sensitivity to caspofungin (Fig. 5.6C), suggesting that

cAMP signalling may also plays a role in this response.

5.3.4 Deletion of ZtCYR1 impairs melanisation and increases

osmosensitivity

Vegetative growth phenotypes of Aztcyr1 strains were also investigated for
comparison with previous characterisation of other components of the PKA
signalling pathway (Mehrabi et al., 2009; Mehrabi & Kema, 2006). The growth
rate by blastosporulation on YPD was indistinguishable from the wild type (Fig.
5.5A). However, melanisation was impaired in Aztcyr1 when grown on YPD and
PDA at 19°C in the dark (Fig. 5.5A; Fig. 5.5C). Similarly, melanisation of aerial
hyphae was not observed in Aztcyr1 strains when grown on PDA at 28°C.
Furthermore, while the germination efficiency of Aztcyr1 strains on water agar
was unchanged from the wild type, subsequent hyphal growth proceeded at a
much slower rate in these mutants (Fig. 5.5C). Interestingly, this disruption of
melanisation and hyphal growth rate was not observed in the C5 strain. Finally,
sensitivity to high osmolarity of the growth media was increased in the C5 and
Aztcyr1 strains, which displayed a reduced growth rate compared to the wild
type on PDA amended with 1.5M sorbitol (Fig. 5.5A). These findings suggest
that ZtCYRL1 is involved in the regulation of melanisation, hyphal growth and the
osmotic stress responses, but that the phenotype caused by the point mutation
in ZtCYR1 in the C5 strain is distinct from that resulting from deletion of the

whole coding sequence.

5.3.5 Transcriptome profiling of Aztcyr1 and Aztbck1 strains during

infection

Considering the observation of successful epiphytic growth and stomatal
interactions during infection by Aztcyr1 and Aztbck1 strains, it was hypothesised
that avirulence in these strains was caused by defective regulation of
intercellular colonisation in the leaf tissue. This could include impaired

adaptation to the host environment, abnormal fungal development during
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invasive growth or an inability to effectively manipulate the host defence
response, all of which have been shown to be crucial for successful Z. tritici
infection of wheat (Francisco et al., 2020; Marshall et al., 2011; Rudd et al.,
2015). To investigate such possible explanations, whole genome transcriptome
profiling of both Z. tritici and wheat during infection by the wild type IPO323,
Aztcyrl and Aztbck1 was carried out by RNA sequencing. Infected leaf samples
were taken at 6 dpi to assess differences in gene expression during the late
symptomless phase of wild type infection, when stomatal penetration by most
epiphytic hyphae has occurred and invasive growth is being established in the
mesophyll. Samples were also taken at 9 dpi at the start of the transition to
necrotrophic growth by the wild type IPO323, which has been shown previously
to coincide with dramatic transcriptional changes in both the pathogen and host
(Rudd et al 2015). It must be noted that leaf samples infected by all Z. tritici
strains remained asymptomatic at 9 dpi, before the wild type began to induce
chlorosis between 10 and 12 dpi.

The progress of leaf colonisation by each strain between the sampled time
points was assessed quantitatively through the relative abundance of Z. tritici
transcripts. The proportion of RNA reads uniquely mapping to the Z. tritici
genome was calculated to indicate the level of fungal biomass in each sample.
No significant difference in the proportion of Z. tritici transcripts was identified
between the strains at 6dpi, suggesting that fungal growth rate up to this point
of infection was largely equivalent (Fig. 5.7A). IPO323 displayed significant
increases in the proportion of reads mapped to the Z. tritici genome at 9dpi (Fig.
5.7A). This is consistent with previous reports of measurable increases in fungal
biomass as Z. tritici transitions to necrotrophy, changes in which are difficult to
detect during early symptomless growth (Keon et al., 2007; Palma-Guerrero et
al., 2016; Rudd et al., 2015). This provides evidence that the sampled infection

time points effectively encompass this transition in infection stage.

Conversely, no significant increase in the percentage of reads mapped to the Z.
tritici genome was identified between 6dpi and 9dpi in Aztbck1 samples,
indicating that there was no significant increase in the relative biomass of this
strain in infected leaf tissue (Fig 5.7A). This suggests that colonisation of the
wheat leaf by Aztbck1 is inhibited during the symptomless phase of infection.

Furthermore, while Aztcyr1 samples did display an increase in Z. tritici mapped
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reads between 6dpi and 9dpi (Fig. 5.7A), the magnitude of this increase was
significantly greater in IPO323 than in Aztcyr1 infected leaves (Fig. 5.7B). This
suggests that the increase in fungal biomass between these time points was

less pronounced in Aztcyr1.
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Figure 5.7 In planta growth and global gene transcription are impacted by
deletion of ZtBCK1 and ZtCYR1

(A) Percentage of RNA sequencing reads uniquely mapped to the Z. tritici genome
across infection time points in each strain, as an indication of in planta fungal biomass.
Mean values across each repeated sample are plotted along with the standard error.
Statistically significant differences between mean percentages across time points in
each strain from one-way ANOVA are indicated (***p<0.001, *p<0.05). (B) Change in
the percentage of uniquely mapped reads between 6 and 9 dpi in each experimental
repeat grouped by strain, as an indication of growth between these time points.
Statistically significant differences from one-way ANOVA are indicated (***p<0.001,
*p<0.05). (C) Principal component analysis of global normalised gene expression data.

Principle component analysis (PCA) using global normalised gene expression
data revealed that the Z. tritici transcriptome of each sample could be most
easily distinguished by the strain used for infection (Fig. 5.7C). The first

principle component (PC1) encompasses most of the variation in gene
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expression between Aztbck1 and both Aztcyr1 and IPO323, explaining 76% of
the variation in the dataset (Fig. 5.7C). Meanwhile the second principal
component (PC2), which explains 16% of the variation in gene expression,
appears to comprise the majority of variation between Aztcyr1 and IPO323,
which is accentuated by the progression of infection to 9 dpi (Fig. 5.7C).
Although global gene expression in Aztcyr1 does appear to change between the
time points, with clear grouping of Aztcyr1 6 dpi and 9 dpi samples, this change
is not as dramatic as the wild type (Fig. 5.7C). These results suggest that
divergence in global gene expression between IPO323 and Aztcyr1 increases
as the wild type transitions to necrotrophic growth. This led to the hypothesis
that disruption of cAMP signalling impairs the ability of Z. tritici to undergo this
necrotrophic switch. Furthermore, the variation along PC2 between 6 and 9 dpi
in the wild type further differentiates the difference in global gene expression
with Aztbck1, which shows no variation between the sampled time points along
either axis (Fig. 5.7C). Along with the stasis in Aztbck1 biomass between 6 and
9 dpi, this supports the hypothesis that colonisation by Aztbck1 does not

progress beyond the initial invasion of the wheat leaf.

5.3.6 ZtBCK1 regulates in planta expression of fungal genes

encoding putative secreted proteins and candidate effectors

Differential expression analysis led to the identification of 682 DE genes in
Aztbck1 at 6 dpi, which increased to 1652 DE genes at 9 dpi compared to the
expression profile in IPO323 (Fig. 5.8A,; Table S5.1). Furthermore, only three
genes were found to be DE between the sampling time points in Aztbck1,
compared to 198 DE genes identified between 6 and 9 dpi in IPO323 (Fig. 5.8B;
Table S5.1). This is consistent with the results of PCA in finding that global
transcription in Aztbck1 diverges further from that of IPO323 between 6 and 9
dpi during infection, and that this largely results from changes in gene
expression in the wild type across infection. These results suggest that not only
IS gene expression in the Aztbck1 mutant significantly different to the wild type
during early infection, but that it also displays none of the transcriptional

changes associated with the transition to necrotrophy.

Given the importance of secreted proteins in the molecular interaction between

Z. tritici and wheat, the differential expression of genes within the recently
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Figure 5.8 Aztbck1 shows widespread
downregulation of secreted proteins in
planta

MA plots displaying differentially
expressed genes (blue points) between (A)
Aztbck1 and IPO323 at 6 dpi (top) and 9
dpi (bottom), and (B) between 9 dpi and 6
dpi in IPO323 (top) and Aztbck1 (bottom).
Number of differentially expressed genes
are detailed, as well as number of
secretome and predicted effector genes.
Asterisks indicate significant enrichment of
these gene categories amongst DE gene
sets determined using Fisher’s exact tests
(p<0.01). (C) Heat map displaying log-fold
change in normalised expression values
relative to the mean normalised expression
for differentially expressed secretome
genes in each sample. Column labels (e.g.
B6_2) indicate the sample strain
(B=Aztbck1, C=Aztcyr1, 1=IPO323), time
point (6 dpi and 9 dpi) and replicate (2, 3
and 4).

= [

updated Z. tritici secretome was investigated (Rudd et al., unpublished). The
secretome was defined as those genes within the Rothamsted genome
annotation that contain a predicted signal peptide and do not contain a
predicted transmembrane domain (Rudd et al., unpublished). Aztbck1 displayed
widespread downregulation of genes within the secretome compared to IPO323
during infection (Fig. 5.8C; Table S5.1). Secretome genes were significantly

enriched in the downregulated genes identified in Aztbck1 at both 6 and 9 dpi,
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Figure 5.9 Genes encoding putative infection-related secreted proteins show
differential regulation in Aztbck1 and Aztcyr1

Heat maps displaying log-fold change in normalised expression values relative to the
mean normalised expression for differentially expressed secreted (A) proteases, (B)
plant cell wall degrading enzymes (PCWDESs) and (C) peroxidase/superoxide
dismutase genes in each sample. Column labels (e.g. B6_2) indicate the sample strain
(B=Aztbck1, C=Aztcyr1, I=IPO323), time point (6 dpi and 9 dpi) and replicate (2, 3 and
4).

making up 38.6% and 27.7% in these sets, respectively (Fig. 5.8A). Functional
annotation based on InterPro domains revealed that these downregulated
secreted proteins include many with enzymatic activities that have been shown
to be induced during wild type Z. tritici infection (Table S5.1; Palma-Guerrero et
al., 2016; Rudd et al., 2015). This includes a host of secreted proteases, plant
cell wall degrading enzymes, peroxidases and superoxide dismutases (Fig.
5.9). There were some exceptions to this, including 5 secreted proteases and 3
chloroperoxidases which were upregulated at 9 dpi in Aztbck1 (Fig. 5.9A; Fig.
5.9C). However, in these cases there was clear evidence for peak expression
during early infection in the wild type, both here (Table S5.1) and in previous
studies (Palma-Guerrero et al., 2016; Rudd et al., 2015). This indicates that a
minority of the secreted proteins associated with the symptomless phase
displayed continued expression in Aztbck1 at 9dpi. Overall, these results
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suggests that Aztbck1 is unable to induce the transcription of a broad range of

infection-related secreted proteins in response to colonisation of the host

environment.
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Figure 5.10 Putative effector genes show differential regulation in Aztbck1 and

Aztcyr1

(A) Heat maps displaying log-fold change in normalised expression values relative to
the mean normalised expression for differentially expressed secreted effector genes in
each sample. Column labels (e.g. B6_2) indicate the sample strain (B=Aztbck1,
C=Aztcyr1, 1=IPO323), time point (6 dpi and 9 dpi) and replicate (2, 3 and 4). (B) Mean
of the normalised count values for MgNLP (ZtritiPO323_04g04358), Mg3LysM
(ZtritiPO323_04903143), MglLysM (ZtritlPO323_04912742) and MgXLysM
(ZtritiPO323_049g12740) in each strain at 6 dpi and 9 dpi. Error bars represent standard

error.
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Considering their crucial function in the molecular interactions of plant
pathogens and their hosts (Lo Presti et al., 2015), and the lack of knowledge
surrounding their regulation, analysis was also carried out for genes encoding
predicted effectors. Putative effectors were predicted from the putative protein
sequences of genes within the secretome using EffectorP v2.0 (Sperschneider
et al., 2018). The sets of genes downregulated in Aztbck1 at both time points
were significantly enriched for predicted effectors (Fig. 5.8A; Fig. 5.10A),
supporting the hypothesis that Aztbck1 is defective in infection-specific protein
secretion. This includes the necrosis- and ethylene-inducing protein 1 (Nepl)-
like protein MgNLP, which is known to be highly upregulated during the late
symptomless phase but is dispensable for virulence (Motteram et al., 2009).
Crucially, all three LysM-domain containing effectors, which are known to be Z.
tritici virulence factors (Tian et al., 2021), are strongly downregulated in Aztbck1
at both 6 and 9 dpi (Fig. 5.10B). This finding suggests that host colonisation by
Aztbck1 is inhibited by the inability of this strain to supress and withstand the

host defence response.

Furthermore, genes involved in cell wall biosynthesis were also found to be
differentially regulated in Aztbck1 during infection (Fig. 5.11). A Z. tritici homolog
of the A. fumigatus -1-3 glucanosyltransferase ZtGel2, involved in the
formation of 3-1,3-glucan branches, and an a-1,3 glucan synthase were both
downregulated in Aztbck1 compared to IPO323 at both time points (Fig. 5.11A).
Along with the sensitivity of Aztbck1 to caspofungin and glucanase enzymes,
this suggests that the Z. tritici CWI pathway is responsible for responding to [3-
1,3-glucan perturbation. Conversely, four chitin synthase genes were found to
show significantly higher expression in Aztbckl during infection (Fig. 5.11B).
Enhanced expression of chitin synthases in Aztbck1 could indicate the absence
of an adaptive repression of chitin biosynthesis during infection by the wild type
to avoid host recognition, although there is no evidence for such a response
from previous transcriptome data (Rudd et al., 2015). Alternatively, an
enhanced host defence response to Aztbck1 due to lack of immune
suppression by secreted effectors, including LysM proteins (Marshall et al.,
2011), could lead to elevated chitin synthase expression in response to cell wall

damage, regulated by signalling mechanisms other than the CWI pathway.
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Figure 5.11 Cell wall biosynthesis enzymes are differentially strain
expressed in Aztbckl bekd

Mean of the normalised count values in each strain at 6 dpi and 9 dpi for
(A) alpha-1,3-glucan synthase (ZtritiPO323_04g10384) and ZtGEL2
(ZtritiPO323_04g13416) and (B) differentially expressed chitin synthase IPO323
genes (CHS3/ZtritIPO323_04900292, CHS4/ZtritiPO323_049g09937,
CHS5/ZtritIPO323_04906329 and CHS6/ZtritiPO323_04906328. Error

bars represent standard error.

* cyr1

5.3.7 Infection-associated gene expression in Aztcyr1 diverges from

IPO323 as infection progresses

Differential expression analysis found there to be 84 DE genes between Aztcyr1
and IPO323 at 6 dpi, which increased to 346 DE genes at 9 dpi (Fig. 5.12A,;
Table S5.1). Furthermore, a set of 182 genes was found to be DE between 6
and 9 dpi in Aztcyr1 (Fig. 5.12B; Table S5.1). Although this set showed some
similarity to the genes found to be DE between the time points in IPO323, the
majority (66%) were distinct (Fig. 5.12C). These results support those from PCA
analysis in suggesting that while global transcription is similar between Aztcyr1
and IPO323 at 6 dpi, the progression of infection to 9 dpi leads to divergence in

gene expression between these strains.

The sets of up- and downregulated genes in Aztcyr1 compared to IPO323 from
both time points were significantly enriched with secretome genes (Fig. 5.12A).

The majority of these putative secreted proteins were functionally
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Figure 5.12 Aztcyr1 gene expression diverges from IPO323 as infection
progresses

MA plots displaying differentially expressed genes (blue points) between (A) Aztcyr1
and IPO323 at 6 dpi (top) and 9 dpi (bottom), and (B) between 9 dpi and 6 dpi in
IPO323 (top) and Aztcyr1 (bottom). Number of differentially expressed genes are
detailed, as well as number of secretome and predicted effector genes. Asterisks
indicate significant enrichment of these gene categories amongst DE gene sets
determined using Fisher’s exact tests (p<0.01). (C) Comparison of genes found to be
differentially expressed between 6 and 9 dpi in IPO323 and Aztcyr1.

uncharacterised, and all sets of Aztcyr1 DE genes were significantly enriched
for predicted effectors (Fig. 5.12A). Nine putative effectors were upregulated in
Aztcyr1 at 6 dpi, which increased to 43 at 9 dpi (Fig. 5.12A; Fig 5.13A).
Similarly, the number of putative effectors downregulated in Aztcyrl increased
from 11 to 27 between 6 and 9 dpi (Figure 5.12A; Fig. 5.13B). Nineteen of the
27 effectors downregulated in Aztcyr1 at 9dpi were upregulated between 6 and
9 dpi in IPO323 (Figure 5.13B; Table S5.1), suggesting that they function in the
onset of necrotrophy. To support this, it was found that all of the effectors in this
set of 27 (that were included in the old genome annotation) displayed peak
expression at the transition to, or during, the necrotrophic phase in a previous
study (Rudd et al., 2015). As well as protein effectors, two polyketide synthase

(PKS) genes and the hybrid PKS ribosomal peptide synthase HSP1 (Rudd et al
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2015), which could function in biosynthesis of secondary metabolite effectors,
were downregulated in Aztcyr1 at 9 dpi (Fig. 5.13C). These results indicate that
the expression of effectors is diverging between Aztcyr1 and the wild type as

infection moves towards the necrotrophic phase.
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Figure 5.13 Top 10 putative effectors up- and downregulated in Aztcyr1
Expression profiles of putative effectors that were upregulated (A) and downregulated
(B) by the largest fold-change, as well as differentially expressed polyketide synthase
genes, in Aztcyr1 at 9 dpi compared to IPO323. Mean of the normalised count values
in each strain at 6 dpi and 9 dpi are plotted, with error bars representing standard error.
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Another striking difference in expression between Aztcyr1 and IPO323 during
infection was the upregulation of secreted proteases in the mutant (Fig. 5.9A).
The number of significantly upregulated secreted proteases in Aztcyr1
compared the wild type increased from 5 to 16 between 6 and 9 dpi (Table
S5.1). All of these secreted proteases were found previously to show peak
expression at the transition to necrotrophy during IPO323 infection, which was
proposed to represent a switch to the use of host proteins as a carbon source
(Rudd et al., 2015). Also heavily represented in the DE genes in Aztcyr1 were
the major facilitator superfamily (MFS) transporters, 18 of which were
downregulated at 9dpi in this strain (Table S5.1). Of these, 10 were annotated
as sugar transporters (Fig. 5.14). Also downregulated at 9dpi were three
predicted amino acid transporters (Table S5.1). Furthermore, 6 MFS proteins
were upregulated in Aztcyr1 at 9 dpi (Table S5.1), three of which were putative
sugar transporters (Fig. 5.14). Together, these results suggest that genes
potentially involved in acquisition of nutrients from the host are differentially
regulated in Aztcyr1 as infection progresses.

Figure 5.14 Sugar transporters
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5.3.8 Transcriptome profiling of wheat reveals different defence

response to infection by Aztcyr1 and Aztbck1

Analysis of RNA sequencing reads aligned to the wheat genome was used to
investigate whether the host response to Aztcyr1 and Aztbck1 infection was
altered compared to colonisation by the wild type. Clustering of samples based
on global wheat gene expression data was investigated by multi-dimensional

scaling (MDS) analysis (Fig. 5.15). This revealed that 40% of the variance
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Figure 5.15. Global wheat gene expression analysis during infection

(A) Multidimensional scaling (MDS) plot on global wheat gene expression data. (B)
Comparison of genes differentially expressed between 6 dpi and 9 dpi in leaves
infected with IPO323, Aztbckl and Aztcyrl. (C) MA plots displaying differentially
expressed genes between leaves infected with Aztbck1 at 6 dpi (top left) and 9 dpi
(bottom left) and Aztcyr1 at 6 dpi (top right) and 9 dpi (bottom right), using leaves
infected with IPO323 each time point as a reference. Number of differentially
expressed genes are detailed.

between the samples can be summarised by the first dimension, which broadly
segregates the samples by time point during infection at which they were taken
(Fig. 5.15A). To investigate this further, the sets of genes that were DE between
6 and 9 dpi for each strain were compared, which identified 3,432 genes that
were differentially regulated in the same direction in all strains (Fig. 5.15B). This
suggests that gene expression in leaves infected by all strains showed highly
similar responses to the sampling time point. However, samples did cluster

depending on the inoculated strain, and this variation could be largely explained
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by dimension two (Fig. 5.15A). More specifically, leaf samples infected with
IPO323 and Aztbck1 clustered separately from Aztcyr1 at 6 dpi, before samples
infected by IPO323 diverged further from Aztcyr1 and Aztbck1 at 9dpi (Fig.
5.15A).
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Figure 5.16 Expression profiles of wheat defence genes
The mean counts per million (CPM) of each gene across samples infected with each
strain at 6 dpi and 9dpi is plotted, with error bars representing the standard error.

To investigate which genes were causing this variation in the wheat
transcriptome profile depending on the inoculated strain, gene level differential
expression analysis was implemented. Despite the apparent difference in global
transcription between samples infected by Aztcyr1 and IPO323 at 6 dpi from
MDS analysis, no statistically significant DE genes were identified between any
strains at this time point (Fig. 5.15C). However, a set of 396 DE genes were
identified between Aztbck1 and IPO323 infected samples at 9 dpi (Fig. 5.15C;
Supplementary Table S2). Furthermore, 2192 DE genes were identified
between Azfcyr1 and IPO323 infected samples at 9dpi (Fig. 5.15C; Table S5.2).

Further analysis of these DE gene sets focused on wheat genes with predicted
functions in defence responses against pathogens. The expression profiles of
genes which have been characterised as responding to Z. tritici infection in a
previous study (Ray et al., 2003) were investigated (Fig. 5.16). This included the
pathogenesis-related (PR) proteins the PR1 protein PR-1-4
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Figure 5.17 Defence-related wheat genes
show differential regulation in Aztbck1
and Aztcyr1 infected leaves

Heat maps displaying log-CPM values
relative to the mean of each row, scaled so
that the standard deviation is one (z-score).
Plots contain PR1-domain (A), B-1,3-
glucanase (B), chitinase (C), thaumatin-like
domain (D) and cysteine protease (E) genes
that were differentially expressed in Aztcyr1
infected samples at 9dpi. Differential
expression in Aztbck1 infected samples at 9
dpi is indicated by asterisks. Column labels
(e.g. B6_2) indicate the sample strain
(B=Aztbck1, C=Aztcyr1, 1=IPO323), time
point (6 dpi and 9 dpi) and replicate (2, 3 and
4).

(TraesCS7D02G161200), the beta-1,3-glucanase PR2
(TraesCS7D02G551400) and the thaumatin-like protein PR5
(TraesCS7D02G551400), as well as the protein disulphide isomerase PDI2
(TraesCS4B02G101800). All four of these genes were significantly
downregulated in Aztcyr1 at 9dpi. Although no further statistically significant

differences were identified, these genes displayed similar expression profiles.

The lowest expression value for these genes was consistently in Aztcyr1 at both
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time points. The highest expression of these genes at 6 dpi was in Aztbck1,
which decreased by 9 dpi, at which point their expression had increased in
IPO323 infected samples (Fig. 5.16). In addition to these genes, 2 other PR1
proteins, 12 other beta-1,3-glucanases (PR2), 10 chitinases (PR3) and 5 other
thaumatin-like proteins (PR5) were found to be downregulated in Aztcyr1
infected samples at 9 dpi (Fig. 5.17). A subset of these was also downregulated
in Aztbckl infected samples at 9dpi (Fig. 5.17).

Other protein annotations that were highly represented in the downregulated
genes in Aztcyr1 were proteases, including Cys- (Fig. 5.17E), metallo- and
subtilisin-like families, ubiquitination proteins and drug resistance ABC
transporters (Table S5.2), all of which were also associated with the switch to
necrotrophy in the wild type (Rudd et al 2015). Also highly represented in the
DE genes within Aztbck1 and Aztcyr1 infected leaves at 9dpi were receptor-like
kinases (RLKs), including many from the wall-associated, leucine-rich repeat,
cysteine-rich and lectin kinase families (Table S5.2). These families have
previously been found to be upregulated in wild type infected wheat leaves
around the transition to necrotrophy (Rudd et al., 2015). A total of 223 RLK
genes were downregulated in Aztcyr1 at 9dpi, while 53 were downregulated in
Aztbck1 (Fig. 5.18A, Table S5.2). Furthermore, three LysM domain GPI-
anchored proteins of the chitin elicitor binding protein (CEBIP), which have been
characterised in chitin-induced defence responses to Z. tritici (W. S. Lee et al.,
2014), were also downregulated at 9 dpi in Aztcyr1 (Table S5.2). These findings
strongly suggest that Aztcyr1 is unable to induce the wheat defence response
seen during wild type infection, despite continuing to grow in the host

environment.

Another gene previously identified as specifically associated with the host
defence response during the transition to necrotrophy is the MAP kinase
TaMPK3 (Rudd et al., 2008). TaMPK3 was significantly downregulated between
6 and 9 dpi in leaves infected with all the strains (Fig. 5.18B). As this gene is
known to be involved in responses to various abiotic stresses in wheat (Goyal et
al., 2018; Zhan et al., 2017), this might suggest that all plants were under
environmental stress at 6 dpi. This could have been the cause of the large
proportion of shared variation in global gene expression observed between the

time points in infections by all of the Z. tritici strains (Fig. 5.15B; Table S5.2).
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Figure 5.18 Receptor-like kinase and TaMPK3 gene expression is downregulated
in Aztbck1 and Aztcyr1 at 9dpi

(A) Expression profiles of receptor-like kinases that were differentially expressed in
Aztbck1 and Aztcyr1 infected leaves at 9dpi. Heat map displaying log-CPM values
relative to the mean of each row, scaled so that the standard deviation is one (z-score).
Column labels (e.g. B6_2) indicate the sample strain (B=Aztbck1, C=Aztcyr1,
I=IPO323), time point (6 dpi and 9 dpi) and replicate (2, 3 and 4). (B) Expression profile
of TaMPK3 (TraesCS4A02G106400) across samples, displaying mean counts per
million across repeated samples from same treatment and error bars displaying
standard error.

Moreover, downregulation of TaMPK3 was not as dramatic in IPO323 infected
samples (Fig. 5.18B), meaning it was identified as significantly downregulated in
Aztcyr1 infected leaves at 9 dpi. This is consistent with its involvement in the
wild type Z. tritici-induced defence response at this stage (Rudd et al., 2008). A
similar expression pattern, consisting of significant downregulation between 6
and 9 dpi in mutant infected leaves and either less dramatic downregulation,
unchanged expression or even upregulation in IPO323 infected leaves, is seen
for many of the previously mentioned RLK genes (Fig. 5.18A; Table S5.2). As
expression of RLKs is known to respond to diverse abiotic stresses (Lehti-Shiu

et al., 2009; Shumayla, Sharma, Kumar, et al., 2016; Shumayla, Sharma,
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Pandey, et al., 2016), this supports the hypothesis that all wheat plants were

under some environmental stress at 6 dpi.

With regard to the host transcriptional response to Aztbck1, many of the
aforementioned defence-related genes were found amongst those
downregulated between 6 and 9 dpi specifically in Aztbck1 samples, and not in
IPO323 or Aztcyr1 infected leaves (Table S5.2). This suggests that the host
defence response was induced in Aztbck1 infected leaves at 6 dpi, and
subsequently declined at 9 dpi. This is supported by the fact that many of these
defence-related genes then become significantly downregulated in Aztbck1
infected leaves compared to IPO323 infected samples at 9 dpi (Fig. 5.17; Table
S5.2), as the wild type progresses towards the necrotrophic phase and
induction of the hypersensitive host response. Along with the finding that
Aztbck1 fungal biomass does not increase between the time points, this
suggests that Aztbck1 colonisation is inhibited early on by the host defence
response. This is likely enabled by the lack of secretion of effectors in Aztbck1,
including LysM-domain proteins, which function to suppress the host defence
response during early infection by the wild type. This defence response then

starts to subside as less fungal penetration events occur.
5.4 Discussion

The cAMP-PKA and CWI pathways are emerging as crucial signalling cascades
regulating the invasion of plants by fungal pathogens (Turra et al., 2014). The
present study identified elements of both of these pathways that were essential
for Z. tritici pathogenicity on wheat using a forward genetic approach. Whole
genome resequencing of avirulent T-DNA transformants identified disruptive
mutations in ZtBCK1, a homolog of the yeast MAPKKK regulating Slt2 in the
CWI pathway (Lee et al., 1992), and the adenylate cyclase gene ZtCYR1.
Targeted deletion of these genes abolished pathogenicity of the fungus and led
to similar in vitro phenotypes to those associated with disruption of putative
downstream kinases (Mehrabi, Van Der Lee, et al., 2006; Mehrabi & Kema,
2006). RNA-sequencing was used to investigate the effect of ZtBCK1 and
ZtCYRL1 deletion on gene expression in both Z. tritici and wheat during infection,
providing insight into the contribution of these genes to the regulation of host

colonisation.
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The hyphal growth rate of Aztbck1 was found to be reduced during prolonged
growth on water agar, similar to the previously characterised Amgsi/t2 mutant
(Mehrabi et al 2006). This indicates that disruption of the CWI pathway may
have a negative impact on Z. tritici polarised growth, through de-regulation of
proteins involved in cell wall biosynthesis at the hyphal apex. However, despite
causing defects in vegetative growth in vitro, deletion of ZtBCK1 did not
influence the ability of Z. tritici spores to germinate on the leaf surface or
penetrate through stomata. Furthermore, no evidence was found for the growth
of Aztbck1 mutants beyond the symptomless phase, with no increase in fungal
biomass detected after 6 dpi. These findings are consistent with the phenotypes
identified in Amgslt2 mutants, which were unable to colonise the mesophyll to
the same extent as the wild type after entering the substomatal cavities
(Mehrabi, Van Der Lee, et al., 2006). These findings point towards the role of
the CWI pathway in regulating adaptation to the host environment.

Transcriptome profiling revealed that Aztbck1 was severely inhibited in the
expression of predicted secreted proteins during infection. This included the
LysM effectors Mg3LysM, MglLysM and MgXLysM, which are known to have
partially redundant functions in the evasion and tolerance of the chitin-induced
wheat defence response, and together are essential for Z. tritici virulence
(Marshall et al., 2011; Tian et al., 2021). Furthermore, wheat expression
analysis revealed the high expression of numerous defence-related genes in
response to infection by Aztbck1, including many bona fide PR proteins.
Analysis of Aztbck1 gene expression at an earlier time point during infection is
required to confirm that downregulation of the infection-related secretome is
caused by an inability to respond to the host environment, rather than
suppression under the stress of the host defence response. Together, these
findings suggest that the CWI pathway is involved in regulation of virulence-
associated secreted proteins in response to the host apoplast, and that this is
required for suppression of the host immune response to enable mesophyll

colonisation.

In S. cerevisiae, the CWI pathway is required for controlling cell wall
homeostasis in response to stress caused by hydrolytic enzymes and cell wall
perturbing agents, as well as heat, osmotic and pH stress (Garcia et al., 2009;

Kamada et al., 1995; Reinoso-Martin et al., 2003). Here, Aztbck1 mutants were
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found to have increased sensitivity to beta-1,3-glucanase enzymes and the
beta-1,3-glucan synthesis-inhibiting echinocandin fungicide caspofungin, but not
to chitin disruption by calcofluor white. This corroborates previous findings that
deletion of MgSLT2 increases sensitivity to glucanase by not chitinase enzymes
(Mehrabi, Van Der Lee, et al., 2006). Furthermore, genes involved in
biosynthesis of beta-1,3-glucan and alpha-1,3-glucan were found to be
downregulated in Aztbck1 during infection, while chitin synthases were
upregulated in this strain. These findings suggest that the Z. tritici CWI
signalling specifically regulates responses to glucan perturbation, while
responses to chitin disruption are regulated by a separate pathway. Increased
chitin synthase expression in Aztbck1 could occur in response to the cell wall
perturbation caused by the enhanced host defence response to this strain,
exacerbated in the absence of the protective influence of LysM effectors against
host chitinases (Marshall et al., 2011). Both the HOG1 MAPK and calcineurin
pathways have been shown to contribute to chitin synthase regulation and the
cell wall stress response in C. albicans and A. fumigatus (Bruder Nascimento et
al., 2016; Fortwendel et al., 2010; Munro et al., 2007), while their contribution to

these processes requires further investigation in Z. tritici.

The secretion system is known to be crucial for fungal cell wall homeostasis,
through delivery of cell wall biosynthesis and remodelling enzymes to the cell
surface, and the virulence of plant and human fungal pathogens, through
secretion of effectors and hydrolytic enzymes (Heimel et al., 2013; Malavazi et
al., 2014). This is exemplified in the importance of the unfolded protein
response (UPR), which regulates endoplasmic reticulum (ER) homeostasis, in
the response to cell wall stress and virulence in A. fumigatus (Richie et al.,
2009). Furthermore, the CWI pathway regulates components of the UPR in S.
cerevisiae (Scrimale et al., 2009), as well as in A. fumigatus under cell wall
stress (Rocha et al., 2015). If there is similar regulation of the UPR by the CWI
pathway in Z. tritici, this could lead to increased ER stress and disrupted protein
secretion in Aztbck1 mutants. However, this may not explain the reduced
expression of secreted proteins in this strain. In fact, induction of the UPR is
known to reduce expression of secreted proteins in A. niger and T. reesei
(Guillemette et al., 2007; Pakula et al., 2003), suggesting UPR disruption in

Aztbck1 would increase secretome gene transcription.

169



Instead, the CWI pathway in Z. tritici could have adapted to co-regulate
secreted proteins involved in cell wall remodelling and virulence-related
functions, explaining the downregulation of these genes in Aztbck1 during
infection. These findings raise the possibility that ZtBCK1 regulates secreted
protein expression during infection following cell wall perturbation by host beta-
1,3-glucanases in the apoplast. Alternatively, this could occur upon recognition
of other environmental stimuli in the apoplast, such as the acidic pH, response
to which is known to be controlled by the CWI pathway in yeast (Claret et al.,
2005). The transcriptional response of wild type and Aztbck1 cells to low
concentrations of beta-1,3-glucanase, as well as other abiotic stresses, should
be investigated. Comparison of these transcriptional responses with those
during the early host colonisation would test the hypothesis that these stimuli
induce secretome gene expression in planta, and that the cell wall stress

response and virulence-factor secretion are co-regulated.

Recently, it was found that expression of a set of virulence-related genes was
co-regulated with the morphological switch to hyphal growth under carbon
deprivation in Z. tritici (Francisco et al., 2019). Extending the RNA sequencing
experiment in the present study to include a comparison with starvation—
induced hyphal growth would determine whether the downregulation of secreted
protein expression in Aztbck1 is specific to the host environment, and if CWI-
dependant virulence gene expression is independent of that co-regulated with
the starvation response. Preliminary comparison of the “mycelial growth” genes
identified by Francisco et al (2019) with those DE in Aztbck1 at 6dpi found that
27 of the 225 secreted proteins downregulated in this mutant were common
between the gene sets. This did not include many virulence-associated genes
repressed in Aztbck1, including proteases, PCWDEs and LysM effectors. This
suggests that, while there is overlap with hyphal growth-associated genes, there
are many more secreted proteins putatively regulated by the CWI pathway in Z.
tritici.

Furthermore, other elements of the CWI pathway in Z. tritici require
investigation, such as the sensors involved in recognition of cell wall
perturbation at the cell surface. CWI monitoring in S. cerevisiae requires the
action of five well characterised surface mechanosensors, Wscl1-3, Mid2 and

Mtl1 (Levin, 2011). Filamentous fungal homologs of Wsc and Mid2 have been
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characterised in the Aspergilli, and demonstrated to function in response to cell
wall and acidic pH stress (Dichtl et al., 2012; Futagami et al., 2011; Futagami &
Goto, 2012). Preliminary investigation found that one homolog with similar
domain structure to Wsc CWI sensors in Aspergilli was present in the Z. tritici
genome (ZtritiPO323_04903354/Mycgr3G106153), while no homolog of MidA
or Mid2-like proteins from A. fumigatus and A. nidulans, respectively, was
identified. Investigation is required into whether this putative Wsc
mechanosensor is involved in Z. tritici CWI signalling in response to stresses

faced in the host environment.

Similar to disruption of ZtBCK1, ZtCYR1 deletion did not inhibit epiphytic growth
and stomatal penetration by Z. tritici. However, unlike Aztbck1 mutants, whose
invasive growth appeared to be suppressed by the host during the early
symptomless phase, Aztcyr1 strains continued to grow late into the
symptomless phase. This was evident from the continued accumulation of
fungal biomass by Aztcyr1 at this stage, albeit slower than the wild type. These
findings are consistent with phenotypes identified upon deletion of catalytic and
regulatory subunits of PKA, which were able to extensively colonise the
mesophyll tissue (Mehrabi & Kema, 2006). This suggests that the function of
ZtCYRL1 in Z. tritici infection is distinct from the role of cAMP-PKA signalling in
host penetration by appressorium-forming M. oryzae and Colletotrichum
sp.(Choi & Dean, 1997; Yamauchi et al., 2004), and even fungal
phytopathogens which don’t develop true appressoria such as F. graminearum
(Bormann et al., 2014).

While the Aztcyr1 mutants have completely abolished virulence, previously
characterised deletion strains in the Z. tritici PKA subunit MgTPK2 are still able
to cause delayed necrosis, but do not develop pycnidia (Mehrabi & Kema,
2006). The discrepancy in phenotypes of these mutants could be explained by
the presence of multiple PKA catalytic subunits in Z. tritici, as has been
identified in other filamentous ascomycetes, including M. oryzae, F.
graminearum and Aspergillus fumigatus (Fuller et al., 2011; Hu et al., 2014; Li
et al., 2017). In these species, the PKA catalytic subunits have both redundant
and divergent functions in development and virulence. CPKA in M. oryzae is
required for appressorial turgor generation and virulence (Xu et al., 1997), while

CPK2 was dispensable to virulence (Li et al., 2017). However, the cpkacpkl
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double mutant displayed an enhanced phenotype of inability to form
appressoria (Li et al., 2017). Similarly, CPK1 deletion in F. graminearum led to
reduced virulence, while the cpklcpk2 double mutant and adenylate cyclase
deletion strain were non-pathogenic (Hu et al., 2014). The Z. tritici genome
contains two PKA catalytic genes; the previously characterised
ZtritiPO323_049g08276 (TPK2; Mehrabi & Kema, 2006) and
ZtritiPO323_04g08063 (previously MgTPK1), which are proposed here to be
renamed ZtCPK1 and ZtCPK2 in line with their homologs in F. graminearum
and M. oryzae (Fig. 5.19). The remaining ability of Z. tritici to cause necrosis
following deletion of MgTPK2/ZtCPK1 is therefore likely to be enabled by the
overlapping function of ZtCPK2. This hypothesis should be tested through
generation of a Aztcpk1Aztcpk2 double mutant.

Figure 5.19 Phylogenetic tree of protein
MgTPK3 0.298462 kinase A catalytic subunit gene

{ sequences
ScYPK10.298462 This includes Z. tritici genes
FgCPK1 0.183868 MgTPK1/ZtCPK2 (ZtrittPO323_04g08063),
AfPkaC1 0.179975 MgTPK2/ZtCPK1 (ZtritiPO323_04g08276)
MgTPK2/ZtCPK1 0.168113 and MgTPK3 (ZtritiPO323_04910427), S.
cerevisiae genes ScTPK1 (YJL164C),
— MoCPKA 0.168113 SCTPK2 (YPL203W) and ScTPK3
ScTPK1 0.133501 (YKL166C), M. oryzae genes MoCPKA
ScTPK3 0.133501 (MGG_06368) and MoCPK2
CaTpk10.176763 (MGG_02832), C. albicans genes CaTPK1
(C2_07210C_A) and CaTPK2
CaTPK2 0.111842 (C1_10220C_A), A. fumigatus genes
ScTPK2 0.111842 AfPKACL1 (Afu2g12200) and AfPKAC2
MoCPK2 0.163265 (Afu5g08570), F. graminearum genes
FgCPK2 0.163265 FgCPK1 (FG07251) and FgCPK2
(FG08729). Previously annotated as a
xf%zzgygg;;%gzomg? PKA catalytic subunit homolog, MgTPK3

shows closer homology to S. cerevisiae
gene ScYPK1 (YKL126W).

Slow hyphal growth of Aztcyr1 suggested that cAMP signalling regulates
vegetative growth rate in Z. tritici, which has been identified as a common
phenotype in adenylate cyclase mutants of filamentous fungi (Bormann et al.,
2014; Choi & Dean, 1997). Interestingly, other in vitro phenotypes observed in
Aztcyr1 strains, such as sensitivity to high osmolarity and defective
melanisation, were more similar to those previously observed in Z. tritici
mutants lacking the PKA regulatory subunit (MgBCY1), than the catalytic
subunit MgTPK2 (Mehrabi & Kema, 2006). This is unexpected, as BCY1 inhibits
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the activity of PKA catalytic subunits, while CYR1 activates this pathway.
However, BCY1 is known to control the nuclear localisation of PKA in S.
cerevisiae and C. albicans (Cassola et al., 2004; Griffioen et al., 2001).
Moreover, deletion of the BCY1 homolog in M. oryzae led to similar defects in
appressorium formation to PKA catalytic subunit and adenylate cyclase mutants
(Selvaraj, Tham, et al., 2017). Combined, these results suggest that MgBCY'1
has additional roles in regulating the PKA pathway beyond its inhibitory effect,

which are required for proper PKA function.

The Aztcyr1 strains were also found to display increased sensitivity to
caspofungin. This is contrary to findings in S. cerevisiae, in which PKA
signalling is inhibited during cell wall stress, and even negatively regulates
some aspects of the cell wall stress response (Garcia et al., 2017, 2019).
However, positive regulation of the cell wall stress response through crosstalk
between the CWI and PKA pathways was identified in Cryptococcus
neoformans (Donlin et al., 2014). Furthermore, PKA has been shown to
facilitate the response to cell wall stress in A. fumigatus, through its involvement
in carbohydrate mobilisation in conjunction with the high osmolarity glycerol
(HOG) pathway (de Assis et al., 2018; Shwab et al., 2017). This interaction with
HOG MAPKSs was also found to be involved in cell wall remodelling in response
to osmotic stress (de Assis et al., 2018). This provides a potential mechanism
by which PKA signalling may contribute to the response to cell wall and osmotic

stress in Z. tritici.

Interestingly, the C5 strain did not show consistent in vitro phenotypes to
Aztcyr1, and also retained the ability to cause some chlorosis by 21 dpi, which
was not observed until much later in the deletion strain. This suggests that the
SNP at a putative nucleotide binding site has not abolished the function of
ZtCYRL1, but has potentially led to a reduction in its activity. This may cause a
dramatic reduction in cytoplasmic cAMP that could inhibit PKA activity in a
similar manner to deletion of individual catalytic PKA subunits, which is known
to cause an intermediate phenotype in filamentous fungi (Hu et al., 2014; Li et
al., 2017). Analysis of the cAMP content of C5 and Azicyr1 strains compared to
the wild type should be carried out to investigate this. Furthermore,
complementation of C5 with the wild type ZtCYRL1 allele is required to confirm

that the identified SNP is the cause of avirulence in this strain.
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Along with the previously characterised role of PKA in Z. tritici asexual
development (Mehrabi & Kema, 2006), results presented here suggest that
cAMP signalling is required for the induction of necrosis during infection.
Transcriptome analysis found that gene expression in Aztcyr1 was similar to
IPO323 during the symptomless phase at 6 dpi, but diverged as infection
moved towards the transition to necrotrophy. This divergence in expression was
particularly noticeable in predicted effector genes, including many which display
peak expression around the necrotrophic switch (Rudd et al., 2015).
Furthermore, analysis of wheat gene expression revealed that Aztcyr1 infected
leaves show widespread downregulation of defence-related genes compared to
wild type infected leaves at 9 dpi. This strongly suggests that Aztcyr? is unable
to induce the immune response required for the onset of necrosis. Those
effector genes which are strongly downregulated in Aztcyr1 at 9 dpi may
therefore be involved in inducing the host hypersensitive response, and warrant

further functional characterisation.

Similar functions of the cAMP-PKA pathway in controlling invasive growth have
been identified in M. oryzae (Li et al., 2017). Authors demonstrated that
AcpkalAcpkl double mutants were unable to cause necrosis even when injected
into the rice leaf, bypassing the defect in appressorium formation. However, the
mechanisms by which PKA regulates invasive growth in M. oryzae and Z. tritici
remain elusive. One possible mechanism is through interaction between the
PKA and Fus3 pathways (aka Kss1/Pmk1), which has been previously
demonstrated in U. maydis and S. cerevisiae (Kaffarnik et al., 2003; Mésch et
al., 1999). Pmk1 is known to be required for invasive growth in M. oryzae, by
regulating expression of effectors which suppress the host defence response
and controlling cell-to-cell movement (Xu and Harmer 1996; Sakulkoo et al
2018). Furthermore, a suppressor mutant in the Arpka (PKA regulatory subunit)
background displayed recovery of appressorium penetration, but remained
defective in invasive growth beyond the first cell. This suppressor strain was
found to induce ROS and PR protein defence responses after penetration
(Selvaraj, Tham, et al., 2017). This provides evidence that PKA is involved in
suppressing host immune responses as well as Pmk1 (Sakulkoo et al., 2018),

and points to their potential interaction in this function.
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However, current understanding of the interaction between PKA and Pmk1 in
M. oryzae is unclear, with conflicting evidence of activation (Li et al., 2017) and
repression (Selvaraj, Shen, et al., 2017) of Pmk1 during vegetative growth in
AcpkaAcpk1 mutants from two separate studies. Furthermore, although
MgFus3 is known to be required for stomatal penetration in Z. tritici (Cousin et
al., 2006), its potential roll in invasive growth and the transition to necrotrophy
has not been investigated. This could be assessed by the infection of Amgfus3
strains onto wounded wheat leaves, similar to early experiments on M. oryzae
Apmk1 mutants (Xu & Hamer, 1996). Moreover, the phosphorylation status of
MgFUS3 in wild type and Aztcyr1 should be investigated. Equally, the cAMP-
PKA pathway may control invasive growth in these pathogens through

regulation of distinct transcription factors yet to be described.

Expansion of the RNA sequencing experiment presented here is required to
investigate the differential regulation of virulence-associated gene expression in
Azteyr1 further. Analysis of Aztcyr1 expression during the early symptomless
and late necrotrophic phases would test the hypothesis that gene expression in
Aztcyr1 diverges from the wild type across the course of infection. It would also
be interesting to investigate whether growth of Aztcyr1 continues during later
infection despite not causing necrosis. Rapid growth in the wild type at this
stage is assumed to be enabled by nutrients released from necrotic host tissues
(Keon et al., 2007). It is known that avirulent Z. tritici strains are able to survive
and contribute to sexual reproduction, even when a successful host defence
response is induced (Kema et al., 2018). In this study, we observed low
expression of many wheat defence-related genes at both time points during
infection by Aztcyr1, suggesting that suppression of host immunity by this
mutant is effective. Furthermore, the upregulated expression of secreted
proteases compared to the wild type at 9 dpi suggests that Azfcyr1 may be
diverging in its nutrient acquisition strategy. The appearance of chlorosis on
Aztcyr1 infected leaves more than four weeks after inoculation also suggests
that this strain continues to grow in the mesophyll for a prolonged period without
inducing necrosis, and potentially causes nutrient stress to the host. This raises

the possibility that Aztcyr1 is colonising the leaf somewhat like an endophyte.
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5.5 Conclusions

The findings presented here further our understanding of how CWI and cAMP
signalling contribute to Z. tritici pathogenicity. The CWI pathway appears to
regulate the transcriptional response to the host environment, which goes
beyond genes involved in cell wall remodelling to activate expression of effector
proteins. This includes virulence factors known to be required for suppression of
the chitin-triggered host immune response. This points towards the possible co-
regulation of the cell wall stress response with virulence-related genes, which
could occur in response to host environmental factors such as hydrolytic
enzymes or acidic pH. Furthermore, this study implicates the PKA pathway in
controlling the switch to necrotrophic growth in addition to its previously
characterised function in asexual development, and suggests that this requires
the combined activity of MgTPK2 and an as yet uncharacterised catalytic PKA
subunit. The absence of ZtCYRL1 influences the expression of putative effectors
and genes involved in accessing nutrients around the transition to necrotrophy,
which may disrupt the induction of host necrosis. Further study is required into
the signals which activate both pathways during infection, as well as the
regulatory components that detect these signals. Investigation of their
downstream targets should also be carried out using phosphoproteomics, in

order to further understand their contribution to Z. tritici infection.
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5.6 Supplementary information

Figure S5.1. Strains C5 and L2 contain T-DNA insertions at targeted loci
Integrative Genomics Viewer screenshots of strains (A) C5 and (B) L2 whole genome
resequencing reads aligned at the ZtCUT5 and ZtL2 loci, respectively, in the Z. tritici
IPO323 genome. Absence of reads aligned to coding sequences of genes and reads at
the 3’ end of the left flank (LF) and 5" end of the right flank (RF) aligning to the BARR
cassette. Reads are clustered vertically by the chromosome to which their pair is
aligned.
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Chapter 6
Omics-based investigations
Into a spontaneous mutant of Z.
tritici with a reduced virulence
phenotype
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6.1 Introduction

The ability to culture pathogenic microorganisms in the laboratory has
revolutionised our ability to understand their biology, allowing detailed
microscopic investigation of their development during infection, controlled
assessment of virulence and genetic manipulation to analyse the host-pathogen
interaction at the molecular level. However, removing microorganisms from their
adapted life cycle inevitably exposes them to different conditions than they
would experience in their natural environment. This often includes constant
access to easily metabolised nutrients, different temperature and light regimes
and the lack of biotic interactions. This has the potential to have impacts at the
physiological, metabolic, epigenetic and genetic levels, which may influence our
ability to make inferences about their biology. Crucially with pathogens, in vitro
culturing removes the necessity to complete an infection cycle to reproduce.
This in turn removes the selection pressure on traits which influence
pathogenicity and virulence, such as infection related developmental transitions,
adaptation to the host environment and interaction with the host immune

response.

In vitro subculture can therefore lead to a reduction in virulence over time in the
laboratory, which has been observed in many pathogenic fungi and bacteria
(Almagro Armenteros et al., 2017; Fux et al., 2005; Loesch et al., 2010; Songe
et al., 2014), and has even been utilised to create attenuated strains for
immunization (Behr, 2002). This phenomenon is especially well studied in
bacterial pathogens, which have been demonstrated to lose phenotypes
associated with virulence alongside increases in growth rate across in vitro
generations (Fux et al., 2005). This has often been associated with the loss of
flagella and biofilm production, both of which are costly to growth rate in vitro
(Cooper et al., 2003; Head & Yu, 2004). Laboratory and clinical strains of
Candida sp. were also found to show variation in biofilm formation, which is
known to be an important virulence trait in these fungal pathogens (Alnuaimi et
al., 2013). Differences between in vitro and in vivo growth phenotypes of
pathogens lead to difficulties using laboratory strains and conditions to study
morphologies that are crucial to the host-pathogen interaction, which often show
co-regulation with other virulence determinants (Gallego-Hernandez et al.,

2020; Strateva & Mitov, 2011). For example, laboratory characterisation of the
179



virulence-enhancing titan cell phenotype of the human fungal pathogen
Cryptococcus neoformans was limited until recent development of protocols for

robust induction of this morphology in vitro (Zhou & Ballou, 2018).

Investigations into cases of reduced pathogen virulence resulting from in vitro
subculturing have revealed multiple mechanisms by which this can occur.
Accumulation of mutations across many generations in isolation from host-
induced selection pressures can have a negative influence on virulence
(Klockgether et al., 2010). Genetic variations causing in vitro deterioration of
virulence in bacterial pathogens often involve loss of genetic elements that
commonly undergo horizontal gene transfer, such as the pathogenicity islands
of Pseudomonas aeruginosa, which have been lost in the laboratory reference
strain PAO1 (Head & Yu, 2004). Similarly, many fungal plant pathogens contain
conditionally dispensable chromosomes, which harbour genes involved in
virulence and host specificity (Hatta et al., 2002; Ma et al., 2010). These can be
lost during meiosis, but also during vegetative propagation in vitro (Plaumann et
al., 2018; Vlaardingerbroek et al., 2016). These mechanisms of virulence
degeneration are potentially exacerbated by the absence of a sexual cycle or
horizontal transfer between strains through anastomosis in laboratory conditions
(Ma et al., 2010), which may help to compensate for accumulation of
deleterious mutations and chromosome losses. Furthermore, abiotic conditions
in vitro can also induce epigenetic changes which can be maintained and
influence gene expression when the pathogen next encounters a host. This was
demonstrated during long term sub-culturing of Botrytis cinerea, in which DNA
methylation markers were shown to correlate with loss of virulence over
generations, before subsequent recovery after completion of an infection cycle
(Breen et al., 2016).

Furthermore, the presence of mycoviruses in laboratory strains of fungi is being
rapidly elucidated through mining of the abundant sequence data being
generated. A recent study surveying unmapped reads from fungal transcriptome
datasets identified many novel viral species (Gilbert et al., 2019), while de novo
assembly of RNA sequencing data from collections of five plant pathogens
identified 66 new mycoviruses (Marzano et al., 2016). Some mycoviruses from
plant pathogenic fungi have been found to attenuate the virulence of their hosts

(Castro et al., 2003; Chu et al., 2002; Hao et al., 2018; Zhong et al., 2016),
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leading to their proposed use as a novel biocontrol agent (Ghabrial et al., 2015).
The potential for clinical use of mycoviruses to combat human pathogenic fungi
has also been discussed (Van De Sande & Vonk, 2019). However, many
mycovirus infections remain symptomless, while some have been characterised
as having a beneficial impact on host fitness by increasing virulence and
producing antifungal compounds to kill competing microorganisms (Allen et al.,
2013; Muiioz-Adalia et al., 2016). Although infection by many mycoviruses is
cryptic, their impact on host phenotype may change conditionally with alteration
of viral and host genotype, as well as under different growth conditions and

stresses (Pearson et al., 2009).

Z. tritici has an extremely dynamic and unstable genome (Mdller et al., 2018).
Of the 21 chromosomes identified in the reference isolate IPO323, eight are
known to show presence/absence variation in field strains (Badet et al., 2020).
Frequent loss and rearrangement of these accessory chromosomes (ACSs) is
well characterised during meiosis (Fouché et al., 2018; Habig et al., 2018).
Although ACs are dispensable for Z. tritici growth and survival (Goodwin et al.,
2011), they were recently shown to make small contributions to quantitative
virulence in a manner dependant on host cultivar and background Z. tritici strain
(Fouché et al., 2018; Habig et al., 2017; Mdller et al., 2018). In some cases, AC
losses were associated with virulence increases, suggesting that they harbour
genes encoding avirulence factors that influence host specificity (Moéller et al.,
2018).

Chromosomal polymorphisms were also reported recently during mitotic
reproduction of Z. tritici in laboratory strains (Mdller et al., 2018). Z. tritici
reproduces asexually in culture on rich media through the production of
elongated multicellular spores, termed blastospores (Francisco et al., 2019),
generally consisting of 2-8 cells fused end-to-end (Steinberg, 2015). AC losses
will inevitably accumulate during routine asexual propagation without sexual
reproduction. Furthermore, chromosomal rearrangements were found to
increase under heat stress, and involved core chromosomes as well as ACs
(Moller et al., 2018). These findings suggest that Z. tritici genome instability

could cause significant complications during research in the laboratory.
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Additionally, one mycovirus has been identified in laboratory strains of Z. tritici
(Gilbert et al., 2019; Kema et al., 2008). An early Z. tritici gene expression study
by Kema et al. (2008) identified RNA sequences with high similarity to Fusarium
graminearum virus 1 (FgV1), which is known to reduce the virulence and
mycelial growth rate of its host (Chu et al., 2002). This mycovirus displayed
variation in abundance depending on Z. tritici in vitro growth conditions, which
was particularly high during hyphal growth under nitrogen starvation, and was
predicted to show high abundance during infection (Kema et al., 2008). The
same virus was subsequently identified within RNA sequencing data from two
different laboratories (Kellner et al., 2014; Rudd et al., 2015), being designated
Zymoseptoria tritici fusarivirus 1 (ZtFV1) and classified as part of the newly
proposed Fusariviridae family (Gilbert et al., 2019). However, the influence of
ZtFV1 on Z. tritici morphology and virulence is yet to be determined.

A variant of the Z. tritici reference strain IPO323, which is characterised by
reduced virulence and a tendency to produce shorter blastospores when
cultured on rich media, has been identified in laboratory stocks at the University
of Exeter. Observations of similar phenotypes arising in IPO323 strains have
been reported by multiple other laboratories (Fraaije pers. comm.; Kanyuka
pers. comm.), prompting the present investigation into the underlying causes of
this phenotype. Detailed in vitro analysis was carried out to characterise the
development and infection phenotype of this strain, identifying defects in
filamentous growth and response to oxidative stress. Whole genome
resequencing was utilised to uncover two large deletions in the core
chromosomes, while RNA sequencing revealed dramatic changes in gene
expression and mycovirus abundance. The findings provide clues as to the
underlying causes of the phenotype and novel insights into the regulation of Z.

tritici development and virulence.
6.2 Materials and Methods

6.2.1 Cell measurements

Z. tritici blastospores were harvested after 5 days growth on YPD and stained
with 10 pug/ml calcofluor white stain (Sigma-Aldrich, UK) to visualise the cell

walls and septa within the spores. Images were taken using a Zeiss Axiovert
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200M with a Q-lmaging MicroPublisher 3.3 RTV camera mounted. The length of
each internal cell was measured using ImageJ, before the total spore length,
the mean of the cell lengths within each spore and the number of cells in each

spore were calculated.
6.2.2 Infection passage

Wheat leaves (cultivar Riband) were inoculated with Z. tritici blastospores at a
concentration of 107 spores/ml and infected leaves collected at 21 days post
infection (dpi). Infected leaves were stored in a humidity chamber overnight to
induce pycnidia to exude pycnidiospores, which were harvested by vortexing
the leaves in 2 ml of sterile water and filtering through a 100 um cell strainer.
Pycnidiospore suspensions, along with blastospore suspensions from YPD agar
cultures, were diluted to a concentration of 10® spores/ml and inoculated onto
wheat leaves. Infection symptoms were evaluated at 21 dpi, with leaves
scanned in order to make measurements of pycnidia density. The germination
efficiency of these blastospore and pycnidiospore suspensions was also
determined on water agar (Chapter 2.7). Pycnidiospores were also inoculated
onto YPD agar plates and grown for 5 days, resulting in subcultured
pycnidiospores. Cell measurements of blastospores, pycnidiospores and
subcultured pycnidiospore were taken as described above. The experiment was
repeated three times, with 100 of each spore type measured for each repeat. All

YPD cultures were grown for 5 days at 19°C under darkness.
6.2.3 RNA sequencing

Total RNA was extracted from Z. tritici in vitro cultures using the RNeasy Plant
Mini Kit (Qiagen), following the supplier’s instructions for “Purification of Total
RNA from Yeast”. Z. tritici blastospores were harvested from YPD agar plates
after 5 days growth and suspended in 600 ul of Buffer RLT containing 1%
14.3M B-Mercaptoethanol in a 1.5 ml screw-capped tube, before 600 pl of glass
beads were added. Cell lysis was carried out using a FastPrep-24™ Classic
Instrument (MP Biomedicals). Samples were agitated for four runs of 20 sec at
6.5 m/s, with samples placed on ice to cool for 1 min between each run. After
the glass beads and cell debris were allowed to settle, 350 ul of lysate was
pipetted into a new 1.5 Eppendorf and centrifuged at 20,000 x G for 2 min. The
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supernatant was transferred to a new microcentrifuge tube and an equal volume
of 70% ethanol was added and mixed with clarified lysate by pipetting. The
sample was then transferred to an RNeasy spin column for purification. After
identification of DNA contamination using a Qubit™ 3.0 Fluorometer (Thermo
Fisher Scientific) with the Qubit™ dsDNA BR Assay Kit (Thermo Fisher
Scientific), the RNA samples were subjected to DNA digestion in solution using
an RNase-Free DNase Set (Qiagen) before purification with the RNeasy
columns following the “RNA Cleanup” protocol. The concentration of extracted
RNA was determined using a Qubit™ 3.0 Fluorometer with the Qubit™ RNA BR
Assay Kit (Fisher Scientific, UK). RNA purity was assessed using a NanoDrop
1000 (Fisher Scientific, UK) and RNA quality was determined by denaturing gel
electrophoresis (Chapter 2.4.5).

Four replicates of this experiment were carried out. Library preparation and
RNA sequencing was carried out by GENEWIZ (Takeley, UK). The mRNA
libraries were prepared using the NEBNext Ultra RNA Library Preparation Kit
following the manufacturer’s protocol, and sequenced as paired-ends using an
lllumina HiSeq platform at 2x150bp. The resulting raw reads will be available in

the NCBI Short Read Archive repository upon publication of these results.

6.2.4 RNA sequencing alignments and differential expression

analysis

The Z. tritici IPO323 reference genome was indexed using the recent
annotation from Rothamsted Research to identify gene models (King et al.,
2017). Reads were trimmed to remove sequencing adapters and low quality
bases using fastp (Chen et al., 2018), using the parameters ‘--cut_tail --
cut_tail_mean_quality=20 --detect_adapter_for_pe --length_required=75’.
Resulting reads were aligned to the genome and gene counts calculated with
STAR (Dobin et al., 2013), using the default parameters and set to quant mode
(‘--quantMode GeneCounts’). Gene counts were normalised and differential
expression analysis was carried out using DESeq2 (Love et al., 2014).
Clustering of samples based on global expression data was assessed by
principal component analysis using the plotPCA function. This was done using
count data transformed with the rlog function, which accounts for sequencing

depth and differences in variance between genes due to expression level (Love
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et al., 2014). Sets of differentially expressed (DE) genes between strains were
determined using the results function. Wald test p-values were adjusted for
multiple testing using the Benjamin—Hochberg (BH) correction method. DE
genes were determined as having padj < 0.01 and displaying a logz fold change
> 0.58 (equivalent to 1.5-fold change threshold) between the strains, following
recommendations for experiments with low replicate number (Schurch et al.,
2016).

Plots displaying expression of individual genes across samples were generated
using normalised counts extracted using the plotCounts function in DESeq2.
Kyoto Encyclopedia of Genes and Genomes (KEGG) K number gene
annotations were identified using BlastKOALA (Kanehisa et al., 2016) on
protein sequences predicted by the Rothamsted Research genome annotation.
The resulting annotation was used to generate Z. tritici KEGG pathway maps,
integrating data from DE gene sets using KEGG Mapper (Kanehisa & Sato,
2020). Gene Ontology (GO) terms were identified for all predicted genes using
the OmicsBox (v.1.2.4) program, using Blastx searches against all fungal
sequences in the non-redundant protein sequences (nr_v5) and protein domain
prediction using InterProScan, using the default parameters. Functional
enrichment analysis was carried out using topGo (version 2.42.0) in R using the
Fisher’s exact test (FDR<0.01 following correction of p-values with the BH
method).

6.3 Results

6.3.1 Spontaneous IPO323 variant displays reduced virulence and

short blastospores

Aliquots were identified in frozen stocks of Z. tritici IPO323 which showed
reduced virulence on wheat plants (Fig. 6.1A). Initial microscopic observation of
these stocks found the blastospores to be much shorter compared to aliquots of
IPO323 displaying a wild type level of virulence (Fig. 6.1B), leading to the
designation of this strain as IPO323_SSV (Small Spore Variant). Similar to the
wild type, IPO323_SSV was able to cause necrotic lesions and develop mature
pycnidia in host stomata, which produced pycnidiospores after exposure to high
humidity (Fig. 6.1A). However, IPO323_SSV displayed reduced symptom
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development compared to the wild type after 21 days of infection, with
reductions in the area of the leaf displaying necrosis and the number of pycnidia
observed (Fig. 6.1A). IPO323_SSV was therefore thought to be a naturally

occurring mutant which may have arisen during subculturing of IPO323.
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Figure 6.1 Identification of IPO323_SSV strain with small spores, reduced
germination rate and attenuated virulence

(A) Infection symptoms on wheat 21 days after inoculation at a concentration of 10’
spores/ml. (B) Blastospores of IPO323 and IPO323_SSV after 5 days growth on YPD
agar stained with calcofluor white. Scale bar = 50um. (C) Boxplot showing lengths of
IPO323 and IPO323_SSV blastospores. Statistically significant difference determined
using Wilcoxon signed-rank test (W = 39073, n1=n»=200, p-value < 2.2e-16). (D)
Boxplot showing mean length of cells within IPO323 and IPO323_SSV blastospores.
Statistically significant difference determined using Wilcoxon signed-rank test (W =
27506, n1=n»=200, p-value = 8.479e-11). (E) Relative frequencies of the number of
cells within blastospores of IPO323 and IPO323_SSV. (F) Mean germination rate of
blastospores on water agar, found to be significantly lower in IPO323_SSV after 24h
(Welch Two Sample t-test, n=6, ***p<0.0001). Error bars represent standard error.
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In order to characterise the morphology of IPO323_SSV blastospores grown in
vitro, the length of spores and their component cells was analysed. Spores of
IPO323_SSV were significantly shorter than the wild type (Fig. 6.1C), with a
mean length of 17.7 uym (sd = 5.5) compared to 51.7 ym (sd = 22.6) in wild type
IPO323. The mean length of cells within each spore was calculated, and this
was found to be significantly shorter in IPO323_SSV blastospores (Fig. 6.1D).
However, this difference in average cell length per spore was small, with a
mean of 15 um (sd = 5.2) in IPO323 and 12.2 ym (sd = 3.1) in IPO323_SSV.
Crucially, the spores of IPO323_SSV were found to contain less cells than the
wild type, with 96.5% of IPO323_SSV spores containing only one or two cells
(Fig. 6.1E). This is compared to IPO323 spores which contained between 1-13
cells, with the majority (91%) having 2-7 cells. This suggests that the reduced
size of blastospores observed in IPO323_SSV is attributed mainly to a
reduction in component cell number, with only a slight reduction in the length of

the individual cells.

Considering the importance of the morphological switch to hyphal growth in
colonisation of the leaf, the hyphal germination of IPO323_SSV was analysed in
vitro on nutrient deficient water agar medium. The germination efficiency of
IPO323_SSV was severely reduced compared to the wild type after 24 h,
although the number of colonies displaying evidence of hyphal growth was not
significantly different from the wild type at 48 h (Fig. 6.1F). However, the growth
rate and morphology of IPO323_SSV colony development was dramatically
different to IPO323 (Fig. 6.2). The majority of wild type IPO323 spores had
germinated hyphae from the spore apex after 16 h, and many produced hyphae
laterally from the spore after 24 h. More branching of wild type hyphae was
found to occur after 48 h, and significant blastosporulation was observed along
these hyphae by 120 h after inoculation. Conversely, IPO323_SSV spores that
germinated hyphae showed a reduced rate of filamentous growth at all
observed time-points, and started to produce many blastospores after 48 h (Fig.
6.2). Those which didn’t germinate hyphae displayed blastosporulation as early
as 16h after inoculation, and continued to do so to form colonies of blastospores
with no visible hyphae after 120 h (Fig. 6.2). The blastospores produced by
IPO323_SSV on water agar were shorter than those in IPO323 (Fig. 6.2),
consistent with the observations of blastospores grown on YPD. The reduced
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germination efficiency, slower hyphal growth and increased investment in
blastosporulation seen in IPO323_SSV could indicate the cause of the reduced

virulence observed in this strain.
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Figure 6.2 Hyphal growth is impaired and blastosporulation increased in
IPO323_SSV under starvation

Germination of IPO323 and IPO323_SSV blastospores on 2% water agar. Scale bars =
50 ym.
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6.3.2 IPO323_SSV shows defects in the response to nutrient

starvation and oxidative stress

The hyphal growth rate and morphology of IPO323_SSV under nutrient stress
was examined by assessing growth on medium deficient in a nitrogen or carbon
source. Although hyphae were observed to grow at the periphery of droplet
IPO323_SSV colonies, they displayed a severely reduced radial growth rate
under both nitrogen and carbon starvation compared to the wild type (Fig.
6.3A). This confirms the observations of reduced hyphal growth rate from single

spore germination analysis.

A Figure 6.3 IPO323_SSV is defective in
the response to nutrient starvation
and oxidative stress

(A) Radial growth after 14 days on
Aspergillus minimal medium (AMM)
and AMM deficient in a nitrogen
(AMM N-) or carbon (AMM C-) source.
Plated in 5 pl droplets of 5x10°
spores/ml suspension. Scale bars =
1mm (B) Growth after 6 days on YPD
at 19°C, 28°C and 19°C amended with
10 pg/ml caspofungin, 200 pg/ml
calcofluor white, 5 uM hydrogen
peroxide, as well as 19°C on PDA with
and without 1.5M sorbitol. Plated in 5
ul droplets of a 10-fold dilution series
(left to right) starting at 5x10°
spores/ml.

IPO323

IPO323_SSV

To investigate whether IPO323_SSV is altered in its response to stress other
than nutrient deprivation, the sensitivity of this strain to various abiotic stressors
was compared with wild type IPO323. IPO323_SSV showed no change in
sensitivity to osmotic stress or the cell wall perturbing agents caspofungin and
calcofluor white, but was more sensitive to the presence of hydrogen peroxide
in the growth medium (Fig. 6.3B). Furthermore, IPO323_SSV was able to
germinate aerial hyphae in response to heat stress, although to a lesser extent
than IPO323, and displayed similar levels of melanisation to the wild type under
these conditions (Fig. 6.3B). These results suggest that, along with aberrant

germination response to nutrient deprivation, IPO323_SSV shows increased
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sensitivity to oxidative stress and reduced hyphal growth in response to heat

stress.

6.3.3 IPO323_SSV develops normal pycnidiospores on plants but
reverts to the short blastospore phenotype upon subculturing onto
rich media

To assess if the phenotype of this variant is maintained across infection, the
spore morphology, germination rate and virulence of IPO323_SSV was
assessed before and after passage through an infection cycle. Interestingly,
pycnidiospores isolated from IPO323_SSV infected leaves were found to be
significantly larger than the IPO323_SSV blastospores used to inoculate the
plant, displaying similar lengths to wild type IPO323 pycnidiospores (Fig. 6.4A).
Furthermore, pycnidiospores of IPO323 and IPO323_SSV were found to have
similar numbers of cells (Fig. 6.4B), with the vast majority of pycnidiospores
from both strains containing 1-4 cells. These findings suggest that the in planta
asexual development of IPO323_SSV through pycnidiospore production is

similar to the wild type.

Furthermore, while IPO323_SSV blastospores were found to be significantly
less virulent than blastospores of IPO323, IPO323_SSV pycnidiospores
displayed similar virulence to wild type pycnidiospores, as determined by the
density of pycnidia on infected leaves (Fig. 6.4C-D). This was attributed to the
significantly increased germination rate of IPO323_SSV pycnidiospores
compared to the blastospores of this strain (Fig. 6.4E). However, when
subcultured onto YPD, all single colonies arising from IPO323_SSV
pycnidiospores were found to once again consist of short blastospores rarely
formed of more than two cells (Fig. 6.4A-B). This suggests that the
IPO323_SSV phenotype has not recovered stably after passage through the
host infection cycle, reverting once again to the short blastospore phenotype

when subsequently cultured on rich media.
6.3.4 Whole genome resequencing of IPO323_SSV

To investigate the genetic causes of the morphological and virulence
phenotypes observed in IPO323_SSV, the genome of IPO323_SSV and the

fully virulent IPO323 strain were resequenced by paired-end 150 bp Illumina
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Figure 6.4 Pycnidiospores of IPO323_SSV show recovered germination and
virulence, but revert to small spore morphology upon subculture

Spore lengths (A) and number of cells within each spore (B) for blastospores,
pycnidiospores (isolated from infected leaves) and subcultured pycnidiospores
(following growth on YPD agar) of IPO323 and IPO323_SSV. Statistically significant
differences (Wilcoxon rank-sum test with Benjamini-Hochberg correction, p<0.01,
n=300) identified between spore lengths of all groups. (C) Virulence of IPO323 and
IPO323_SSV blastospores and pycnidiospores quantified by the number of pycnidia
per cm? on infected leaves 21 days after inoculation, with statistically significant
difference (Wilcoxon rank-sum test with Benjamini-Hochberg correction, **p<0.01,
n=12) between IPO323_SSV blastospores and all other groups. (D) Reduced leaf area
covered by necrotic lesions in leaves infected by IPO323_SSV blastospores, which is
recovered in IPO233_SSV pycnidiospores. (E) Pycnidiospores of IPO323 SSV show a
significant increase in germination rate compared to IPO323_SSV blastospores
(Welch Two Sample t-test, n=3, ***p=0.0006), while no significant difference was found
between IPO323 blastospores and pycnidiospores.

191



sequencing and aligned to the reference IPO323 genome. Analysis of the read
coverage across the whole IPO323 genome revealed the loss of accessory
chromosome 18 in this strain (Fig. S6.1), an event which has been frequently
observed in other laboratory Z. tritici strains (Habig et al., 2017; Kellner et al.,
2014) and field isolates (Badet et al., 2020), and has not been reported to result
in altered blastospore morphology. Additionally, a large deletion was identified
at the 3’ end of chromosome 5, covering a 34 kb region at the end of the contig
(Fig. 6.5A; Fig. S6.1). This region contains multiple transposable elements but

no predicted protein encoding genes.
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Variant analysis was carried out on the IPO323_SSV alignment, and the
resulting single nucleotide polymorphisms (SNPs) and short indels were
compared to those from the wild type IPO323 and the other sequenced strains
from Chapter 5. This was used to compile a list of the mutations unique to
IPO323_SSV (Table S6.1). No unique mutations were identified within the
coding regions of annotated genes, with all the observed polymorphisms lying in
intergenic regions or the predicted regulatory regions upstream and
downstream of predicted genes (Table S6.1). Many of the genes in the vicinity

of these mutations encoded hypothetical proteins with no functional annotation.

During the present study, whole genome resequencing analysis of IPO323
strains displaying reduced virulence at Rothamsted Research and the Max
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Planck Institute identified the same large deletion in the gene
ZtritiPO323_04g03036 (ZtWC1; Habig et al 2020; Rudd pers. comm.). This
gene encodes the Z. tritici homolog of the light-responsive Neurospora crassa
transcription factor white collar 1 (WC1; Ballario et al 1996). Inspection of
IPO323 _SSV reads aligned to this locus identified the same deletion of 404bp
in the first intron of ZtWC1 (Figure 6.5B), suggesting that these strains originate
from vertical transmission of the same mutant arising in IPO323. The deletion
lies upstream of all conserved domains in the putative ZtWC1 protein and is
predicted to cause a frame shift leading to a premature stop codon in the
translated sequence. This mutation is therefore likely to abolish ZtWC1 function
and represents a strong candidate for the genotype causing the reduced

virulence phenotype observed in IPO323 SSV.
6.3.5 Transcriptome analysis of IPO323 _SSV in vitro

To investigate transcriptional changes associated with the generation of the
small blastospores in IPO323_SSV, RNA sequencing analysis was carried out
on IPO323_SSV and wild type IPO323 spores grown on rich media.
Visualisation of global gene expression revealed dramatic variation in
transcription between the strains (Fig. 6.6). PCA analysis reduced 96% of the
observed variation to a single principle component which separated the
samples by strain (Fig. 6.6A). Consistent with the loss of chromosome 18
indicated by genome sequencing results, annotated genes on chromosome 18
showed minimal coverage by IPO323_SSV RNA sequencing reads. Genes on

A B

-

| 2129 upregulated genes

group
¢ - 1P0323_1

® |PO323_SSV

PC2: 3% variance

log fold change

20 0
PC1: 96% variance

o | 2840 upregulated gené; o ;
T T T

1e-01 1e+01 1e+03 1e+05

mean of normalized counts

Figure 6.6 Dramatic transcriptional differences in IPO323_SSV during growth on
YPD

(A) Principal component analysis of global normalised gene expression data. (B) MA
plot displaying log2-fold change (LFC) of each gene plotted against the mean of
normalised counts across all samples, with differentially expressed genes (p<0.01,
LFC>0.58) in blue.
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chromosome 18 were subsequently omitted from differential expression
analysis. A total of 4,969 DE (padj < 0.01) genes were identified, including 2,129
upregulated and 2,840 downregulated genes (Fig. 6.6B).

To investigate cellular processes displaying differential regulation in
IPO323_SSV, the sets of DE genes were analysed for significant enrichment of
Biological Process Gene Ontology terms (Table 6.1). To support this, genes
that were identified as part of relevant KEGG pathways were assessed for
differential expression. Transcriptionally upregulated genes were enriched with
GO terms related to gene expression, including mRNA and tRNA processing,
ribosome biogenesis and translation machinery (Table 6.1; Fig. 6.7; Fig. S6.2).
In concordance with this, nucleotide biosynthesis genes were also upregulated
(Table 6.1; Figure S6.3), along with components of the pentose phosphate
pathway involved in the synthesis of the nucleotide precursors (Table 6.1;
Figure S6.4). This suggests that IPO323_SSV is displaying an increased rate of
protein synthesis which could indicate an increase in growth rate. To support
this, many components of the mitochondrial ATP synthase complex were
upregulated (Table S6.2), suggesting an increase in the requirement for energy
in IPO323_SSV.

Enrichment analysis also identified the term ‘attachment of spindle microtubules
to kinetochore’, ‘DNA replication’ and ‘chromosome organisation’ as
upregulated in IPO323_SSV (Table 6.1), indicating the upregulation of genes
involved in mitosis in this strain. This is supported by the finding that many
elements of the KEGG DNA replication pathway are upregulated in
IPO323_SSV (Fig. S6.5). Many components of the Z. tritici cell cycle KEGG
pathway were significantly upregulated in IPO323_SSV (Table 6.1; Fig. 6.8A),
including the transcription cofactor ZtSWI6 (ZtritiIPO323_04902603; Fig. 6.8B),
which controls cell cycle progression to S-phase in S. cerevisiae (Koch et al.,
1993; Lowndes et al., 1992). Furthermore, ZtMBP1 (ZtritiPO323_04g00971),
the homolog of which forms the MBF complex with SWI6 in yeast, also showed
higher expression in IPO323_SSV samples (Fig. 6.8B), although this difference
was not statistically significant. The GO term ‘Arp2/3 complex-mediated actin
nucleation’ was also enriched in the upregulated genes (Table 6.1), which may
correspond with the upregulation of mitotic machinery, considering the roles of

actin in organelle transport and cleavage during cytokinesis. Overall, this
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Table 6.1 Significantly enriched Biological Process GO terms in IPO323_SSV
differentially expressed genes

Gene Set GO.ID GO Term Total® DEP Expected® p-value
Upregulated GO0:0006412 ftranslation 225 158 49.29 <1e-30
G0:0042254 ribosome biogenesis 66 51 14.46 7.10E-09
GO0:0006364 rRNA processing 36 25 7.89 3.80E-06
GO0:0006886 intracellular protein 113 54 24.75 2.80E-05
transport
G0:0006414 translational elongation 20 13 4.38 3.70E-05
GO:0006396 RNA processing 205 104 4491 4.70E-05
GO0:0006260 DNAreplication 55 31 12.05 8.20E-05
G0:0006413 translational initiation 24 15 5.26 8.40E-05
GO0:0006457 protein folding 38 20 8.32 0.0004
GO:0006401 RNA catabolic process 26 12 5.7 0.00049
GO0:0006098 pentose-phosphate shunt 6 6 1.31 0.0005
G0:0006189 'de novo' IMP biosynthetic 5 5 1.1 0.0005
process
G0:0008608 attachment of spindle 9 7 1.97 0.00062
microtubules to kinetochore
GO0:0000413 protein peptidyl-prolyl 14 9 3.07 0.00077
isomerization
GO0:0006164 purine nucleotide 45 24 9.86 0.0022
biosynthetic process
G0:0042273 ribosomal large subunit 11 10 2.41 0.00225
biogenesis
GO0:0000398 mRNA splicing, via 46 24 10.08 0.00303
spliceosome
GO0:0001522 pseudouridine synthesis 10 7 2.19 0.00493
G0:0034314 Arp2/3 complex-mediated 7 5 1.53 0.00705
actin nucleation
GO:0008033 tRNA processing 57 27 12.49 0.00741
G0:0051276 chromosome organization 120 44 26.29 0.00894
GO:0000027 ribosomal large subunit 5 4 1.1 0.00946
assembly
G0:0045292 mRNA cis splicing, via 5 4 1.1 0.00946
spliceosome
G0:0009165 nucleotide biosynthetic 74 38 16.21 0.0099
process
Downregulated GO0:0055085 transmembrane transport 634 212 108.53 < 1e-30
G0:0055114 oxidation-reduction process 805 197 137.81 3.50E-10
GO0:0005975 carbohydrate metabolic 235 60 40.23 3.90E-06
process
G0:0043386 mycotoxin biosynthetic 45 19 7.7 6.20E-05
process
GO0:0009308 amine metabolic process 27 10 4.62 0.0049

Total number genes annotated with GO term in 2genome, “differentially expressed gene set (DE) and
‘expected in DE gene set.
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Figure 6.7 Ribosome biogenesis is upregulated in IPO323_SSV

Z. tritici KEGG pathways for (A) the ribosome (ko03010) and (B) ribosome biogenesis
(ko03008), with genes upregulated (green), downregulated (red) or not differentially
expressed (yellow) in IPO323_SSV compared to IPO233. Pathway components with
no annotated genes are displayed in blue.
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provides evidence for accelerated cell cycle progression in IPO323_SSV during

growth on rich media.
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Figure 6.8 Cell cycle genes are upregulated in IPO323_SSV

Z. tritici KEGG pathway for the cell cycle (ko04111), with genes upregulated (green),
downregulated (red) or not differentially expressed (yellow) in IPO323 SSV compared to
IPO233. Pathway components with no annotated genes are displayed in blue. Boxplots
showing normalised expression values of cell cycle genes ZtSWI6 (ZtritIPO323_04g02603;
padj=0.004387) and ZtMPB1 (ZtritIPO323_04g00971; padj=0.086565).

Assessing the functional annotation of the top 50 genes with the highest
positive fold-change, it is clear that most dramatically upregulated genes
encode ribosomal proteins (Table S6.2). Additionally, a putative sugar
transporter and a 3-dehydroquinate synthase enzyme, involved in aromatic
amino acid biosynthesis, were strongly upregulated, consistent with the
proposed increase in protein synthesis and energy metabolism in IPO323_SSV.
Furthermore, a secreted phosphatidylethanolamine-binding protein (PEBP;
ZtritiPO323_04g10011) was also highly expressed in IPO323_SSV, a homolog
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of which is known to be involved in regulating cell signalling and metabolism in
yeast (Beaufour et al., 2012). Also strongly upregulated is the Z. tritici homolog
of S. cerevisiae Ascl (ZtritlPO323_04g08681), which has multiple functions as
a ribosomal protein and a G-protein B-subunit, through which it regulates a
broad range of cellular processes from protein synthesis to signal transduction
(Schmitt et al., 2017). These proteins therefore represent potential signalling

components which may control the phenotypes observed in IPO323_SSV.

On the other hand, the downregulated gene set was enriched with the GO
terms ‘transmembrane transport’ (Table 6.1). More detailed investigation of the
functional annotation of downregulated genes revealed an enrichment of genes
with predicted secretory signals and transmembrane domains, suggesting that
the expression of many extracellular and cell surface proteins is repressed in
IPO323_SSV. Many of the transmembrane proteins were annotated as
transporters from the major facilitator superfamily, with 167 representatives of
this family in the downregulated gene set (Table S6.2). There were 388 genes
from the predicted Z. tritici secretome downregulated in IPO323_SSV, including
many which have potential functions during infection such as plant cell wall
degrading enzymes (PCWDES), proteases, lipases and putative effector
proteins (Table S6.2). Furthermore, the downregulated gene set was also
enriched for the GO term ‘mycotoxin biosynthetic process’ (Table 6.1),
suggesting that secondary metabolism is repressed in IPO323_SSV. Closer
inspection confirmed that many genes predicted to encode polyketide
synthases and non-ribosomal peptide synthases were downregulated (Table
S6.2). Combined, these findings suggest that IPO323_SSV displays reduced
expression of genes involved in adaptation to the complex environment of the

wheat host, both in terms of nutrient acquisition and biotic interactions.

The downregulated gene set is also enriched for ‘carbohydrate metabolic
process’ genes (Table 6.1), including many with predicted glycoside hydrolase
and glycosyltransferase activity (Table S6.2). As well as the aforementioned
PCWDEs, six putative chitinases were downregulated, along with many other
genes with predicted functions in cell wall biosynthesis and modification. This
includes two a-1,3-glucan synthases (ZtritlPO323_049g10384 and
ZtrittPO323_04901966), a homolog of S. cerevisiae SKN1 involved in B-1,6-

glucan synthesis (ZtrittiPO323_04g02687), and four homologs of A. fumigatus
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GEL proteins (ZtritiPO323_04900352, ZtritiPO323_04g04422,
ZtritiPO323_049g01445 and ZtritiPO323_04g07582) involved in 3-1,3-glucan
biosynthesis. Furthermore, two homologs of CRH (Congo red hypersensitivity)
transglycosylase proteins were downregulated (ZtritlPO323 04901145 and
ZtritiPO323_04g00257), which are known to be involved in crosslinking of cell
wall polymers in A. fumigatus (Fang et al 2019). Also downregulated are
homologs of mannan endo-1,6-alpha-mannosidase DCW1
(ZtritiPO323_049g08092) and DFG5 (ZtritlPO323 _04g00508) involved in cell
wall biogenesis (Kitagaki et al., 2002), the latter of which is known to be
involved in hyphal growth in S. cerevisiae and C. albicans (Mésch & Fink, 1997;
Spreghini et al., 2003). Finally, a homolog of A. fumigatus 1,2-a -mannosidase
MsdS (ZtritiPO323_04905652), involved in N-glycosylation and required for
normal polarised growth and cell wall biogenesis (Yanjie Li et al., 2008), is also
downregulated. IPO232_SSV therefore displays repression of many factors
involved in cell wall remodelling, which may contribute to its altered morphology

and suppressed hyphal germination.

Inspection of the top 50 downregulated genes by fold-change identified the
dramatic repression of the Zn(Il)2Cyse zinc cluster DNA binding protein
ZtritiPO323_049g11374 (Table S6.2), homolog of the transcription factor PRO1
from Sodaria macrospora (Steffens et al., 2016). This transcription factor is well
characterised as a regulator of sexual development in ascomycetes (Vienken &
Fischer, 2006), as well as in other developmental processes and virulence (Y.
Cho et al., 2009; Steffens et al., 2016). A conserved function of this gene,
designated ZtPROL1, in Z. tritici is suggested by the concurrent downregulation
of other putative regulators of sexual development. This includes homologs of
EsdC (ZtritiPO323_04900320), which is known to be regulated by Prol
(Steffens et al., 2016; Tanaka et al., 2013), and LsdA (ZtritiPO323_049g13246;
Table S6.2). Additionally, the Z. tritici homolog of the A. nidulans NsdD, a
GATA-type transcriptional activator of sexual development (Han et al., 2001),
was downregulated in IPO323_SSV (ZtritiPO323_04g01931; Table S6.2). This
gene is also a homolog of light-responsive N. crassa gene SUB1, expression of
which is directly regulated by WC1 during light exposure (Chen et al., 2009),
providing some corroborative evidence that the IPO323_SSV phenotype is
caused by the deletion in ZtWC1.
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Also amongst the most strongly downregulated genes in IPO323_SSV were two
RTAL-like genes (Table S6.2), while eight of the 11 RTA domain genes in Z.
tritici were downregulated in total (Table S6.2). These transmembrane proteins
are known to be expressed in response to various stress conditions, including
during the multidrug resistance response, and function in tolerance against
various drugs and toxins in yeast (Manente & Ghislain, 2009). Furthermore,
IPO323_SSV also shows downregulation of glutathione s-transferases and ABC
transporters (Table S6.2), which are involved in resistance to xenobiotic
compounds. Additionally, many of the Z. tritici core autophagy genes are
downregulated in the IPO323_SSV, including ZtATG1, ZtATG2, ZtATG4,
ZtATG9, ZtATG13, ZtATG14, ZtATG16 and ZtATG22 (Table S6.2). This

suggests that IPO323 shows downregulation of various stress response genes.

Genes in the vicinity of unique SNPs in IPO323_SSV were assessed for
changes in expression in this strain. One gene encoding a major facilitator
superfamily (MFS) transporter was significantly downregulated in IPO323_SSV,
while four genes were upregulated, two of which were functionally
uncharacterised (Table 6.1). One upregulated gene encoded a 1-acyl-sn-
glycerol-3-phosphate acyltransferase, involved in biosynthesis of the membrane
phosphoglycerides and storage lipids (Benghezal et al., 2007). The final DE
gene adjacent to an SNP was annotated as a putative folylpolyglutamate
synthetase (IPR001645). These enzymes catalyse the conversion of folates to
polyglutamate derivatives, enhancing the cellular retention these important
cofactors in the biosynthesis of nucleotides and amino acids. Although the
identified polymorphisms could have an influence on the expression of these
genes, their functional annotations are consistent with the other observed
transcriptomic trends in IPO323_SSV, suggesting that they are unlikely to have
caused the phenotype of this strain.

6.3.6 The mycovirus ZtFV1is less abundant in IPO323_SSV

Considering previous reports of mycoviruses causing altered morphological
development and virulence of fungal pathogens, the presence of the mycovirus
ZtFV1 within in vitro samples of IPO323_SSV was compared with the wild type.
RNA sequencing reads were aligned to the Z. tritici genome containing the full

ZtFV1 genome sequence as an additional chromosome (Gilbert et al., 2019;
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Figure 6.9 The mycovirus ZtFV1is less abundant in IPO323_SSV, coinciding with
downregulation of RNA silencing machinery

(A) Abundance of RNA-sequencing reads aligned to ZtFV1 genome, normalised
alongside gene expression counts, which is significantly lower in IPO323_SSV
(***padj=3.35E-07). (B) IGV screenshot of RNA sequencing reads aligned to the ZtFV1
genome, displaying the point mutation at position 5,666 in wild type IPO323 samples.
(C) Boxplots displaying the normalised count values for the Dicer-like gene ZtDCL
(ZtritIPO323_04913718; ***padj=2.76E-05), the argonaute-binding protein gene
(ZtritiPO323_04913344; ***padj=2.33E-11) and the argonaute genes ZtAGO1
(ZtritiPO323_049g08085) and ZtAGO?2 (ZtritiPO323_04903320; ***padj=7.25E-06).

GenBank Accession MK279506). An incredible 3-7% of the reads uniquely
mapped to this amended reference genome aligned with the viral genome in
wild type IPO323 samples. Surprisingly, IPO323_SSV samples were found to
contain significantly less abundant viral sequences through differential
expression analysis (Fig 6.9A), making up between 0.7-1% of the uniquely
mapped reads. Furthermore, inspection of RNA reads aligned to the ZtFV1
genome identified a nonsynonymous point mutation (T>G) in wild type IPO323
samples, at position 5,666 within the coding sequence of the hypothetical
protein ‘ZtFV1_gp2’, causing a F413L substitution (Fig. 6.9B). An additional
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synonymous mutation (G>A) was identified at position 1,908, within the
predicted RNA-dependent RNA polymerase encoding sequence, in over half of
the viral sequences from IPO323 (data not shown).

Due to the importance of RNA silencing in cellular defences against RNA
viruses, the expression of previously characterised Z. tritici Argonaute and
Dicer-like genes was investigated (Kettles et al., 2019). Surprisingly, ZtDCL,
ZtAGO2 and an Argonaute-binding protein (ZtrittPO323_04913344; IPR018606)
displayed significant downregulation in IPO323_SSV samples, while ZtAGO1
expression was unchanged (Fig. 6.9C). This suggests that the high viral load in
wild type IPO323 could be causing strong induction of RNA silencing
machinery, while the reduced abundance of ZtFV1 in IPO323_SSV is caused

by an alternative mechanism to interference by host RNA silencing.
6.4 Discussion

In this study, a spontaneously arising variant of the Z. tritici reference isolate
IPO323, designated IPO323_SSV, was characterised. This strain produces
blastospores consisting of one or two cells during growth on rich media, which
display reduced virulence compared to the multicellular blastospores of the wild
type. This is likely to be caused by a defect in host penetration, considering the
reduced germination efficiency and hyphal growth rate of IPO323 SSV
blastospores when induced by nutrient starvation. Analysis of gene transcription
during growth on rich media provided evidence to suggest that IPO323_SSV is
undergoing an accelerated cell cycle under these conditions, supported by an
increase in the cells capacity for gene transcription and translation, as well as
nucleotide biosynthesis and DNA replication. This is consistent with the
proliferation of unicellular and bicellular spores by this strain, which could be
explained by an increased propensity to undergo cytokinesis rather than
continue to invest in growth of multicellular blastospores. Reduced germination
and filamentous growth rate of IPO323_SSV could reflect a trade-off between a
high replication rate in rich culture medium and investment of resources in lipid

storage required for growth under nutrient limitation during early infection.

The recovery of germination efficiency and virulence in IPO323_SSV

pycnidiospores collected from infected leaves suggests that the aberrant

202



phenotype of this strain is largely restricted to in vitro conditions. However,
when these IPO323_SSV pycnidiospores were subcultured onto rich media,
they reverted to the morphological phenotype observed in IPO323_SSV before
infection. This suggests that the IPO323_SSV phenotype is caused by stable
genetic variation in this strain, rather than epigenetic signatures built up during
in vitro subculturing, as was previously identified alongside deterioration of
virulence in laboratory strains of B. cinerea (Breen et al., 2016). Whole genome
resequencing of IPO323_SSV identified the lack chromosome 18, loss of which
has previously been shown to cause no significant decrease in IPO323
virulence towards the cultivar Riband used here (Habig et al., 2017). However,
a large deletion was identified at the 3’ end of chromosome 5 in IPO323_SSV,
including loss of the telomere, which may have contributed to the observed

phenotype, despite this region not containing any predicted genes.

Similar subtelomeric deletions were identified in smooth mutants of the
ascomycete yeast Yarrowia lipolytica, which were also defective in the transition
to hyphal growth (Pomraning et al., 2018). Moreover, transcriptional analysis of
these mutants revealed striking parallels with the present study, identifying
upregulation of genes involved in the cell cycle, gene transcription and DNA
replication, alongside downregulation of those related to stress responses and
cell wall remodelling. In particular, smooth mutants and IPO323_SSV displayed
enhanced expression of the cell cycle regulator SWI6, deletion of which led to
partial recovery of hyphal growth in Y. lipolytica (Pomraning et al., 2018).
Furthermore, smooth mutants showed downregulated expression of YIMSN2, a
stress responsive transcription factor which was shown to be essential for
hyphal germination. Although the Z. tritici homolog of MSN2
(ZtritiPO323_04g11517) was not found to be differentially expressed in
IPO323_SSV, this strain did display defects in its response to nutrient starvation
and oxidative stress, stimuli which are known to induce hyphal morphogenesis
in Z. tritici (Francisco et al., 2019). Additionally, IPO323_SSV showed
downregulated expression of cell wall remodelling genes that are known to be
involved in polarised growth and morphogenesis in other ascomycetes (Li et al.,
2008; Mouyna et al., 2005; Spreghini et al., 2003; Yamazaki et al., 2008).
Together, these results point towards the occurrence of similar processes in

mutants of distantly related fungal species, with defects in the hyphal transition
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associated with activated cell cycle progression and repressed stress
responses. Further characterisation of gene expression in IPO323_SSV under
hyphal growth-inducing conditions will help elucidate the causes of defective

germination in this strain.

IPO323_SSV was also found to harbour a large deletion in the Z. tritici homolog
of WC1, a photoreceptor which forms the White Collar complex (WCC)
transcription factor with white collar 2 (WC-2) to regulate the expression of blue
light responsive genes in N. crassa (He et al., 2002). This deletion has also
been reported in association with reduced virulence of IPO323 strains in other
laboratories (Habig et al., 2020; Rudd pers. comm.). Subsequent
communication with these groups has confirmed that the chromosome 5
deletion identified here is also present in these strains, providing strong
evidence that both mutations arose in IPO323 prior to dissemination. Screening
for this ZtWC1 deletion in IPO323 stocks from other laboratories is required to
understand its prevalence, and inform the interpretation of results from previous

studies using this strain.

Light is a crucial environmental cue controlling the development and
metabolism of fungi through the regulation of widespread transcriptional
changes (Wu et al., 2014). Furthermore, the molecular machinery involved in
recognition of light has been found to be involved in the virulence of multiple
plant pathogens (Canessa et al., 2013; Kim et al., 2011). Several
developmental processes in Z. tritici are known to be responsive to light,
including the induction of aerial hypha formation (Choi & Goodwin, 2011), and
the regulation of asexual development and vegetative growth (Tiley et al., 2018,
2019). Furthermore, different light regimes were recently found to cause

dramatic changes in Z. tritici gene expression (McCorison & Goodwin, 2020).

Evidence for defective light signalling in IPO323_SSV was identified by
transcriptomic analysis, supporting the hypothesis that the phenotype of this
strain is caused by ZtWC1 disruption. Upregulation of the light-regulated
transcription factor SUB1 is one of the earliest responses to light controlled by
WC1 in N. crassa (Chen et al., 2009). The Z. tritici homolog of SUB1 was found
to be repressed in IPO323_SSV, supporting the conserved regulatory function

of ZtWC1. Exposure to light was also found to cause transcriptional activation of
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the oxidative stress response and repression of genes involved in ribosome
biogenesis in N. crassa (Wu et al 2014), which authors associated with the
repression of protein synthesis caused by other environmental stresses
(Spriggs et al 2010). This suggests that widespread upregulation of ribosomal
proteins observed here in IPO323_SSV could be caused by repression of light-
responsive pathways through ZtWC1 disruption. Furthermore, exposure of Z.
tritici to light was reported to induce repression of genes involved in the cell
cycle and growth and upregulation of genes related to secondary metabolism
(McCorison & Goodwin, 2020). Genes involved in these processes were
differentially expressed in the opposite directions in IPO323_SSV, suggesting
that ZtWC1 may underpin some of the transcriptional changes identified by
McCorison and Goodwin (2020).

Complementation of the ZtWC1 deletion with the full length coding sequence
will elucidate the role of this polymorphism in the IPO323_SSV phenotype, and
is currently underway in the laboratory. Targeted deletion of the complete
ZtWC1 coding sequence and comparison of the resulting phenotype with
IPO323_SSV will also confirm whether the mutation in ZtWC1 identified here
results in complete inhibition of its function. Furthermore, while the present
study assessed the IPO323_SSV phenotype under darkness, the effect of
ZtWC1-disruption on growth morphology and gene transcription during
exposure to light requires investigation to fully characterise elements of the Z.
tritici light response controlled by ZtWCL1. The present findings, along with these
subsequent investigations, will help elucidate the role of ZtWC1 signalling in Z.

tritici virulence.

Transcriptional analysis in this study also identified two putative signalling
proteins which were strongly upregulated in IPO323 _SSV. The Z. tritici homolog
of S. cerevisiae ASC1, a ribosomal protein which also acts as a G protein 3-
subunit in the regulation of many proteins involved in translation and cellular
signalling (Schmitt et al., 2017). This includes the inhibition of both the cAMP-
PKA and KSS1 MAPK pathways (Zeller et al., 2007). Deletion of ASC1 in yeast
leads to reduced dimorphism, probably through over-activation of glucose
signalling pathways causing inhibition of the developmental response to glucose
limitation (Zeller et al., 2007). Additionally, a PEBP-encoding gene was also

among the most strongly induced in IPO323_SSV. The closest homolog of this
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gene in S. cerevisiae is TFS1, which is upregulated during stress and proposed
to form a negative feedback loop on the stress response through activation of
PKA-cAMP signalling and regulation of metabolism (Beaufour et al., 2012).
However, unlike TFS1, the Z. tritici PEBP is predicted to be secreted,
suggesting that this protein may have divergent functions in Z. tritici. The
contribution of these possible signalling components to Z. tritici development

should be investigated further.

Furthermore, the Z. tritici homolog of the transcription factor PRO1, involved in
sexual development of Sodaria macrospora (Masloff et al., 1999), N. crassa
(ADV-1; Colot et al., 2006) and A. nidulans (Vienken & Fischer, 2006), was
strongly downregulated in IPO323_SSV. In N. crassa, ADV-1 transcription is
induced by light under the direct control of the WCC, and controls genes
involved in sexual development and hyphal growth (Colot et al., 2006; Dekhang
et al., 2017; Smith et al., 2010). The Z. tritici homologs of several genes
involved in sexual development in these species were also downregulated in
IPO323_SSV, indicating some conservation in the function of ZtPRO1. Although
sexual development was not assessed here, this provides further evidence
implicating disruption of ZtWC1 as the cause of the IPO323_SSV phenotype,
and suggests that light signalling may be involved in Z. tritici sexual
development. Furthermore, deletion of PRO1 homologs causes an increase in
the vegetative growth rate of various ascomycetes (Soukup et al., 2012),
including the grass endophyte Epichloé festucae, which leads to breakdown of
the symbiotic relationship and stunted growth of the host (Tanaka et al., 2013).
Similar regulation of vegetative growth by ZtPRO1 could be implicated in
causing the in vitro and virulence phenotypes of IPO323_SSV. The role of
ZtPROL1 in regulating the IPO323_SSV phenotype and Z. tritici development

therefore requires further enquiry through targeted deletion and overexpression.

In addition to identifying its conserved role in sexual development, deletion of
PROL1 in Cryphonectria parasitica also led to reduced asexual sporulation, a
phenotype similar to the symptoms caused by the mycovirus CHV1 (Sun et al.,
2009). Furthermore, CHV1 infection was previously found to repress PRO1
expression in this fungus (Allen & Nuss, 2004), suggesting that this
transcriptional response may be the cause of the defect in asexual development

(Sun et al., 2009). Intriguingly, Apro1 mutants were also able to escape CHV1
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infection in rapidly-growing mycelial segments, indicating that PROL1 is required
for the maintenance of CHV1 infection. The authors state: “The observation that
a virus downregulates a host transcription factor gene that is also required for
virus maintenance presents an intriguing paradox” (Sun et al., 2009). However,
it seems more likely that the CpPRO1 downregulation represents a successful

host defence response which restricts viral propagation.

In this study, the Z. tritici mycovirus, ZtFV1, was found to be significantly less
abundant in the blastospores of IPO323_SSV, coinciding with the strong
repression of ZtPRO1 expression. This raises the possible function of PRO1 in
viral infection of these two fungal species. Whether ZtPRO1 downregulation in
IPO323_SSV, and the accompanying phenotypes, is indicative of a defence
response to ZtFV1 infection requires further investigation. To understand
whether this viral suppression in IPO323_SSV is specific to in vitro conditions,
ZtPROL1 expression and ZtFV1 abundance should be analysed during
IPO323_SSV infection after the development of pycnidiospores, which display
similar morphology and virulence to the wild type. If ZtPRO1 downregulation
does represent a defence response against ZtFV1, this is likely to only be
adaptive in vitro, as the associated reductions in germination and virulence are
unlikely to be advantageous during natural infection cycles. Alternatively, viral
suppression in IPO323 _SSV may be a pleiotropic effect of the genotype of this

strain, and may not contribute to its fitness.

Results presented here also show multiple inconsistencies with studies of F.
graminearum infection by FgV1, a mycovirus which causes reduced virulence in
its host (Chu et al., 2002). Expression of genes involved in transcription and
protein synthesis was found to increase in F. graminearum in response to FgV1,
which is proposed to facilitate enhanced viral replication (Cho et al., 2012).
Conversely, these processes displayed higher activity in IPO323_SSV, which
contained a reduced abundance of ZtFV1. Secondly, FgV1 was recently found
to combat RNA interference (RNAI)-based antiviral defence by suppressing the
expression of FgDICER2 and FgQAGOL1, enabled by the binding of a viral protein
upstream of these genes (Yu et al., 2020). Here, wild type IPO323 showed
higher expression of RNAiI machinery despite the increased viral load of this
strain compared to IPO323_SSV. This supports the hypothesis that the

repression of ZtFV1 in IPO323_SSV is not the result of a conventional antiviral
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defence, but a pleiotropic consequence of its developmental phenotype.
Furthermore, upregulation of RNAi machinery in wild type IPO323 may
represent a transcriptional defence response against ZtFV1, but suggests that
this response is ineffective at suppressing the virus. Due to the importance of
RNAI in antiviral defence, many viruses have coevolved to produce viral
suppressors of RNA silencing (VSRs). VSRs are known to inhibit host RNAI via
a wide variety of mechanisms other than transcriptional repression (Csorba et
al., 2015). Although VSRs have been abundantly characterised in plant viruses,
only one VSR has been identified in a mycovirus (Segers et al., 2006). The lack
of ZtFV1 suppression in IPO323 despite the expression of RNAI machinery
indicates that this virus might encode a VSR.

Mycoviruses are known to influence plant pathogen fitness through their
influence on growth, development and virulence factor production (Castro et al.,
2003; Chu et al., 2002; Hao et al., 2018). The impact of ZtFV1 on host fithness
should be explored by inoculation of uninfected Z. tritici strains with in vitro
transcribed viral RNA, as has been previously demonstrated in Sclerotinium
sclerotiorum (Marzano et al., 2015). It is likely that all maintained laboratory
IPO323 strains contain ZtFV1, as mycoviruses are mainly transmitted
intracellularly through asexual reproduction and hyphal anastomosis (Pearson
et al., 2009). Furthermore, ZtFV1 was identified in multiple RNA-seq studies of
IPO323 from different laboratories (Gilbert et al., 2019). Therefore, a naive host
needs to be identified by screening for ZtFV1 in the transcriptome datasets from
other Z. tritici strains (Haueisen et al., 2019; Palma-Guerrero et al., 2017),
which will also help elucidate the global prevalence of this mycovirus in Z. tritici
populations. Given the abundance of ZtFV1 in wild type IPO323, which displays
normal morphology and symptom development on susceptible hosts, it is
implausible that this virus causes major repression of host virulence as reported
in other species (Chu et al., 2002; Hao et al., 2018). However, the possibility of
enhanced Z. tritici virulence caused by ZtFV1 warrants additional study.

Moreover, further study is required to uncover any impact on viral infection
caused by the SNP identified here in the ZtFV1 genome. The sequences of
ZtFV1 in IPO323 strains from other laboratories have so far been identical
(Gilbert et al., 2019), suggesting remarkable stability of the viral genome

through in vitro subculture. Whether the ZtFV1 variant identified in the wild type
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IPO323 strain from our laboratory is associated with the high abundance of viral
RNA in this strain, and whether this has an impact on Z. tritici phenotype,

should be investigated.
6.5 Conclusions

This study elucidates the genetic and transcriptomic causes of abnormal
morphological development, defective hyphal germination and reduced
virulence in IPO323_SSV, a spontaneous variant of the Z. tritici reference
isolate which has been identified in multiple laboratories. Genome resequencing
identified a large deletion at the end of chromosome 5, as well as a disruptive
deletion in the putative light-regulated transcription factor ZtwWC1.
Transcriptome analysis identified activation of cell cycle and protein
biosynthesis machinery and downregulation of stress response and cell wall
remodelling genes, revealing the cellular processes underlying the
IPO323_SSV phenotype. Homologs of light-responsive genes from other
ascomycetes were repressed in IPO322_SSV, strongly supporting the
hypothesis that ZtWC1 disruption is the principal cause of the phenotype of this
strain, and implicating this transcription factor in regulating Z. tritici development
and virulence. Finally, the Z. tritici mycovirus ZtFV1 was shown to display
reduced abundance in IPO323_SSV, providing insights into this hitherto

uncharacterised interaction.

209



g Qualimap v.2.2.1 bamqc function on

Chromosome

Coverage of Z. tritici chromosomes by reads from whole genome resequencing of

Figure S6.1 IPO323_SSV has lost chromosome 18 and the 3’ end of

chromosome 5
IPO323 and IPO323 SSV. Generated usin

6.6 Supplementary information
BAM alignment files

210

| S g s e | T T T L s i e s s e B S e | D P S e | | e s s e S e e
s .| S s s e i e - e e e b ——e Qe —————— - ————— . T s Saceupun e i
| e e e s e b g e b g - e e
gt —— —— e e e e e e R e —
- - - - — et ==+ = = == = = 4 b TR b e e e e 2 7 T e e s s
"'d"ll"-"'lllulf‘ """"""""""" e e, .- ------dae- .vﬂ’ 11111111111111111
I SIS 4409090 St aEne coegrbommetete o R~ =~ =~ ==
T TN O O SN PUOS QU — = e SN TN TR MO SN TG M - < R N QN T
L ) = 4
ooooooooooooooooo L T RN RS S SRR UGS | [ SR g SN SRS R My < g S P R R R S
s, = EF [
tttttttttttttttt R, . o < e e et eracecced |lcccasmaim oo o o —— - e+ - - -
zh = zr 3
> =
= < X
tttttttttttttttt L e e e ecscerarececsed lccecseramaanedeso SR _ .\ coeoesoseeoed
b S [ 7
ttttttttttttttttt R G L e e el el SO, L]
oL g oL 5
3 >
Y 2
e e B = e T S T e e g 1
6 = 6 \.w
% 3
................... . g REEGUSTR RN | RGNS O N A S
8 - 8 B
g,y S
J— 2,
uuuuuuuuuuuuu it . . <l = < = + = o == == ] o o=+ = ol et L L L oL oo
L s ’ P,
- — S = E— —~
J Y
— <
\ )
||||||||||||||||||||| . RSO URIRIE | | NSNS L ISR G . 00 U S R S S
9 = 9 <
= o
£ S
il 3
|||||||||||||||||||||| L™ [ PRSP A N R AP % o ——————
S e s <
S J
= £
>
% \
e e e R e = e e e e I B e 4
14 i v 'q
3
S -
................... - —EREESUSUNNLIEAY | RS GRIE R G A)- - SO R R
€ &y € o
G 2
% 3
= e
nnnnnnnnnnnnnnnnnn B e e [ PSRRI S S S S S e D e
z s z 3 V
< s
- S
> S n
= y
5 3 (%p)]
£ <
bbbbbbbbbbbbbbbbbb ——— - - ] llttx|ttl|lxxtltlllllw.||1||||ttxlltlltt—
— A‘v L A_v
L = o K ' N
> s
Z m $ o™
o 5 o
LS
2 a. ;. o
— — S —
2888888 RRE8BEBREB¥IBRAERR2EYoL2838888RREBEY¥IBLLRR|eer

(x) abeiano) () abeianod



Table S6.1 Unique polymorphisms in IPO323_SSV genome sequence

Po n
3:2780000

4:138
4:2879854
5:2842982
8:9437
8:9463
9:245952

11:1480176

12:935185

14:535214

Reference
A

bﬁ—(bgb

—

TGA

IPO323_SSV
T

m—w'vmgm

[}

TA

Type

upstream_gene_variant

upstream_gene_variant
upstream_gene_variant
upstream_gene_variant
downstream_gene_variant

downstream_gene_variant
intergenic_region
intergenic_region
intergenic_region
intergenic_region
intergenic_region
intergenic_region

upstream_gene_variant

downstream_gene_variant
downstream_gene_variant
downstream_gene_ variant
upstream_gene_variant

downstream_gene_variant
downstream_gene_variant

downstream_gene_variant
downstream_gene_variant

Sequence Name

Ztri

0323 04g08144

IPO323_04g08145
ZtritlPO323_04g08146
IPO323_04g08147
ZtritlPO323_04g08143

ZtritlPO323_04g08148
ZtritlPO323_04g08435
IPO323_04g09442
ZtritlPO323_04g10445
ZtritlPO323 04g12284
ZtritlPO323 04g12284
ZtritlP0323 04g13213
ZtritlPO323_04g13214
ZtritlPO323_04g03529

ZtritlPO323_04g03526
ZtritlPO323_04g03527

ZtritlPO323_04g03528
ZtritlPO323_04g03894

ZtritlPO323_04g03892
ZtritlPO323_04g03893
ZtritlPO323_04g03895
ZtritlPO323_04g04660

Gene Location

3:2775363-2776256

3:2776737-2777822
3:2777963-2779282
3:2780807-2782753
3:2773312-2775238

3:2782932-2790467
4:5701-6531
4:2861265-2862581
5:2837214-2837805
8:25014-25374
8:25014-25374
9:229502-230026
9:253716-255161
11:1482755-1488544

11:1476457-1478013

11:1478295-1479368

11:1480387-1482195

12:937745-938650

12:931436-934838

12:935684-937528

12:938892-939957
14:529029-530824

Sequence Description

3-oxoacyl-reductase like

1-acyl-sn-glycerol-3-phosphate acyltransferase

betalike

hypothetical protein TI39_contig5832g00011
synaptic vesicle transporter svop

MFS transporter

beige BEACH domain-containing

NA
PA50 monooxygenase
NA
NA
NA

hypothetical protein MYCGRDRAFT 95526
hypothetical protein MYCGRDRAFT 95527
205 cyclosome subunit (APC1) like

oxalate decarboxylase oxdC

hypothetical protein TI39_contig516g00002
hypothetical protein MYCGRDRAFT 111361
hypothetical protein MYCGRDRAFT 97103

ddenn domain-containing

bifunctional partial
pex19 family

Phosphonoacetaldehyde hydrolase

InterPro Name

Short-chain dehydrogenase/reductase
SDR;NAD(P)-binding domain
Phospholipid/glycerol acyltransferase;1-
acyl-sn-glycerol-3-phosphate
acyltransferase

Ribosomal protein 535, mitochondrial
Major facilitator superfamily

Major facilitator superfamily

BEACH domain; WD40/YVTN repeat-like-
containing domain;PH-BEACH
domain;Concanavalin A-like

lectin/glucanase domain

NA

Cytochrome P450

Reverse transcriptase domain

NA

NA

NA

NA

Anaphase-promoting complex subunit 1
Cupin 1;Bicupin, oxalate
decarboxylase/oxidase;RmIC-like jelly roll
fold;RmIC-like cupin domain

NA

WDA40/YVTN repeat-like-containing
domain; WD40-re peat-containing domain
NA

DENN domain;dDENN domain;uDENN
domainProtein kinase C-like, phorbol

ester/diacylglycerol-binding domain

Mur ligase, central;Mur ligase, C-terminal;
Folylpolyglutamate synthetase
null;Pex19 protein;Pex19 protein
null;null;null

Differentially
expressed

No

Upregulated
No
Downregulated
No

No
No
No
No
No
No
Upregulated
No
No

No
No
No
Upregulated
No
Upregulated

No
No
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Figure S6.2 Transcription machinery is upregulated in IPO323_SSV
Z. tritici KEGG pathways for RNA polymerase (ko03020) and splicosome (ko03040),
with genes upregulated (green), downregulated (red) or not differentially expressed

(yellow) in IPO323_SSV compared to IPO233. Pathway components with no annotated

genes are displayed in blue
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Figure S6.3 Nucleotide biosynthesis is upregulated in IPO323_SSV

Z. tritici KEGG pathways for the purine biosynthetic process (ko00230) and pyrimidine
biosynthetic process (ko00240), with genes upregulated (green), downregulated (red)
or not differentially expressed (yellow) in IPO323_SSV compared to IPO233. Pathway
components with no annotated genes are displayed in blue.
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Figure S6.4 The pentose phosphate pathway is upregulated in IPO323_SSV

Z. tritici KEGG pathway for the pentose phosphate pathway (ko00030), with genes
upregulated (green), downregulated (red) or not differentially expressed (yellow) in

IPO323_SSV compared to IPO233. Pathway components with ho annotated genes are

displayed in blue.
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Figure S6.5 DNA replication machinery is upregulated in IPO323_SSV

Z. tritici KEGG pathway for the DNA replication (ko03030), with genes upregulated
(green), downregulated (red) or not differentially expressed (yellow) in IPO323_SSV
compared to IPO233. Pathway components with no annotated genes are displayed in

blue.
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Chapter 7
General Discussion
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7.1 Objectives of this thesis

At its outset, research for this thesis aimed to address questions surrounding
the source of nutrition supporting germination and growth during symptomless
infection of wheat by Z. tritici (Brennan et al., 2019; Sanchez-Vallet et al., 2015).
Initially, this focused on autophagy (Chapter 3), the cellular recycling pathway
that has become prominent as an important process in the development and
virulence of fungal plant pathogens (Kershaw & Talbot, 2009; Lv et al., 2017;
Ren et al., 2017). Additionally, detailed analysis of fatty acid (3-oxidation was
carried out (Chapter 4), in light of the proposed importance of utilising abundant
lipid droplets within the Z. tritici spore for hyphal growth during early colonisation
(Francisco et al., 2019; Rudd et al., 2015).

During these investigations, the unexpected identification of additional Z. tritici
strains with attenuated virulence and altered growth morphology prompted the
forward genetic characterisation of the cellular processes underlying these
phenotypes. Whole genome resequencing of non-pathogenic T-DNA insertion
strains identified disruption of genes within the cyclic adenosine
monophosphate (CAMP)-protein kinase A (PKA) and cell wall integrity (CWI)
signalling cascades, leading to further functional characterisation of these
pathways during Z. tritici infection through transcriptomic analysis (Chapter 5).
Furthermore, during early investigations of Z. tritici autophagy, a spontaneous
mutant of the reference strain IPO323 was also identified, instigating exploration
of the underlying genotypic and transcriptomic causes of this phenotype
(Chapter 6).

The cumulative results obtained provide novel insights into the metabolic and

signalling pathways involved in Z. tritici infection on wheat leaves.
7.2 Nutrient acquisition during the symptomless phase

One of the key remaining questions from the past decade of Z. tritici research is
how the fungus gains nutrition during the symptomless phase of infection
(Brennan et al., 2019). Researchers have posed the question of whether Z.
tritici uses host-derived nutrients during epiphytic and apoplastic growth before
the necrotrophic switch, and can therefore be defined as a hemibiotroph, or

instead relies on stored lipids in the spore at this stage, favouring the term
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‘latent necrotroph’ (Sanchez-Vallet et al., 2015). While previous transcriptome
studies have identified the upregulation of putative lipid metabolism genes
during early infection (Palma-Guerrero et al., 2017; Rudd et al., 2015),

functional characterisation of these genes has not previously been reported.
7.2.1 Mitochondrial B-oxidation supports early colonisation

This thesis provides further evidence for the use of stored lipids by Z. tritici as a
carbon source during early infection, through molecular characterisation of fatty
acid B-oxidation (Chapter 4). Mitochondrial B-oxidation, through the enoyl-CoA
hydratase enzyme ZtEch1, was shown to be crucial for the starvation-induced
hyphal growth of Z. tritici, and hence the virulence of this pathogen. The
germination of Aztech1 blastospores was abolished on carbon-deficient
medium, while hyphal growth on nitrogen-deficient medium was still observed.
This suggests that defective epiphytic growth without mitochondrial 3-oxidation
is caused by an inability to remobilise stored carbon, rather than a defect in
hyphal growth or the aberrant mitochondrial morphology in Aztech1 spores. The
continued contribution of ZtEch1 to symptomless colonisation of the mesophyli
should be investigated by direct injection of Aztech1 spores or hyphae into
wheat leaves, or the conditional suppression of ZtEchl midway through the
symptomless phase. Conditional gene expression at specific infection phases
was recently achieved in Ustilago maydis by placing the target gene under the
control of a promoter known to be regulated with the desired in planta
transcription profile (Schmitz et al., 2020). This represents a powerful tool for
studying the in planta function of genes whose deletion leads to inhibited
germination or early invasive growth, such as FUS3 and HOG1 MAPKs in Z.
tritici (Cousin et al., 2006; Mehrabi, Zwiers, et al., 2006).

Intriguingly, spontaneous rescue of germination in a subset of Aztech1 cells
indicates the potential for metabolic recovery in this background, and the
possibility of redundancy with other enzymes or parallel 3-oxidation pathways.
Genomic and transcriptomic analysis of these Aztech1Rev strains is required to
understand the cause of their phenotypic recovery. Although mitochondria and
peroxisomes display division of labour in their $-oxidation functions in
eukaryotes (Poirier et al., 2006), some overlap in function between these

pathways has been identified in fungi (Kretschmer, Klose, et al., 2012;
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Kretschmer, Wang, et al., 2012; Maggio-Hall & Keller, 2004). Furthermore,
functional genomic analysis of putative peroxisomal B-oxidation genes and the
apparent dispensability of MFP homologs, which are required for this pathway
in other fungi (Hiltunen et al., 1992; Wang et al., 2007), provided preliminary
evidence for the presence of a non-canonical peroxisomal B-oxidation pathway
in Z. tritici. Characterisation of other putative peroxisomal 3-oxidation enzymes,
as well as the generation of peroxisome deficient Z. tritici strains, will help to

investigate this pathway and uncover its function during infection.

These findings contribute to the growing evidence that lipid metabolism is
crucial for the virulence of many plant pathogenic fungi, particularly during the
early stages of infection by foliar pathogens (Solomon et al., 2004; Tang et al.,
2019; Wang et al., 2007), raising its potential utility as an antifungal target.
Further investigation of the enzymes that contribute to fatty acid metabolism in
Z. tritici is necessary for developing inhibition of this process as a control
strategy. In particular, elucidating the unique aspects of B-oxidation in these
filamentous pathogens compared to mammalian and host plant cells is required

to assess its suitability as a chemical target.
7.2.2 Autophagy is not required for lipid mobilisation or virulence

Despite the evidence presented here for the importance of lipid metabolism in
early infection, questions still remain regarding the mechanisms used by Z. tritici
to mobilise fatty acids from within lipid droplets. Disruption of autophagy in this
thesis, through the deletion of ZtATG1, led to no defect in starvation-induced
hyphal growth or virulence, suggesting that autophagy is dispensable for the
recycling of stored lipids and cellular differentiation during infection (Chapter 3).
However, these results do not rule out the contribution of autophagy to lipid
droplet breakdown, as this may be complemented by the increased activity of
cytosolic TAG lipases in Aztatg1 mutants. Previous studies in Saccharomyces
cerevisiae have identified both transcriptional and post-translational activation of
these enzymes in autophagy-deficient strains (Maeda et al., 2015). The
expression of candidate Z. tritici TAG lipases should therefore be analysed in
wild type and Aztatg1 backgrounds. Furthermore, targeted deletion of Z. tritici

TAG lipase homologs could elucidate their importance to providing fatty acids
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for B-oxidation during early infection, although functional redundancy between

these enzymes is possible.

Evidence presented in this study suggests that Z. tritici undergoes active
autophagy during blastosporulation on rich media. This is contrary to the
inactivity of this processes during growth on rich media in S. cerevisiae
(Cebollero & Reggiori, 2009). This discrepancy could be explained by the fact
that blastosporulation is taken out of its natural context in vitro. Blastospores
produced by lateral budding of epiphytic hyphae during early infection need to
be filled with stored lipids, if they are to provide a viable secondary inoculum
(Francisco et al., 2019). However, this occurs on the leaf surface where
nutrients are scarce. In this context, autophagy may be involved in recycling
intracellular membrane lipids for the formation of lipid droplets in developing
blastospores, a function which has been demonstrated in starved mammalian
cells (Rambold et al., 2015). This function may be maintained in Z. tritici during
in vitro blastosporulation. Continued production of virulent blastospores in
autophagy-deficient Aztatg1 strains may be supported by the increased activity
of fatty acid synthesis using the abundant carbon source available from rich
medium. Indeed, fatty acid biosynthesis has been shown to be important for
blastosporulation in vitro, as inhibition of FA synthase causes a switch to hyphal

growth on rich media (Cairns et al. unpublished).

An autophagy-independent function of ZtATG8 was also suggested by the delay
in symptoms development caused by Aztatg8 strains. Discrepancy in the
phenotypes of Aatg1 and Aatg8 strains of filamentous fungi have been reported
(Nadal & Gold, 2010; Ying et al., 2016), although detailed characterisation of
independent ATGS8 functions are limited to model yeasts (Liu et al., 2018;
Maeda et al., 2017). These studies have largely relied on strains lacking ATG8
conjugation to separate phenotypes from its functions in autophagy, which
should be pursued in future investigation of Z. tritici autophagy.

7.2.3 Z. tritici: hemibiotroph or latent necrotroph?

Evidence to support the hypothesis that Z. tritici accesses significant nutrition
from the host during epiphytic growth and early mesophyll colonisation is
currently limited to the expression of a subset of secreted proteases, lipases

and cell wall degrading enzymes at this stage (Palma-Guerrero et al., 2016;
220



Rudd et al., 2015). However, whether these enzymes function in accessing
apoplastic nutrients is yet to be determined (Sanchez-Vallet et al., 2015). The
appearance of chlorosis during late infection by Aztcyr1 strains suggests that
they continue to grow within the mesophyll, despite no evidence of induced
necrosis (Chapter 5). Chlorosis in these leaves may be caused by stress
resulting from the utilisation of apoplastic nutrients. This finding suggests that Z.
tritici may be capable of accessing host nutrients to support growth without
extensive cell lysis, and that infection by Aztcyr1 may show characteristics of
colonisation by biotrophic endophytes (Rasmussen et al., 2012). However, the
induction of some genes associated with necrotrophic growth at 9 dpi in
Azteyr1, including secreted hydrolytic enzymes, means that late infection by this

strain may not be a suitable proxy for symptomless infection by the wild type.

The inability of Aztech1 to germinate on the leaf surface provides strong
evidence that internal lipid stores are the primary source of energy during early
epiphytic growth. Furthermore, the ability of Z. tritici hyphae to grow for at least
three weeks on water agar, as observed here and in other studies (Kay, 2017),
suggests that blastospores contain enough stored nutrients to support extensive
hyphal growth. Indeed, the level of hyphal proliferation under starvation in vitro
potentially exceeds that observed during the symptomless phase before
induction of necrosis (Keon et al., 2007; Haueisen et al., 2019). Therefore, any
contribution of apoplastic nutrients to Z. tritici mesophyll colonisation is likely to
be minor and perhaps dispensable. Moreover, molecular characterisation of this
contribution is likely to be hindered by functional redundancy between the
enzymes required for breakdown and uptake of external nutrients. Overall, this

thesis supports the definition of Z. tritici as a latent necrotroph.

Questions remain over use of the term hemibiotroph to define other apoplastic
pathogens with prolonged asymptomatic phases during initial infection
(Précigout et al., 2020). Along with Z. tritici, multiple other Dothideomycete fungi
have long been defined as hemibiotrophic, including the devastating banana
pathogen Mycosphaerella fijisiensis causing black sigatoka, the canola blackleg
disease pathogen Leptospheria maculans and the pine needle blight fungus
Dothistroma septosporum (Ohm et al., 2012). These pathogens also colonise
the leaf tissue through stomata and inhabit the apoplast asymptomatically for

extended periods before causing necrosis. Similar to Z. tritici, D. septosporum
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encodes a reduced complement of predicted PCWDEs and displays higher
expression of these genes during the necrotrophic phase (Bradshaw et al.,
2016; de Wit et al., 2012). Furthermore, the glyoxylate cycle gene ICL1 was
found to be essential for L. maculans pathogenicity through supporting hyphal
growth during early infection, suggesting stored lipids may support early
infection by this fungus (ldnurm & Howlett, 2002). Currently, evidence for
biotrophic feeding by these pathogens before the induction of necrosis is
unclear, raising the possibility that other ‘hemibiotrophs’ of this fungal class may
be better described as latent necrotrophs. Analysis of in planta lipid metabolism
gene expression and functional characterisation of fatty acid 3-oxidation genes
during infection by these pathogens is required to assess the importance of

stored lipids to their pathogenicity.

7.3 Signalling pathways underpinning the Z. tritici infection

cycle

Perception of external cues during host colonisation is crucial for controlling
infection-related development, adaptation to the host environment and virulence
in pathogenic organisms. For many plant pathogenic fungi, this involves host
surface recognition to induce the differentiation of penetration structures, and
sensing of the internal host environment to combat defence responses and
control invasive growth (Sakulkoo et al., 2018; Turra et al., 2014). Forward
genetic investigation of virulence determinants in this thesis provided novel
insights into the signalling pathways that control Z. tritici infection at various
stages, including regulation of hyphal growth, adaptation to the host
environment and the induction of necrosis (Chapters 5 and 6).

7.3.1 Light signalling in Z. tritici development and virulence

The defects in hyphal morphogenesis and virulence identified in the
spontaneous mutant IPO323_SSV are potentially associated with a deletion in
the putative light-responsive gene ZtWC-1 (Chapter 6). If confirmed through
complementation experiments, this indicates the possible function of light
signalling during Z. tritici infection. The regulation of Z. tritici growth and
morphology by light during invasion may be advantageous, considering the
reliance of this pathogen on stomatal penetration (Kema, Yu, et al., 1996), and
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the increased stomatal opening during the day in response to light (Shimazaki
et al., 2007). If light signalling is inhibited in IPO323_SSV through ZtWC-1
disruption, reduced filamentation and preferential blastosporulation in this strain
may represent a defect in adaptive control of development by light. Promoting
hyphal growth during the day when stomata are open could enhance host
penetration, while blastosporulation at night may generate secondary inoculum
which could be dispersed by the formation of dew. To explore the influence of
light on Z. tritici development, future studies should assess the effect of different
light regimes on hyphal growth and blastosporulation during starvation in vitro.
This would be complemented by investigating the impact of shading during
early infection on virulence, similar to previous experiments demonstrating the

role of light in the induction of necrosis by Z. tritici (Keon et al., 2007).

Furthermore, light exposure experienced by Z. tritici during epiphytic growth will
likely lead to oxidative stress (Fuller et al., 2015), providing another potential in
planta function of light regulation in this stress response. Blue light signalling
through WC-1 has been shown to regulate resistance to UV-mediated oxidative
stress in multiple fungal species (Canessa et al., 2013; Fuller et al., 2013;
Idnurm & Heitman, 2005), suggesting visible light is used as a signal of more
damaging shorter wavelengths (Fuller et al., 2015). IPO323_SSV displayed
increased sensitivity to hydrogen peroxide, which provides preliminary evidence
for the role of ZtWC-1 in the oxidative stress response. Assessing the effect of
pre-exposure to light on Z. tritici sensitivity to oxidative will help investigate this

putative function.

7.3.2 Cell wall integrity signalling during adaptation to the host

environment

A recent study comparing Z. tritici gene expression during in vitro carbon
starvation and early infection found some overlap in expression profiles,
including several infection-associated genes (Francisco et al., 2019). However,
the set of genes identified was relatively small compared to the number of
genes identified as upregulated in Z. tritici during early leaf colonisation (Rudd
et al., 2015), and did not include the LysM-domain effectors known to be crucial

for evasion of host defences (Marshall et al., 2011; Tian et al., 2021). This
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suggests that cues from the host environment other than nutrient starvation are

important for regulating infection-related processes in Z. tritici.

Results in this thesis suggest that the CWI pathway is involved in regulating
adaptation to the host apoplast by controlling the expression of secreted genes,
including the essential LysM effectors (Chapter 5). This regulation is essential
for suppression of the host immune response, explaining previous reports of
CWI pathway disruption causing failure to colonise the mesophyll (Mehrabi, Van
Der Lee, et al., 2006). Regulation of infection-related gene expression may
therefore involve perception of signals in the apoplast that disrupt the Z. tritici
cell wall upon invasion. Future studies should investigate gene expression in Z.
tritici upon exposure to cell wall perturbation, to investigate the potential co-
regulation of this response with virulence-associated genes. These findings
contribute to a growing body of evidence that the CWI pathway is important for

host defence evasion by fungal plant pathogens (Turra et al., 2014).

7.3.3 Potential role of cAMP-PKA signalling in the transition to

necrotrophy

Several crucial questions remain unanswered surrounding the switch to
necrotrophic growth during Z. tritici infection (Brennan et al., 2019); what
triggers this transition in feeding habit, how does the fungus induce host
necrosis and what is the adaptive function (if any) of the latent phase? Previous
studies have implicated Z. tritici manipulation of host mitogen-activated protein
kinase (MAPK) signalling and chromatin remodelling in controlling the
transcriptional changes seen in the plant during the transition to necrotrophy
(Lee et al., 2015; Rudd et al., 2008). Furthermore, transcriptional studies have
identified host defence suppression during the symptomless phase (Rudd et al.,
2015), which is known to require Z. tritici effector proteins (Marshall et al.,
2011). This has led to the hypothesis disease progression is governed by Z.
tritici ‘hi-jacking’ host defence signalling, first through immune suppression and
then activation of programmed cell death associated with the hypersensitive
response (Hammond-Kosack & Rudd, 2008). However, the signalling pathways
and secreted factors governing this switch in growth habit in the fungus remain

largely uncharacterised.
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After initial identification of a point mutation in the Z. tritici adenylate cyclase
gene (ZtCYR1) associated with avirulence, targeted deletion provided evidence
for the role of cAMP-PKA signalling in controlling the necrotrophic switch
(Chapter 5). Despite evidence of continued growth of Aztcyr? in the host, this
strain did not cause necrotic lesions or induce the associated wheat defence
response seen during wild type infection. Differential regulation of secreted
proteins associated with the transition to necrotrophy (Rudd et al., 2015),
including putative effectors, identified in this strain could explain this defect in
infection progression. These results not only implicate the cCAMP-PKA pathway
in regulating necrotrophic growth, but also provide leads into the potential Z.

tritici virulence factors which induce the host hypersensitive response.

Further study is required to understand the upstream signals which regulate
adenylate cyclase and PKA activity in Z. tritici, which could elucidate the triggers
regulating the necrotrophic switch. This should include further analysis of the G-
protein coupled receptor proteins previously found to influence Z. tritici CAMP
production and virulence (Mehrabi et al., 2009). Although the cCAMP-PKA
signalling is well characterised to respond to environmental nutrient status in S.
cerevisiae, this pathway has also been characterised to respond to a wide
range of external stimuli in fungal pathogens to control morphology and
virulence (Fuller & Rhodes, 2012). In fact, activation of PKA is induced in
multiple plant pathogens during host penetration on the leaf surface where
external nutrients are scarce (Choi & Dean, 1997; Z. Yang & Dickman, 1999),
suggesting divergence from the activation of S. cerevisiae PKA by extracellular
glucose (Tamaki, 2007). Induction of the necrotrophic switch could therefore be
regulated by PKA after perception of changing conditions in the host during

colonisation, or dwindling internal nutrient stores in the pathogen.

As previously mentioned, evidence for the continued growth of Aztcyr1 without
host necrosis suggests that infection by this strain may resemble endophyte
colonisation. Z. tritici has been proposed to have evolved from a non-
pathogenic endophyte ancestor, considering the lack of intracellular growth and
reduced PCWDE content in its genome (Goodwin et al., 2011; Sanchez-Vallet
et al., 2015). Considering these findings, the potential function of the cAMP-
PKA pathway in controlling necrotrophic growth may provide a crucial link in the

evolution of pathogenicity in Z. tritici. The latent period without feeding during Z.
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tritici infection could be an artefact of an ancestral endophyte, which may have
required an initial period of self-supported growth while establishing
suppression of host defence. The maintenance of this latent phase could
enhance Z. tritici fitness by helping the fungus to establish mesophyll
colonisation before inducing necrosis, allowing access to more stomata required
for asexual sporulation. Observations of reduced pycnidia production after
truncation of the latent period provides some evidence to support this, with
authors speculating that symptomless growth allows the fungus to reach a

“critical internal biomass” before the necrotrophic switch (Lee et al., 2015).
7.3.4 Signalling pathways as targets for fungal pathogen control

There is an increasing body of evidence for the importance of MAPK and
cAMP-PKA signalling to the virulence of fungal pathogens of plants and humans
(Dichtl et al., 2016; Fuller & Rhodes, 2012; Turra et al., 2014). These pathways
therefore represent potentially useful targets for antifungal control strategies.
This is particularly true considering the pleiotropic functions of these pathways
in various cellular processes required for virulence, which reduces the potential
for the development of antifungal resistance (Fuller & Rhodes, 2012).
Furthermore, there is evidence for the synergistic enhancement of drug activity
by inhibition of these signalling pathways, potentially due to their role in the
resistance response to other antifungals (Bastidas et al., 2009; Dichtl et al.,
2016). For example, PKC inhibition and deletion has been found to increase
sensitivity to echinocandin and azole fungicides (LaFayette et al., 2010;
Sussman et al., 2004).

The fungal cell wall has been widely recognised as a key potential target for the
development of fungicides, given its specificity to this kingdom containing many
pathogens of eukaryotic hosts (Hasim & Coleman, 2019; Odds et al., 2003).
Inhibition of signal transduction pathways involved in regulating cell wall
synthesis and remodelling, such as the CWI pathway, remain an as yet
unexploited target for potential fungicides (Heinisch, 2005; Heinisch & Rodicio,
2018). The cAMP-PKA pathway also falls into this category, having also been
implicated in regulating the cell wall stress response in multiple fungal
pathogens (Fuller et al., 2011; Zhu et al., 2017), including in Z. tritici here
(Chapter 5).
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Further elucidation of the signalling components in the Z. tritici CWI and cAMP-
PKA pathways, and the signals that they perceive, will be crucial for
understanding their potential use as targets for disease control.

7.4 Perspectives on Z. tritici research

7.4.1 Is it time for a new reference strain?

The instability of the Z. tritici genome under laboratory culture conditions has
been previously demonstrated, with large chromosomal polymorphisms
appearing during in vitro subculture (Moller et al., 2018). As well as the loss of
chromosome 18, genotypic analysis of the spontaneous IPO323 mutant
IPO323_SSV identified large deletions in a conserved fungal transcription factor
and the subtelomeric region of chromosome 5 (Chapter 6). These deletions
were associated with reduced virulence and altered morphological development
in this strain. Polymorphisms such as these are distinct from the chromosomal
losses and rearrangements that have been previously characterised during
asexual propagation of Z. tritici (Moéller et al., 2018). Furthermore, a
spontaneous SNP in the ZtCYRL1, identified here, was associated with loss of
necrotrophic growth and asexual development in the host, but no dramatic
defect during in vitro growth (Chapter 5). This highlights the potential impact of
polymorphisms on Z. tritici pathogenicity that may go unnoticed in laboratory

strains without assessment of genotype and in planta phenotype.

Considering these findings, a study needs to be instigated to sequence IPO323
strains from different laboratories, in order to understand the genotypic variation
in this ‘reference’ strain. Previous proposals of karyotyping IPO323 strains
(discussed at the ‘Zymoseptoria tritici community meeting 2017’ in Kiel,
Germany) should be extended to next generation sequencing. This is required
to encompass more cryptic polymorphisms gained during in vitro subculture,
such as those identified in this thesis. Such a study is crucial for the comparison
of parallel research in different laboratories, including the interpretation of
results in the published literature and the appraisal of new results in contrast

with other studies.

The sequencing of the IPO323 genome, published 10 years ago (Goodwin et

al., 2011), enabled rapid progress in the understanding of Z. tritici infection
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through functional genomic and transcriptomic studies (Brunner et al., 2013;
Mirzadi Gohari et al., 2015; Rudd et al., 2015). Moreover, this facilitated the
omics analysis of other strains using short read sequencing and alignment to
this high quality reference assembly (Palma-Guerrero et al., 2017; Stukenbrock
et al., 2011). However, developments in next generation sequencing call into
question the utility of studying one isolate, with the option of resequencing and
assembly of new high quality genomes becoming increasingly available (Badet
et al., 2020). This is especially true considering the increasing evidence for
dramatic variation in Z. tritici strains at a genomic and transcriptomic level
(Badet et al., 2020; Haueisen et al., 2019; Palma-Guerrero et al., 2017), which
translates to diversity in morphology, development and infection strategy of this
pathogen (Haueisen et al., 2019).

Perhaps a bank of strains with fully assembled genomes should be defined and
disseminated to encompass the variation in traits such as aggressiveness, host
cultivar specificity and infection-related development. This would enable the
broadening of our understanding of molecular host-pathogen interactions
beyond IPO323. At least, if the continued use of a ‘reference’ isolate is deemed
to be required, the Z. tritici community should consider the selection of a new
strain, in order to start afresh without the genotypic variation known to be
present in global IPO323 population almost 40 years after its isolation.
Furthermore, the rapid evolution of Z. tritici under the strong selection pressures
of fungicide application and deployment of resistance genotypes may have led
to dramatic changes in pathogen the pathogen genome over this time frame
(McDonald & Stukenbrock, 2016). Indeed, the avirulence gene AvrStb6,
recently discovered in IPO323 (Zhong et al., 2017), has undergone rapid
selection in the Z. tritici population since this strain was isolated, leading to the
complete loss of the avirulent isoform in modern field isolates with widespread

use of the corresponding Stb6 wheat genotype (Stephens et al., 2021).
7.4.2 Future identification of virulence determinants in Z. tritici

Transcriptomics using RNA sequencing has been invaluable in understanding
the molecular basis of host-pathogen interactions, progressing the field from
focus on individual genes of interest to global analysis of both host and

pathogen factors across different stages of infection (Kawahara et al., 2012;
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Westermann et al., 2017). This has been seen in studies of the Z. tritici-wheat
interaction, starting with investigation of individual fungal strains (Kellner et al.,
2014; Rudd et al., 2015; Yang et al., 2013), and progressing to comparative
studies revealing variation in molecular strategies of different isolates (Haueisen
et al., 2019; Palma-Guerrero et al., 2017). These studies have changed our
understanding of the Z. tritici infection strategy (Sanchez-Vallet et al., 2015),
and identified many genes which may be crucial to its virulence, providing leads
for further characterisation using reverse genetic approaches. Indeed, the
investigation of fatty acid B-oxidation in the present study was prompted by
evidence of the upregulation of genes putatively involved in lipid metabolism
during early infection (Rudd et al., 2015).

However, since these transcriptomic studies, only a handful of studies have
characterised genes contributing to Z. tritici virulence (Choi et al., 2016;
Francisco et al., 2020; Habig et al., 2020; King et al., 2017; Mohammadi et al.,
2017; Poppe et al., 2015; Tiley et al., 2018). This may have resulted from the
emergence of Z. tritici as a model system for the study of plant pathogen
evolutionary genomics (Feurtey et al., 2019), which has become the focus of
many groups working on the species. Understanding of the cellular processes
contributing to Z. tritici infection is therefore far behind other model pathogen
species, such as Magnaporthe oryzae, and requires significantly more attention.
However, Z. tritici is well placed to become leading system in our understanding
of infection by apoplastic Dothideomycete pathogens, which cause a number of
economically important diseases (Ohm et al., 2012).

Future elucidation of Z. tritici virulence factors should utilise the recent
advances in next generation sequencing technologies to streamline research.
The efficiency of forward genetics techniques is greatly enhanced by cheap and
rapid sequencing, and provides the advantage that investment of time and
resources in detailed characterisation is done in the knowledge that the target is
involved in virulence. However, forward genetics is not suitable for identifying
essential genes as potential targets of control strategies, which is more
amenable to reverse genetic techniques involving the introduction of inducible
promoters. Implementation of these techniques will be invaluable in identifying

novel targets for control of Z. tritici.
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Furthermore, RNA sequencing is becoming a powerful tool for understanding
the regulatory networks underlying pathogen infection, through analysis of
transcriptomic changes upon disruption of signalling components by reverse
genetics, as exemplified in this thesis (Chapter 5) and other studies (Sakulkoo
et al., 2018). This technique should be deployed to further investigate the
control of infection related-processes by the MAPKs HOG1 and FUS3, which
could lead to identification of downstream processes involved in germination
and host penetration previously identified as controlled by these pathways in Z.
tritici (Cousin et al., 2006; Mehrabi, Zwiers, et al., 2006). Other regulatory
networks that require investigation in Z. tritici include the SNF1 pathway, which
has been found to regulate PCWDE expression in multiple plant pathogens
(Feng et al., 2014; Lee et al., 2009), and may help reveal the importance of
these hydrolytic enzymes to Z. tritici infection. Moreover, future studies should
investigate the Z. tritici unfolded protein response, which is emerging as a
promising potential target for fungal disease control with pleiotropic influences
on processes required in all pathogens, including effector secretion, responses
to stress and cellular development (Guillemette et al., 2014; Hampel et al.,
2016; Krishnan & Askew, 2014; Pinter et al., 2019; Tang et al., 2015).

7.5 Summary

In summary, the present thesis reveals novel understanding of the cellular
mechanisms contributing to infection of wheat by Z. tritici. The crucial role of
mitochondrial B-oxidation during growth under starvation and virulence was
elucidated. This provides strong evidence for the importance of stored lipids in
supporting early infection, and that Z. tritici is a ‘latent necrotroph’. Autophagy
was found to be dispensable for virulence in Z. tritici, implicating the function of
direct lipolysis in the breakdown of lipid droplets. Further insights into the role of
intracellular signalling pathways in Z. tritici infection were also revealed. The
CWI pathway was found to be involved in the regulation of secreted proteins
required for the adaptation of Z. tritici to the host environment, while cAMP-PKA
signalling was implicated in controlling the transition to necrotrophy. Finally,
preliminary evidence was presented for the role of light signalling in Z. tritici
development and virulence through the transcriptional regulator ZtWC-1. These

findings provide numerous leads for future research into the molecular basis of
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infection by this devastating pathogen, and identify potential targets for the

development of new fungicides for use in its control.
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