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Abstract 

The wheat pathogen Parastagonospora nodorum (Syn. Phaeosphaeria nodorum) 

belongs to the pathogen-enriched class of fungi known as the Dothideomycetes. P. 

nodorum is a host specific pathogen that causes annual losses to the Australian wheat 

industry in excess of $100 million AUD. These losses are due to the pathogens’ 

mechanism of infection and reproduction. P. nodorum, like other Dothideomycetes, is a 

polycyclic necrotroph. Typical infection begins with either wind-dispersed ascospores 

or splash-dispersed pycnidiospores landing on a leaf, followed by invasive hyphal 

growth. The fungus uses effector proteins in a gene-for-gene manner with the host to 

kill the plant tissue, generating lesions of necrotic tissue surrounding the infection site. 

The decaying plant tissue is then assimilated and over the course of several days 

pycnidia develop, continuing the disease cycle. By decreasing the photosynthetic area of 

the Flag and Flag-1 leaves, the fungus inhibits grain-filling leading to yield losses. 

Sporulation and virulence are the two crucial aspects for disease development in the P. 

nodorum-wheat pathosystem and form the basis of this project. 

 

A forward genetics approach was employed to discover novel mechanisms by which P. 

nodorum facilitates infection on wheat. A library of random insertion mutants of P. 

nodorum was generated utilising Agrobacterium-mediated transformation. 

Subsequently, the library was screened for loss of virulence phenotypes on a susceptible 

cultivar of wheat. This was complemented by a second screen identifying gain of 

virulence phenotypes on a non-susceptible cultivar. From a library of 950 transformants 

seven displayed a consistent avirulent phenotype on the susceptible wheat cultivar, and 

one displayed a partial gain of virulence on the non-susceptible cultivar. The genomes 

of the seven strains of avirulent P. nodorum were then sequenced via the Illumina 
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MiSeq short-read platform. De novo genome assembly identified two disrupted loci in a 

single avirulent strain. These loci were identified through BLAST homology as a 

putative Copper-dependent amine oxidase, and a Catechol-1,2-dioxygenase. A previous 

study identified a Catechol-1,2-dioxygenase as a key virulence factor in Fusarium 

oxysporum. However, an independent gene disruption concluded that this gene is not 

required for virulence in P. nodorum. 

 

Complementary to the forward genetics approach to identifying novel mechanisms of 

virulence, a combined transcriptomics and metabolomics approach was employed to 

decipher sporulation in this pathogen. This is of particular interest as the canonical 

sporulation pathways in Aspergillus or Neurospora have been previously shown to be 

not applicable in P. nodorum. This aspect of my project involved a differential gene 

analysis of fungal material collected at three key developmental time points.  

Sporulation was initiated in vitro by the non-proteinaceous amino acid, gamma-

aminobutyric acid (GABA). I have previously published a reported describing 

sporulation induction in P. nodorum and related species by application of exogenous 

GABA. By comparing gene expression in the fungus just prior to pycnidia formation, 

sporulation and subsequent to sporulation, I was able to identify several key genes 

which are involved in initiating a sporulation cascade. Further, I was able to elucidate a 

polyamine pathway intrinsically linked to P. nodorum sporulation. This study garners 

genetic and biochemical insight into the two aspects of the P. nodorum life cycle that 

are crucial for disease development.  
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Chapter 1: General introduction to 

Parastagonospora nodorum and forward 

genetics 



1.1 Parastagonospora nodorum 

1.1.1 Parastagonospora nodorum is a threat to food production 

Many economically important crop diseases are caused by fungi in the class, 

Dothideomycetes. This pathogen-enriched class of fungi includes Parastagonospora 

nodorum (syn. Phaesophaeria nodorum) the causal agent of the wheat disease, Septoria 

nodorum blotch (SNB) (Hane et al., 2007;  Oliver et al., 2012). In 2009, SNB was the third 

most economically destructive disease to the Australian wheat industry estimated to cost 

over $108mil AUD annually in losses alone (Table 1.01) (Murray and Brennan, 2009). 

These losses are due to the polycyclic life strategy of the fungus (Oliver et al., 2012). 

 

(Table 1.01 The five most economically significant wheat pathogens in Australia, 

adapted from Murray and Brennan (2009)) 

 

 

1.1.2 A polycyclic infection cycle is key to disease development 

Like many other Dothideomycetes, P. nodorum exhibits a polycyclic lifestyle whereby the 

pathogen infects the host, asexually reproduces, and reinfects the host multiple times 

throughout a growing season (Solomon et al., 2006; Rudd et al., 2015). Field infection by 
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P. nodorum begins with the use of infected grain or when a wheat leaf comes in contact 

with a spore. Sexual spores from infected stubble of the previous year are wind dispersed 

over long distances. While, asexual spores are splash dispersed by water droplets within or 

between plants (Figure 1.01) (Oliver et al., 2012). After landing on the plant surface, the 

spore germinates and invades the plant tissue through natural openings or by directly 

penetrating the host (Solomon et al., 2006). Germinating spores and penetration of host 

tissue can be seen in Figure 1.02.  

 

 

(Figure 1.01: The polycyclic nature of P. nodorum relies upon several genetic and 

primary metabolic components. Image adapted from (Oliver et al., 2012)) 
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(Figure 1.02: Germination and penetration of host tissue by P. nodorum spores. 

Panels a, b, d, f, g and i show aniline blue stained fungal spores germinating (a) 

and penetrating the host via a stomate (b) or by direct penetration (d), (f) and (g). 

(i) depicts the callose deposition underneath a penetrating hypha in blue. Panels c, 

e and h, show electron microscopy images of hyphae extending across the leaf 

surface and penetrating the host- via a stomate (c) or direct penetration (e)(h). 

Adapted from Solomon et al (2006)) 

 

1.1.3 Proteinaceous effectors are the driving cause of SNB 

Upon invasion of the host, the fungus secretes small, cysteine-rich proteins known as 

effectors (Oliver et al., 2012). These effector proteins interact in a gene-for-gene manner 

with dominant susceptibility genes in the host to induce cell death. Figure 1.03 

demonstrates the requirement for both of these components to be present with the SnToxA-

Tsn1 interaction.  
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(Figure 1.03: Interaction of the P. nodorum effector, ToxA, with susceptible Tsn1 

and non-susceptible tsn1 wheat cultivars. The Sn.ToxA protein has been infiltrated 

into the wheat leaf in the upper two panels, while buffer has been infiltrated in the 

lower two. The left two panels show a wheat cultivar harbouring the ToxA 

susceptibility gene, Tsn1, while the right two panels show a wheat cultivar lacking 

this particular susceptibility gene. The smaller brown patches in the right two 

panels and bottom panels is due to damage by the syringe during infiltration. 

Adapted from in house data.)  

 

This interaction is known as effector triggered susceptibility (ETS) and acts in an inverse 

manner to the traditional, gene-for-gene, effector trigger immunity (ETI) observed in 

biotrophs (Jones and Dangl, 2006; McDonald and Solomon, 2018). Lesions of necrotic 

plant tissue surround infections sites when both a susceptibility gene and corresponding 

effector are present (Friesen et al., 2008). The effectors are expressed by the pathogen 

within 72 hours of contact with the host before necrosis develops (Faris et al., 2011; Liu et 

al., 2016, 2009). The decaying plant tissue then provides nutrients for the fungus to 

proliferate in the host and reproduce, leading to field epidemics. The ability to kill host 
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tissue, conferred by the effectors, has allowed P. nodorum to become a destructive 

pathogen. 

The molecular mechanisms leading to plant cell death, during ETS interactions, are 

currently unknown. However, the P. nodorum-wheat pathosystem provides a model for 

dissecting ETS interactions and advancing our understanding of effector proteins (Breen et 

al., 2016; Lin et al., 2018). P. nodorum harbors three effector genes (Sn.ToxA, Sn.Tox1 and 

Sn.Tox3) known to interact with the wheat susceptibility genes Tsn1, Snn1 and Snn3 and 

result in necrotic lesions (Friesen et al., 2008). The complex role these genes play in disease 

is beginning to be revealed through a concerted effort of localization, structural elucidation, 

protein-protein interaction, population genetics and bioinformatic studies (Breen et al., 

2016; Liu et al., 2016; McDonald et al., 2018; Sperschneider et al., 2017; Zhang et al., 

2017). Figure 1.04 summarises the current understanding of P. nodorum effector 

interactions with the wheat host. 
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(Figure 1.04: Model of proposed interactions between P. nodorum effectors, 

Sn.ToxA, Sn.Tox1 and Sn.Tox3, with the host. PR1, Pathogenesis related protein 

1. PTI, Pathogen triggered immunity. Source: (McDonald and Solomon, 2018)) 

 

1.1.3.1 Sn.ToxA 

The proteinaceous effector, Sn.ToxA, is secreted by P. nodorum during infection on wheat 

cultivars carrying the susceptibility gene, Tsn1 (Liu et al., 2006). ToxA has no known 

function other than to induce necrosis in a gene-for-gene manner with Tsn1 - contrary to the 

classical biotrophic model of effectors and R-genes (Jones and Dangl, 2006; McDonald and 

Solomon, 2018). This compatible interaction results in plant cell death and the formation of 

necrotic lesions. The molecular basis for the Sn.ToxA-Tsn1 interaction and subsequent 

progression to lesion development is currently unknown, however, significant progress has 
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been made in the last 15 years. The susceptibility gene, Tsn1, has been cloned and 

determined to encode the serine/threonine protein kinase, nucleotide binding-leucine rich 

repeat (NB-LRR) and a wall associated kinase (WAK) domains normally associated with 

resistance genes (Faris et al., 2010). The plant Pathogen Response 1 (PR-1-5) protein was 

recently discovered to directly interact with the Sn.ToxA protein (Breen et al., 2016; Lu et 

al., 2014). Further, GFP fusion and localisation experiments have revealed that Ptr.ToxA is 

internalised by the plant cell and localised to the chloroplast (Manning and Ciuffetti, 2005; 

Manning et al., 2007).  

 

Intriguingly, P. nodorum is not the only fungal necrotroph to harbour the ToxA gene. ToxA 

has also been identified in the wheat pathogen Pyrenophora tritici-repentis (Ptr.ToxA) the 

wheat and barley pathogen Bipolaris sorokiniana (Bs.ToxA) and the oat pathogen 

Phaesophaeria avenaria tritici (Pat.ToxA) (Friesen et al., 2006; McDonald et al., 2018, 

2012). P. nodorum is thought to have donated ToxA to P. tritici-repentis through horizontal 

gene transfer (HGT) c.a. 1941. This subsequently led to the emergence of P. tritici-repentis 

as a new and devastating pathogen (Friesen et al., 2006). The ToxA locus in these pathogens 

is nearly identical leading to a range of ToxA haplotypes in the global pathogen population. 

The global population of P. nodorum contains the highest variation in ToxA haplotypes, 

suggesting that it has harboured this genetic region the longest. Conversely, the recent 

discovery of ToxA in B. sorokiniana casts doubt over the progenitor of ToxA. The B. 

sorokiniana ToxA haplotype has not been found in any isolate of P. nodorum, suggesting 

independent acquisition of this virulence factor (Friesen et al., 2006; McDonald et al., 

2018). 
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1.1.3.2 Sn.Tox1 

P. nodorum expresses the proteinaceous effector, Sn.Tox1, during a compatible interaction 

with wheat cultivars containing the dominant susceptibility gene, Snn1. This inverse gene-

for-gene interaction results in plant cell death and necrotic lesions (Liu et al., 2012). Similar 

to the Sn.ToxA-Tsn1 interaction, little is known about the molecular mechanism linking the 

virulence factor to the susceptibility genes. However, Snn1 has been cloned and found to 

encode serine/threonine protein kinase, nucleotide binding-leucine rich repeat (NB-LRR) 

and a wall associated kinase (WAK) domains (Shi et al., 2016)). Further, significant 

advances have been made to determine the role of Sn.Tox1 during infection. Liu et al 

(2016) determined Sn.Tox1 chitin binding activity and used a GFP:Tox1 fusion protein to 

visualise Sn.Tox1 localisation to the hyphal tips of P. nodorum and penetration points on 

the leaf surface. They go on to show that the Sn.Tox1 protein confers protection from 

wheat chitinases to P. nodorum and three other fungi. These results suggest that Sn.Tox1 

protects the fungus from cell wall degrading chitinases and masks chitin fragments from 

triggering the plant immune system (Liu et al., 2016). Despite benefits from harbouring this 

virulence factor, implied by these observations, Sn.Tox1 has not been driven to allelic 

fixation and exists as a presence/absence polymorphism in the global P. nodorum 

population. This, interestingly, indicates that Sn.Tox1 may be dispensable during disease 

formation in the field or interacts in a more dynamic way on a population level (McDonald 

and Solomon, 2018).  

 

1.1.3.3 Sn.Tox3 

The P. nodorum effector, Sn.Tox3, induces necrosis in an inverse gene-for-gene interaction 

on wheat cultivars harbouring the dominant host susceptibility gene, Snn3. Although 

Sn.Tox3 has been cloned and characterised, Snn3 is yet to be identified (Friesen et al., 2008; 
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Liu et al., 2004). Recently, Sn.Tox3 was found to directly interact with the plant Pathogen 

Response 1 protein, PR-1-1 and six other members of this family (Breen et al., 2016). PR-

1-1 contains a peptide domain known as CAPE1. Wheat plants pre-treated with a 

synthesised CAPE1 peptide showed enhanced susceptibility to P. nodorum infection. 

Enhanced susceptibility was only observed during Tox3-Snn3 interactions and did not 

extend to the other PR-1 interacting effector, Sn.ToxA. This indicates that CAPE1 is 

integral to the Sn.Tox3-Snn3 molecular cascade, resulting in cell death, but doesn’t play a 

role during the Sn.ToxA-Tsn1 interaction (Breen et al., 2017, 2016; Lu et al., 2014).  

 

1.1.4 Effector driven virulence is only one component of SNB 

Despite the substantial role of Sn.ToxA, Sn.Tox1 and Sn.Tox3 during infection, they are not 

the only virulence factors involved and there is evidence for their redundancy. Through a 

presently unknown mechanism, the disruption of one effector can increase expression of 

another during infection (Phan et al., 2016). Further, culture extract from a triple effector 

knock-out in the SN15 strain is able to induce necrosis (Tan et al., 2015). These two pieces 

of evidence indicate the presence of additional, undiscovered virulence factors. Aside from 

the secreted effector proteins, a plethora of primary metabolic pathways are proven 

requirements for P. nodorum to cause disease. For example, a Short-chain dehydrogenase 

was found by Tan et al (2008) to play an integral role in formation of the pathogens 

reproductive structure, the pycnidium. Without this metabolic gene the fungus is unable to 

reproduce, this disrupting the disease cycle. As such, there are potentially many virulence 

factors yet to be discovered. 
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1.1.4.1 A short-chain dehydrogenase is required for differentiation of the 

pycnidium sub-parietal layer, leading to sporulation 

G-protein signalling is a highly conserved eukaryotic signalling pathway that relies upon a 

heterotrimeric protein complex bound to the cytoplasmic side of a membrane bound 

receptor (Li et al., 2007; Urano et al., 2013). Inhibiting this pathway in P. nodorum, by 

disrupting the Gα subunit of the protein complex, lead to a pleiotropic phenotype. The 

Pn.gna1 mutant was unable to colonise the host, sporulate or melanise (Solomon et al., 

2004).  

 

To deconvolute the Pn.gna1 phenotype, protein gel analysis combined with protein mass-

spectrometry identified differentially abundant proteins between the wild-type and Pn.gna1 

strains (Tan et al., 2008). This revealed a Short-chain dehydrogenase (Shc1) to be 18-fold 

less abundant in the Pn.gna1 mutant, indicating its regulation by G-protein signalling. 

Subsequent disruption of the identified P. nodorum short-chain dehydrogenase (Pn.Sch1) 

did not affect virulence. However the Pn.sch1strains displayed reduced growth on minimal 

medium as well as both in vitro and in planta sporulation (Tan et al., 2008). Pycnidia 

produced by the mutant strains were smaller than the wildtype counterparts and, in planta, 

failed to produce the spore exudate known as cirrus. GFP tagging Pn.Sch1 in the wildtype 

strain indicated high expression of the protein in the inner layer of the pycnidium, known as 

the sub-parietal layer, but not in the melanised outer layer or vegetative hyphae. On a finer 

scale, electron microscopy revealed that the sub-parietal layer was malformed in the mutant 

strains and the conidiogenic cells failed to differentiate into pycnidiospores (Tan et al., 

2008).  
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Tan et al (2008) showed that a Short-chain dehydrogenase was regulated by the G-protein 

signalling cascade and played a key role in pycnidial cell differentiation during sporulation 

in P. nodorum (Solomon et al., 2004; Tan et al., 2008). The signalling cascade from G-

protein to sporulation exemplifies the complex nature of asexual development in fungal 

pathogens and that there are more facets to SNB than the effectors. To resolve more of 

these pathways a forward genetics approach was employed- an approach not previously 

reported to have been applied to P. nodorum. 

 

1.1.5 Sporulation is a vital component for P. nodorum to cause disease 

Sexual reproduction in Ascomycetes is initiated by pheromone communication between 

hyphae of compatible mating types (Jones, S. K. Jr. and Bennett R. J., 2011). Upon 

recognition of a compatible mating type, hyphal cells differentiate into sexual structures 

known as gamatangia. The female gamatangium is composed of a large polynucleated cell, 

known as the ascogonium. The ascogonium is attached to a trichogyne, a multicellular 

attachment that grows towards and entangle male cells (Debuchy et al, 2010). These male 

cells may be specialised hyphae known as antheridium, but also include asexual spores and 

broken hyphae These various male cells donate a nucleus to the trichogyne, introducing 

new DNA and initiating sexual fruiting body development (Bouhouche et al, 2004; 

Debuchy et al, 2010).  

 

This process leading to sexual fruiting body development is finely orchestrated by a genetic 

cascade controlled by genetic loci known as mating type loci. The single mating type locus 

in Ascomycetes, known as MAT1, is bi-allelic leading to a bipolar method of reproduction. 

Conversely, ancestral Basidiomycetes were tetrapole, containing two multi-allelic MAT 
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loci (Metzenberg, R. L. and Glass, L. N., 1990; Bakkeren, G. and Kronstad, J.W., 1994). 

The sequence variants leading to polarity are known as idiomorphs. Idiomorphs contain a 

diverse set of genes in the Ascomycetes. This variation leads to species that are able to 

mate with individuals of the same mating type, homothallism, and species that require 

individuals to harbour differing mating types, heterothallism (Metzenberg, R. L. and Glass, 

L. N., 1990; Bennett et al, 2003). Despite high variation in idiomorph content Ascomycete 

mating types invariably contain either of two transcription factors. These transcription 

factors are similar to either the MATα1 or the High-Mobility Group (HMG) proteins found 

in Saccharomyces cerevisiae, and are the identifying features of the two Ascomycete 

mating types MAT1-1 and MAT1-2 (Bennett et al, 2003).  

 

Despite the content variation of Ascomycete MAT1 loci they are highly conserved within 

the class Dothideomycete, including P. nodorum. P. nodorum is heterothallic, or self-

incompatible, requiring two strains of opposing mating types for sexual reproduction 

(Bennett et al, 2003). These mating types have been isolated from field infections and 

epidemiological studies have identified genetic recombination patterns that indicate P. 

nodorum undergoes sexual reproduction in the field (Sommerhalder et al, 2010; Bennett et 

al, 2003). Unfortunately, there have been no reports of P. nodorum consistently 

reproducing sexually under laboratory conditions.  

 

Asexual reproduction in P. nodorum begins with the melanisation of vegetative mycelia, 

which differentiate and fuse into the asexual fruiting body known as a pycnidium (pl. 

pycnidia). Spores developing within a pycnidium are shown in Figure 1.05 (Douaiher et al., 

2004; Solomon et al., 2006). Asexual spores develop within pycnidia, eventually releasing 

in a pink fluid known as cirrus before splash dispersing across infected leaf tissue or onto 
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nearby plants, repeating the infection cycle. Infection and re-infection of the host occurs 

multiple times throughout the growing season leading to large losses of leaf tissue in the 

field. This reduced leaf tissue lowers the photosynthetic capability of the plant, ultimately 

diminishing the plants productivity and grain yield (Douaiher et al., 2004; Solomon et al., 

2006).  

 

Disrupting sporulation in P. nodorum breaks the infection cycle, effectively disarming the 

pathogen. Although able to infect the host plant, the fungus is unable to cause yield-

reducing field epidemics. Several core genetic elements and primary metabolic pathways, 

essential for P. nodorum sporulation, have been elucidated over the last few decades and 

are summarised in Figure 1.01 (Oliver et al., 2012). Despite these advances, many of the 

key genes and pathways required for lesion formation and asexual sporulation in P. 

nodorum remain undiscovered. 



 

 

(Figure 1.05: P. nodorum asexual reproductive cycle. A-I) Cartoon sketch depicting 

P. nodorum cell differentiation leading to pycnidium formation. Mycelia aggregate 

into a knot in box A, and develop into a ruptured pycnidium releasing spores in box 

I. Scale bar represents 10µm. Images adapted from (Douaiher et al., 2004). J and 

K) Electron microscopy image of P. nodorum infecting a wheat leaf, and the 

developing spores within a pycnidium. Scale bar represents 50µm. Arrow 1 

indicates the sub-parietal layer and arrow 2 indicates developing spores. Images 

adapted from (Solomon et al., 2006)) 
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1.2 Forward genetics 

1.2.1 Definition, types and history 

Many of the greatest breakthroughs in our understanding of biological systems have come 

from randomly inactivating individual genes within an organism followed by targeted 

phenotypic screens (Bleecker et al., 1988; Clutterbuck, 1969; Epstein et al., 1963; Hartwell 

et al., 1973; MacGurn and Cox, 2007; Weitz et al., 2005). This process is known as forward 

genetics. Although the effects of mutagenesis were known decades earlier (Muller, 1927), 

the first active forward genetics studies weren’t reported until the early 1940’s focussing on 

the common mould Neurospora crassa and the bacterium Escherichia coli (Beadle and 

Tatum, 1941; Gray and Tatum, 1944). Ionising radiation was used to create libraries of 

randomly generated mutants, which were subsequently screened for the absence of growth 

on specific nutrient sources (Beadle and Tatum, 1941; Gray and Tatum, 1944). At this time, 

before the structure of DNA was known, interesting phenotypes could not be linked to a 

specific nucleotide sequence. Modern forward genetic screens have overcome this 

limitation using advanced molecular techniques, such as inverse PCR, plasmid rescue and 

Thermo Asymetic InterLaced PCR (TAIL-PCR) (Kemppainen et al., 2008; Schumacher et 

al., 2014; Villalba et al., 2001). These contemporary studies cover many model and non-

model organisms and not only screen for observable loss of function mutants but also gain 

of function mutants and encompass multigenerational screens (Brown et al., 2014; Minty et 

al., 2011; Scalliet et al., 2012; Urban et al., 2015).  

 

A plethora of mutagenesis methods have been developed for generating a mutant library, 

allowing screens to be tailored to a specific organism. The crucial advantage of forward 

genetics lies in its ability to "blindly" elucidate the role of distinct genomic loci whose 

functions were previously unknown. On numerous occasions, novel lines of investigation 
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have been opened through forward genetic screens applied to non-model organisms of 

industrial, medical or agricultural value (Brown et al., 2014; Minty et al., 2011; Urban et 

al., 2015). 

 

Historically, forward genetics screens have faced a trade-off between the difficulty of 

generating and screening mutants, and the potential biological insight gained. There are 

three prominent complications when considering a forward genetics screen: (1) 

Comprehensive mutant libraries are difficult to generate, (2) Screening mutant 

libraries is laborious and (3) Causal mutation sites are difficult to determine. Until 

now, the most formidable hindrance to a forward genetics screen has been linking the 

desired phenotypes with the responsible mutations. These mutations were filtered from 

other mutations in the strains of interest using sexual back-crossing. Crossing provides a 

controlled genetic background for the desired mutation to be introduced during sexual 

recombination (Balhadere et al., 1999; Gout et al., 2006). The progeny from this 

recombination were then screened again for the desired phenotype. Mutations in strains 

exhibiting the phenotype of interest were then identified. Commonly identified mutations 

between strains of the same phenotype were then confirmed to be the causal mutation by 

reverse genetics (Gout et al., 2006). The secondary value of sexual crossing comes from its 

ability to filter untagged mutations from tagged. For example, Balhadere et al. (1999) 

identified five avirulent strains of Fusarium graminearum generated by random insertion 

mutagenesis with a Hygromycin B resistance marker. However, the resistance marker 

segregated with the avirulence phenotype after sexual crossing in only two of the five 

avirulent strains (Balhadere et al., 1999). This indicated that the mutagenesis technique, 

Restriction Enzyme Mediated Integration, or background mutation rates were responsible 
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for the phenotype, but not the insertion sequence. This inhibits using the insertion sequence 

to find the disrupted genomic loci responsible for these phenotypes. 

 

 Identifying these sites using molecular techniques, and the sexual crossing itself, requires 

months of laboratory work and is often unsuccessful if the mutation lies in a repetitive 

genome area. However, this complication is now largely resolved by Whole Genome 

Sequencing (WGS). Current sequencing technology can assemble full microbial genomes 

from several mutants of interest with minimal resources. Bioinformatic software is 

available for quality control, genome assembly and determination of mutation sites. These 

range from simple Graphical User Interfaces (GUIs) with basic predetermined pipelines 

and parameters, to intensive command line and scripting based packages (Bankevich et al., 

2012; Kearse et al., 2012; Zerbino and Birney, 2008). The relative ease with which these 

data are now obtained not only allows for rapid identification of mutations but also enables 

the use of older mutagenesis methods that induce single nucleotide polymorphisms. 

 

1.2.2 Random Insertional Mutagenesis 

There are two main forms of mutation used in forward genetic screens. The first, 

historically, induced single nucleotide polymorphisms and insertion-deletions (SNP/InDels) 

by ionizing radiation and DNA alkylating reagents. The second form of mutagenesis, 

random insertional mutagenesis, has been used to introduce large, exogenous, genetic 

sequences into target genomes in an unbiased fashion. Random insertional mutagenesis, 

disrupting loci with a selectable marker, allows mutant strains to be filtered from wild type, 

as well as providing a known tagging sequence for loci identification. Design and synthesis 

of disruption constructs for random insertional mutagenesis is more time consuming than 

methods used SNP-based mutagenesis. Disruption constructs vary in their complexity, but 
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at the minimum must contain a suitable selectable marker and regulatory elements for the 

target organism. Current synthetic biology enables a combination of complex insertion 

sequences and molecular methods to retrieve disrupted loci. However, the declining cost of 

Whole Genome Sequencing (WGS) makes these loci retrieval systems obsolete. 

 

Insertional mutagenesis has traditionally been favoured as it was generally considered to 

induce few mutations and allowed the disrupted loci to be identified via molecular methods. 

Popular molecular methods include plasmid rescue, TAIL-PCR and inverse PCR 

(Kemppainen et al., 2008; Schumacher et al., 2014; Villalba et al., 2001). However, the 

benefits of insertional mutagenesis are inconsistent. Several studies have shown that 

insertional mutagenesis often yields multiple insertion events, fragmented or unstable 

insertions, or causes severe chromosomal rearrangements and deletions. Further, these 

chromosomal rearrangements can be found in transformants that have indicated a single 

insertion via Southern blot analysis resulting in masked or hidden mutations, irretrievable 

by molecular methods (Balhadere et al., 1999; Urban et al., 2015). Through WGS, 

disrupted loci can be identified in multiple strains more rapidly and accurately than through 

traditional molecular methods. Further, by combining de novo genome assembly and 

reference-guided assembly, accurate locus identification can be accomplished in strains 

containing multiple insertions, chromosomal rearrangements and insertion fragmentations 

(Urban et al., 2015). Even when chromosomal rearrangements can be identified, these 

large-scale mutations remove or inactive great swathes of genes which nullify attempts to 

link genes with phenotypes. Insertional mutagenesis is further limited to vary degrees by 

logistics of scalability and insertion site bias. Regardless, insertional mutagenesis remains a 

popular form of creating a mutant library for forward genetics screens and has proven 

fruitful for many investigations (Schumacher et al., 2014; Yu et al., 2015). One of the most 
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popular forms of insertional mutagenesis has been via Agrobacterium-mediated 

transformation. 

 

1.2.3 Random gene disruption via Agrobacterium-mediated transformation 

Agrobacter have been a powerful tool to molecular biologists and continue to prove their 

worth after several decades of use (Marton L., Wullems G. J., Molendijk L., 1979; Rho et 

al., 2001). The Agrobacterium transformation system originated from a plant pathogen that 

inserted foreign DNA elements into a plant host to induce tumours and polyamine growth 

for its nutrients. This pathogen has since been modified for biotechnological application 

across Kingdoms (Kunik et al., 2001) (de Groot et al., 1998; Frandsen, 2011; Gelvin, 2009, 

2003). In the laboratory, the working elements of the Agrobacterium DNA transfer system 

are separated into two separate plasmids that work in concert. The primary plasmid 

contains a prokaryotic selectable marker, origin of replication, multiple cloning site and T-

DNA sequences which border the insertion sequence (de Framond et al., 1983; Hoekema et 

al., 1984). A second plasmid, known as the helper plasmid, contains a prokaryotic 

selectable marker and virulence (vir) genes (de Framond et al., 1983; Hoekema et al., 

1984). Activation of the vir genes, by the plant hormone acetosyringone, initiates the 

transfer of DNA from within the T-DNA borders into the host cell genome (Lee et al., 

1992; Wang et al., 1987).  

 

The crucial advantage of the Agrobacterium transformation system is the known insertion 

sequence between the T-DNA borders, and delegation of transformation to a bacterium, 

producing readily identifiable mutations (Kemppainen et al., 2008). Selection bias towards 

certain integration sites, as well as the insertion rate has been the subject of thorough 

investigation (Alonso et al., 2003; Choi et al., 2007; Meng et al., 2007; Qin et al., 2003). 
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Agrobacterium generally introduces a single insertion into the host genome, with low 

frequency of insert fragmentation (Alonso et al., 2003; Meng et al., 2007). This is 

advantageous when determining the causal loci for observed phenotypes but may be 

disadvantageous in organisms with large or highly redundant genomes. The Agrobacterium 

disruption vector is developed either through cloning or direct vector synthesis, and a range 

of designs may be employed to optimise a forward genetics screen. Initial strain 

development is time consuming, however, once a strain of bacterium is established the 

subsequent genetic transformations are quick, inexpensive and easily scalable (Meng et al., 

2007; Idnurm et al., 2009). 

 

1.3 Aims of this project 

In order to cause SNB, P. nodorum must infect and kill the host, as well as sporulate and 

reinfect the host. Without either of these elements, the fungus is unable to cause the yield 

losses that make this pathogen a threat to food security. I employed a forward genetics 

approach to discover novel genetic elements required by P. nodorum to infect the host. I 

then combined transcriptomics and metabolomics to investigate the genetic and 

biochemical mechanisms orchestrating asexual development. 



 39 

Aims: 

1)  Elucidation of novel virulence factors in P. nodorum 

a) To generate a library of phenotypically characterised random P. nodorum 

mutants, with few mutations per strain, that can be stored long-term and 

repeatedly screened. 

b) To develop a high throughput pathogenicity assay then screen the random 

mutant library for strains unable to cause disease symptoms on a susceptible 

host, and those that can cause disease symptoms on a non-susceptible host. 

c) To identify mutations in strains displaying phenotypes of interest, then 

independently verify the mutation and mechanism producing the observed 

phenotype. 

 

2)  Genetic and biochemical investigation of asexual development in P. nodorum 

a) To determine key developmental time-points during asexual reproduction 

b) To identify key gene expression changes leading to cell differentiation and the 

development of pycnidia and pycnidospores. 

c) To identify metabolites, differentially abundant between stages of asexual 

development, and characterise their role in vegetative growth, pycnidiation and 

sporulation. 
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2.1 Introduction 

Sequencing the Parastagonospora nodorum genome in 2005 (Birren et al., 2005) has 

identified genes that are required for normal pathogen growth, reproduction and 

infection of the host via reverse genetics (Lowe et al., 2009; Solomon et al., 2005; Tan 

et al., 2008). Reverse genetics is a hypothesis driven method that relies on reliable gene 

annotations and predicted functions. For example, Lowe et al (2009) utilised mass-

spectrometry to show the disaccharide, trehalose, accumulates in P. nodorum during 

sporulation. Disrupting the P. nodorum gene with the closest homology to known 

trehalose-6-phosphate synthases (Tps1), resulted in sporulation-deficient mutants that 

did not accumulate trehalose. Thereby reverse genetics, directed by functional mass-

spectrometry data, demonstrated that trehalose accumulation plays a critical role in 

sporulation (Lowe et al., 2009). While productive, this method relies on previous 

studies such as metabolomics or transcriptomics to direct hypothesis testing. This 

reliance can bias research towards biochemical pathways shared with model organisms 

and limit the discovery of novel genes involved in sporulation, virulence or other 

pathogen traits. 

 

Forward genetics offers an alternative approach to elucidating the role of genetic loci. 

This approach involves the random disruption of genes in an organism and screening 

the subsequent mutants for a phenotype of interest. The impaired genes within mutants 

displaying a phenotype of interest are identified and independently verified as being 

causal to the observed phenotype. Such an approach has led to the identification of 

novel mechanisms of fungal development and virulence over the last several decades 

(Akamatsu et al., 1997; Bölker et al., 1995; Urban et al., 2015). For example, Xu et al 

(2013) utilised Agrobacterium-mediated transformation to randomly mutate the 

pathogenic fungus Sclerotinium sclerotiorum and screen the subsequent mutants for a 



 53 

loss of virulence on pea leaves. The disrupted genetic locus in the single avirulent 

isolate obtained was then identified, via inverse PCR, and confirmed by enzymatic 

analysis as Super Oxide Dismutase (Ss.SOD1) (Xu and Chen, 2013). Here-by a forward 

genetics approach has revealed a biochemical mechanism in S. sclerotiorum which 

maybe be exploited to limit disease. 

 

This chapter describes the generation, statistical analysis and screening of a random 

mutation library of P. nodorum. This library was generated using Agrobacterium-

mediated transformation to insert a known disruption sequence, harbouring the 

Hygromycin resistance:Green fluorescence protein fusion gene (Hph:GFP), into the P. 

nodorum genome. This method was chosen as current literature suggests that 

Agrobacterium generally introduces few mutations per transformant, is readily scalable 

and produces easily identified mutations (Betts et al., 2007; Choi et al., 2007; Idnurm et 

al., 2009). Further, P. nodorum is amenable to genetic modification by Agrobacterium 

and a well-established protocol exists within the Solomon lab that I modified for high 

throughput generation of mutants. Insertional mutagenesis is preferable to SNP based 

mutagenesis for identification of mutation sites as well as screening for mutants. 

Furthermore, a method introducing fewer mutations per transformant facilitates the 

identification of the mutation causing the observed phenotype. However, there is 

evidence that this transformation method displays bias towards introducing mutations in 

promoter regions of fungal genomes (Choi et al., 2007). By generating a library of 

21,070 mutants of the pathogenic fungus, Magnaporthe oryzae, Choi et al (2007) 

showed that insertions by Agrobacterium were 2.3-fold over represented in the 5’ 

untranslated region (5’UTR) of genes, and two-fold underrepresented in coding regions 

of the genome. The bias observed in M. oryzae does not outweigh the advantages of the 

Agrobacterium system, as a disruption to the promoter region is likely to impair gene 
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function. For these reasons, Agrobacterium-mediated transformation was the chosen 

method for generating random mutations in the P. nodorum genome to screen for genes 

involved in pathogenicity. 

 

Aim:  1) To generate a library of randomly mutated strains of P. nodorum via 

Agrobacterium-mediated transformation and determine the rate and stochasticity of 

mutation via Southern blot analysis.  2) To isolate avirulent strains of the fungus, 

Parastagonospora nodorum, from a library of random mutation strains which display 

an avirulence phenotype on the wheat cultivar Grandin.  3) To microscopically observe 

the P. nodorum- wheat interaction and determine whether avirulent strains of the 

fungus were able to penetrate the host tissue.  4) To isolate strains of P. nodorum from 

the random mutation library which display virulence towards a non-susceptible wheat 

cultivar.
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2.2 Materials and Methods 

2.2.1 (Table 2.01: Primers used in Chapter 2 to amplify the Southern blot probe for the pPK2-Hph:GFP insertion) 

Name Oligonucleotide (5'--3') 
 

Southern_probe_F GTGGTGTAAACAAATTGACGC 
 

Southern_Probe_R TTGTTTGTCTGCCATGATGT 
 

 

2.2.2 (Table 2.02 Media used in chapter 2 to culture fungi and bacteria. The following table lists the recipes for media named in the 

following methods sections used for culturing fungi and bacteria. The concentrations of each reagent and their origins are also listed) 

Abbreviation Name Constituent /L 

V8PDB/V8PDA V8 Potato Dextrose Broth Centrifuged Campbell’s V8 Juice™ 150ml  
V8 Potato Dextrose Agar Bacto™ Potato Dextrose 10g   

Astral Scientific™ Agar (optional) 15g   
up to 1L with MilliQ water 

 
  

pH 6.0 
 

CzV8PDB CzaPek Dox V8 agar Bacto™ CzaPek Dox 33g  
pH 6.0 Potato Dextrose Broth 10g   

Centrifuged Campbell’s V8 Juice™ 200ml   
Astral Scientific™ Agar 15g   
up to 1L with MilliQ water 

 
    

Soft Overlay CzaPek Dox V8 soft agar Bacto™ CzaPek Dox 33g  
pH 6.0 Centrifuged Campbell’s V8 Juice™ 200ml   

Astral Scientific™ Agar 7.5g   
up to 1L with MilliQ water 
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TWB Agar Tap Water Benzimidazol 
Agar 

Sigma Scientific™ Benzimidazol 0.3g 

  
Astral Scientific™ Agar 15g   
up to 1L with MilliQ water 

 
    

LB Lysogeny Broth Bacto™ Tryptone  10g   
Astral Scientific™ Yeast Extract 10g   
Astral Scientific™ Sodium Chloride 5g   
Astral Scientific™ Agar (optional) 15g   
up to 1L with MilliQ water 

 
    

IM+ Induction Medium Bacto™ Tryptone  10g  
pH 5.5 Astral Scientific™ Yeast Extract 10g   

Astral Scientific™ Sodium Chloride 5g   
Astral Scientific™ Magnesium Sulphate 240mg   
Astral Scientific™ Na2HPO4 13.4g   
Astral Scientific™ NaH2PO4 1.3g   
Astral Scientific™ Agar (optional) 15g   
10% Astral Scientific™ Glucose (Autoclave 
separately) 

100ml 

  
10% Sigma Aldrich™ Glycerol (Autoclave 
separately) 

100ml 

  
up to 1L with MilliQ water 
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2.2.3 (Table 2.03: Buffers and solutions in Chapter 2 used for storing, visualising and manipulating nucleic acids, as well as DNA 

extractions. The following table lists recipes of the buffers and solutions named in the following methods section, along with the company 

from which they were bought. These were used for storing, visualising and manipulating nucleic acids, as well as DNA extractions) 

Buffer or Solution Constituent Proportion 

TAE Buffer Tris-HCl (Astral Scientific™) 40mM  
EDTA (Astral Scientific™) 1mM  
Acetic Acid (Sigma-Aldrich™) 20mM  
pH 8.6 

 

   

TE Buffer EDTA 1mM (Astral Scientific™) 1mM  
Tris-HCl 10mM pH 8.0 (Astral Scientific™) 10mM    

Sodium Dodecyl Sulphate (SDS) 20% SDS (Astral Scientific™) 20g  
MilliQ water 80ml    

Lysis buffer 10mg/ml RNAseA (Astral Scientific™) 100µl  
TE Buffer 94.9ml  
20% SDS 5ml    

Potassium Acetate 2.8M (Astral 
Scientific™) 

274.4g/l 
 

   

Sodium Acetate 3M (Astral Scientific™) 256g/l 
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2.2.4 (Table 2.04: Fungal and bacterial strains, and their selective markers and mutations, used in Chapter 2. This table lists the fungi 

and bacteria mentioned in the following methods, as well as the results and discussion. Specific mutations, selection markers and 

harboured plasmids are also listed, while their origin and growth conditions are mentioned in the methods.) 

Genus Species Strain Mutant Mutation Gene/Plasmid ID Marker 

Parastagonospora nodorum SN15 wild-type nil NA nil 
Parastagonospora nodorum SN15 t112 TBD TBD HYG 
Agrobacterium tumefaciens LBA11

26rif 
Deactivated 
vir 

Helper plasmid 
pAL1100spec 

pPK2kan HYG/KAN/SPEC 
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2.2.5 Protocols 

2.2.5.1 Culturing of Agrobacterium tumefaciens 

Agrobacterium tumefaciens was cultivated in 50ml culture tubes containing 10ml of 

either LB broth, or liquid induction medium with additional antibiotics. 50µg/ml 

spectinomycin hydrochloride was used to maintain the helper plasmid, pAL1100. 

50µg/ml kanamycin sulphate was used to maintain the T-DNA plasmid. Cultures were 

grown over night at 28°C while shaking at 280 rpm. 

 

2.2.5.2 Culturing of Parastagonospora nodorum 

Parastagonospora nodorum was grown on V8 Potato Dextrose Agar (V8PDA) medium 

at 22°C with a 12 hour day/night cycle under near U.V. fluorescence and white light. 

Asexual spore production was achieved by spot inoculating solid agar V8PDA plates 

with 10µl of an asexual spore suspension at 1x106 spores/ml, followed by incubation for 

12 days. 

 

2.2.5.3 Collecting and counting P. nodorum asexual spores 

Asexual spores of P. nodorum were collected from 12-day-old V8PDA plates by gently 

washing the plate twice with 4 ml of sterile water under sterile conditions. The water 

was then passed through sterile, hydrophobic, cotton wool in a syringe before 

centrifugation at 4,000g for 10 minutes. The supernatant was then discarded and the 

spore pellet washed again in 8 ml of sterile water. The resulting pellet was then 

resuspended in 2 ml of sterile water. An aliquot was then diluted 40 fold for spore 

counting with a haemocytometer. 

 

2.2.5.4 Agrobacterium mediated transformation of P. nodorum 

A starter culture of A. tumefaciens LBA1126, harbouring pPK2 (Covert et al. 2001) 

(Figure 2.01), was grown over night in 10ml of LB broth containing 50µg/ml 
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spectinomycin hydrochloride (Astral Scientific™, Australia) and 50µg/ml kanamycin 

sulphate (Astral Scientific™, Australia) at 28°C with 280 RPM shaking. 100µl of this 

starter culture was used to inoculate 10ml of induction medium containing 50µg/ml 

spectinomycin hydrochloride, 50µg/ml kanamycin sulphate and 200µM acetosyringone 

(Astral Scientific™, Australia) which was then incubated at 28°C, 280 RPM shaking 

until the culture reached an optical density at 600nm (OD600) of 0.6 (ca. 6 hours). 

 

(Figure 2.01: Plasmid map of pPK2-Hph:GFP. This plasmid contained the 

bacterial origin of replication, BR322 labelled in dark blue, and kanamycin 

resistance marker adjacent, labelled in purple. The Agrobacterium left and right 

border sequences for T-DNA strand transfer are labelled in red. Between the 

borders reside the eukaryotic elements involved in fungal transformation. These 

elements included the Hygromycin B phosphotransferase gene labelled in 

purple as HPH (Hygromycin B Marker) and Green fluorescent protein gene 

labelled in green as GFP. HPH and GFP were fused and regulated by the 

glucose-6-phosphate dehydrogenase promoter (GpdA) and indole-3-glycerol 

phosphate synthase (TrpC) terminator. The BamHI restriction site utilised in 

Southern blot analysis was located between GFP and the TrpC terminator. The 

primer binding sites generating the Southern blot probe are labelled in green)  
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While the A. tumefaciens induction culture was growing, wild-type asexual P. nodorum 

spores were collected from 12day old cultures grown on V8PDA plates under a 12-hour 

day night cycle with near U.V. and white light. The spores were collected under sterile 

conditions, counted, a control aliquot reserved and then the spore suspension was 

centrifuged at 4,000g for 10 minutes. The spore pellet was then resuspended in the A. 

tumefaciens LBA1126 OD600 induction culture at 1x107 spores/ml. This co-culture was 

then spread inoculated onto 20ml solid induction medium plates lacking antibiotics but 

containing 200µM acetosyringone at 100µl per plate (1x106 spores per plate). The 

reserved control aliquot of spores was spread onto 20ml solid induction medium plates 

lacking antibiotics but containing 200µM acetosyringone at 1x106 spores per plate. The 

plates were then incubated in the dark at 22°C for 72 hours.  

 

After 72 hours 10ml of V8PDA containing 600µg/ml of Hygromycin B (Astral 

Scientific™, Australia) and 600µg/ml of sodium cefotaxime (Astral Scientific™, 

Australia) was poured over each plate, to reach a final concentration of 200µg/ml of 

each antibiotic. One plate containing both P. nodorum spores and A. tumefaciens was 

left with V8PDA and no antibiotics as a positive control, while the plate with P. 

nodorum and no A. tumefaciens received antibiotics as a negative control. These plates 

were incubated in the dark at 22°C. Emerging colonies were sub-cultured onto V8PDA 

plates containing 200µg/ml of Hygromycin B and 200µg/ml sodium cefotaxime 

(colonies emerged between 6 – 14 days). For generation of a random P. nodorum 

mutant library this protocol was used to inoculate 60 transformation plates. Each 

transformation plate produced between 10 and 30 colonies. Due to the logistics of 

generating large numbers of mutants for a forward genetic screen these mutants were 

not re-isolated from single spores to ensure a homogeneous culture. In lieu of single 

spore isolation these colonies were sub-cultured under selection for the Hph insertion 
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for three generations. Each generation was sub-cultured by transferring a 1mm cube of 

the leading edge of each colony to fresh V8PDA plates containing 200µg/ml 

Hygromycin B. Additionally to Hygromycin B resistance, fluorescence microscopy 

visualised GFP expression, using the Leica DFC7000t microscope and camera, in of a 

random selection of mutants. In total this protocol was used to generate 950 

Hygromycin B resistant random mutation strains of P. nodorum.  

 

2.2.5.5 SDS potassium acetate-based gDNA extraction 

Fungal material for genomic DNA extraction was either collected by scraping fungal 

growth from agar plates or growing fungal cultures in liquid medium in the extraction 

tube. Alternatively, high output extractions for Southern blots P. nodorum was cultured 

in 20 ml of stationary liquid V8PD in 45mm sterile Petri dishes. This method of 

cultivation produced a thick mycelial mat that was dried with paper towel, rolled up and 

pressed into a 2ml microfuge tube. 

 

Fungal material was snap frozen with liquid nitrogen a 2ml microfuge tube then freeze 

dried overnight. A tungsten carbide ball bearing then pulverised the dried material in a 

tissue lyser for 30 seconds at 60 hertz, producing a fine power. 500µl of lysis buffer was 

added to the powdered fungus and the microfuge tube shaken at 900rpm for 20 minutes 

at room temperature. 500µl of potassium acetate 2.8M was then added to the tube and 

mixed by inverting the tube 20x. The precipitate was then collected at the bottom of the 

tube by centrifugation at 21,000g for 5 minutes and the supernatant added to another 

tube containing 900µl of ice-cold isopropanol and 50µl of sodium acetate 3M, inverted 

20x and incubated on ice for 10 minutes. The cold isopropanol solution was then 

centrifuged at 21,000g for 20 minutes. After the DNA pelleted in the bottom of the 2ml 

microtube the isopropanol was discarded and the pellet washed twice each with 100µl 

of 70% ethanol and 100% ethanol. The DNA was then air dried and dissolved in 50µl of 
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MilliQ water. This protocol was provided by personal communication with Dr. Yit-

Heng Chooi, The University of Western Australia. 

 

2.2.5.6 Restriction endonuclease digestion of DNA 

To fragment 30µg of fungal genomic DNA at the BamHI restriction site (GGATTC) 

20µl of CutSmart 10x Buffer NEB™ was added to 170µl of MilliQ water. This buffered 

solution was used to elute 30µg of genomic DNA. 10µl of BamHI-HF NEB™ was 

added to the reaction to make a total volume of 200µl. The reaction was incubated at 

37°C overnight, then an aliquot was visualised on a 0.8% agarose gel in TAE buffer (30 

minutes at 110v) to ensure a smear formed, indicative of digestion. The digested 

genomic DNA was then purified and concentrated using isopropanol precipitation and 

re-elution. 

 

2.2.5.7 Generation of Southern blot probe 

The template used to generate the Southern blot probe was PCR amplified from pPK2 

plasmid DNA. This PCR product was then DIG labelled with the DIG-High Prime 

DNA labelling kit (Sigma-Aldrich, Germany) according to the manufacturers’ 

instructions. The template was generated using the forward and reverse primers 

indicated in Table 2.01 and the following reaction on ice:10ng of plasmid DNA in 1 µl 

was diluted in 5.16 µl. 1 µl of Takara™ 10x Buffer was added to this dilution along 

with 0.8 µl of a 10µM dNTP solution containing 2. 5µM each of ATP, GTP, CTP and 

TTP. 1µl of each forward and reverse primer were added to a final concentration of 

0.5µM. Finally, 0.04µl ExTaq Takara™ polymerase was added to the reaction. This 

reaction was set up in parallel to two other reactions, one lacking genomic DNA and the 

other lacking primers. These additional reactions form negative controls. 

Thermocycler conditions: The reactions were then denatured at 98°C for 5.5 minutes 

then the primers were annealed at 57°C for 30 seconds. The primary PCR product was 
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then extended at 72°C for one minute per kilobase before the reaction was denatured 

again at 98°C for 30 seconds. Denaturation, annealing and extension was repeated 34 

times before the reaction was terminated at 72°C for 10 minutes. 

 

2.2.5.8 Southern blot of digested fungal gDNA 

20µg of BamHI digested P. nodorum genomic DNA from each mutant and wild-type 

strain was loaded into a 0.8% agarose gel measuring 10cm in length, containing 0.1% 

(v/v) SYBR™ Safe DNA Gel Stain (ThermoFisher Scientific™). This gel was 

subjected to 30v electrophoresis in TAE buffer at 4°C for 10 hours. The gel was then 

visualised and blotted onto a Hybond® ECL™ nitrocellulose membrane (Sigma-

Aldrich, Germany). Blotting and blot visualisation with the Roche CDP-Star® 

Southern blot kit (Sigma-Aldrich, Germany) was carried out according to the 

manufactures’ instructions.  

 

2.2.5.9 Growth of wheat for pathogenicity assays 

40cm high, 30cm diameter round seed raising pots were 1/3 filled with Vermiculite™. 

1g of seed raising slow release fertiliser granules were then even dispersed across the 

surface of the soil, and the pots filled 2/3 with vermiculite™. 15 seeds were then even 

dispersed across the surface of the soil in each pot and the remainder of the pot filled 

with vermiculite™. The pots were then watered until water ran freely from the drainage 

holes in the pots, and then placed into sealed trays in the green house. The plants were 

then maintained in the green house at 26°C under natural lighting cycles and bottom 

watered daily. After 14 days the second emerging leaf of each plant was removed with a 

scalpel for pathogenicity assays.  

 

2.2.5.10 Detached leaf pathogenicity assay 

The Solomon lab traditionally used a detached leaf assay to determine the virulence of 

fungal strains. This method used many replicates and was not high through-put. Here I 
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will describe the low through-put and statistically robust protocol, followed by a high 

through-put protocol with low statistical robustness that I developed for this and future 

projects. The low through-put, highly statistically robust protocol is as follows: 

 

The second emergent leaves from 14-day-old wheat seedlings were removed from the 

seedlings with a scalpel. The leaves were then trimmed of their top and bottom 2cm, cut 

into 4cm section and incubated at room temperature in beakers of tap water to regain 

turgidity. 

 

The 4cm section of leaves were embedded in TapWaterBenzimidazol agar plates by 

slitting the agar with a scalpel 1/3 from the edge of the agar plat, sloped at 45° towards 

the middle of the plate. Then the leaves were pushed into the slit with tweezers, top of 

the leaf facing upwards and 5-10mm separated each leaf. Once a row of leaves 

protruded from the agar, the raised end of the leaf was gentle inserted into the agar of 

the other side of the plate using a scalpel. This creates a row of leaf arches that were 

curved away from the agar but wouldn’t touch the Petri dish lid.  

 

Each leaf apex was then inoculated with a 5µl droplet of a P. nodorum spore suspension 

with a concentration of 1x105 spores/ml in 0.02% Tween 80 (polyoxyethylene 80 

sorbitan laurate) (Sigma-Aldrich, Germany). The plates were then sealed with plastic 

and incubated at 22°C with a 12-hour day-night cycle under near U.V. and white light. 

The leaves were then checked daily for symptoms of infection.  

 

The optimized method involved growing the mutant library in stationary liquid culture 

in Greiner™ 96 well plates resulting in the fungus forming a rubbery mat of mycelia at 

the surface. This was used as the inoculum for the pathogenicity assay. To inoculate 
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leaves, 200ul pipette tips were cut at a 45-degree angle, 15mm from the tip, creating a 

sharp tube with a standard diameter. 1000 of these pipette tips were cut, and a toothpick 

inserted inside every second tip (Figure 2.02). The pipette tips were used to puncture the 

mycelial mat of the stationary liquid culture and then the mycelial plug, lodged inside 

the tip, was gently ejected onto the leaf surface using the toothpick. Only 500 toothpicks 

were required as both ends can be used. Depending upon the natural variation in leaf 

thickness and turgidity, ca. 15 wheat leaves were embedded in each 90mm Petri dish. 

This allowed 13 mutant strains to be screened in each Petri dish as two leaves were left 

as either un-inoculated or wild type controls. In the interest of time only single 

replicates were produced.  
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(Figure 2.02: Schematic of the high throughput method of inoculating detached 

wheat leaves with P. nodorum strains grown in 96 well liquid cultures. This 

diagram is not to scale. A new cut pipette tip was used for each transformant 

however one toothpick was used between two transformants as each end of the 

toothpick was used)  
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2.3 Results 

2.3.1 A Parastagonospora nodorum random mutation library was generated by 

Agrobacterium-mediated transformation 

Agrobacterium tumefaciens strain LBA1126, harbouring a helper plasmid and the pPK2 

plasmid described in Figure 2.01, was used for a series of transformations of 

Parastagonospora nodorum. The transformation method is described in section 2.2.5.4. 

The pPK2 plasmid contained the Hygromycin B phosphotransferase (Hph) and green 

fluorescent protein (GFP) fusion gene under regulatory control of the Aspergillus gpdA 

promoter and trpC terminator. Hph confers resistance to Hygromycin B in P. nodorum, and 

the protein produced by GFP fluoresces when excited by wavelengths of light at 395 nm or 

475 nm (Chalfie et al., 1994). These genes were flanked by the left and right T-DNA 

borders which signalled the transfer of the encompassed sequence as single stranded DNA, 

into the eukaryotic nucleus for genomic integration. Integration was intended to be as 

stochastic as possible, therefore no homologous sequences to the P. nodorum genome were 

included in the pPK2 plasmid. Fungal colonies were sub-cultured from transformation 

plates containing 200ug/ml Hygromycin B until the negative controls, containing 

untransformed spores, showed fungal growth. In total 950 Hygromycin B resistant colonies 

were sub-cultured onto CzV8Agar medium containing 200ug/ml Hygromycin B prior to 

being sub-cultured into single wells of a 96 well plate containing liquid CzV8 medium. 

This library was used for the following forward genetic screens. Due to time and logistical 

constraints the mutants generated were not isolated from single spores prior to generating 

the mutant library, nor to subsequent screens. 
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2.3.2 Southern blot analysis determined A. tumefaciens introduced few and 

random mutations to the P. nodorum genome 

Mutation rate is important in a forward genetics screen as it determines the number of 

mutants that require screening to find the desired phenotype, as well as the difficulty in 

identifying the responsible locus. Increasing the number of disrupted genes per 

transformant (genome saturation) increases the likelihood of finding a desired phenotype as 

well the difficulty in determining which disruption lead to that phenotype. To quantify the 

T-DNA random insertion rate in P. nodorum I randomly selected 30 of the first 150 

transformants then probed these strains genomic DNA for the known T-DNA insertion 

using Southern blot analysis. These Southern blots are shown in Figure 2.03. The Southern 

blot analysis also indicated the degree of insertion site bias at a genome level. Mutation bias 

dictates the quality of a forward genetics screen using these mutants. Common band 

patterns indicate that particular genetic loci are more susceptible to integration, and the 

level of bias introduced to the screen.  
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A 4kb amplicon encompassing the Hph gene, and adjacent to a BamHI restriction site, was 

used as a probe in the DIG-CDP:STAR immuno-Southern blot system (described in section 

2.2.5.8). This amplicon was generated using the primers Southern_Probe_F and 

Southern_Probe_R. Extracted genomic DNA (gDNA) samples were digested with the 

restriction endonuclease, NEB™ BamHI-HF, hybridized with the DNA probe and then 

visualised. The pPK2-HPH:GFP plasmid was spotted onto the top of the membrane as a 

positive control. Genomic DNA from the wild type strain was used as a negative control. 

Single bands were observed in 22 of the 32 (69%) transformants analysed, and no more 

than two bands were ever observed in a single strain indicating a low rate of T-DNA 

insertion. No band was observed in t1, t17 or t18 and a faint band was seen in t123 at the 

same height as the neighbouring sample. This band could be contamination between wells 

during loading. 



 

(Figure 2.03: Southern blot analysis of BamHI digested gDNA from randomly 

generated P. nodorum transformants. Red arrows indicate hybridization bands. 

Blue arrows indicate where the pPK2 plasmid was spotted onto the membrane as 

a positive control) 
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2.3.3 A descriptive database of P. nodorum strains in the random mutant library 

The P. nodorum mutant library was stored in 96 well plates containing CzV8 liquid 

medium, providing an accessible platform to rescreen the library for multiple phenotypes. 

So that mutants could be re-used easily in the future six observable growth characteristics 

of each mutant were recorded and stored in an excel database. These traits are shown in 

Table 2.05, alongside their relative frequency, to illustrate the library’s range and 

recurrence of phenotypic traits. These traits included mycelial growth rate, texture and 

pigmentation, as well as the strains’ ability to produce pycnidia and cirrus (the spore 

containing fluid exuded by pycnidia), virulence and any other abnormal characteristics. 

Figure 2.04 exemplifies the strong pigmentation differences between some mutants 

whereby t675 produces a bright pink metabolite while the wild type does not.  

 



(Table 2.05: Frequency of common phenotypic traits observed in a P. nodorum random mutation library grown on rich medium, 

two minimal media and in planta. The frequency of traits is non-redundant, shown once for each strain irrespective of that trait 

appearing on multiple media. GABA induces a strong morphological change in the fungus through an unknown mechanism, as 

such the frequency of phenotypes is shown inclusive and exclusive of those traits observed on GABA minimal medium.) 
 

Medium 
 

Proportion (%) 

Trait V8PDA Minimal 
Medium (γ-) 

Minimal 
Medium (γ+) 

In Planta Total Including 
GABA 

Excluding 
GABA 

Abnormal Pycnidia 178 147 279 
 

604 63.6% 34.2% 

Increase 26 9 6 
 

41 4.3% 3.7% 

Decrease 152 130 273 
 

555 58.4% 29.7% 

Excess Cirrus 18 0 0 
 

18 1.9% 1.9% 

Pigmentation 46 17 70 
 

133 14.0% 6.6% 

Pink 14 1 3 
 

18 1.9% 1.6% 

Yellow 9 12 58 
 

79 8.3% 2.2% 

Orange 4 0 3 
 

7 0.7% 0.4% 

Green 6 0 0 
 

6 0.6% 0.6% 

Black 12 1 1 
 

14 1.5% 1.4% 

Grey 1 3 5 
 

9 0.9% 0.4% 

Secreted 2 0 0 
 

2 0.2% 0.2% 

Growth defect 37 9 14 
 

60 6.3% 4.8% 

Miscellaneous 11 0 0 
 

11 1.2% 1.2% 

Hydrophilic 6 0 0 
 

6 0.6% 0.6% 

Aggressive growth 3 0 0 
 

3 0.3% 0.3% 

Thick/Tough Mycelia 2 0 0 
 

2 0.2% 0.2% 

Virulence 
   

8 8 0.8% 0.8% 

Increase 
   

7 7 0.7% 0.7% 

Decrease 
   

1 1 0.1% 0.1% 



 

(Figure 2.04: Comparison of the P. nodorum wild type strain (top) and the highly 

pigmented pink t675 strain (bottom). The two strains were grown side by side on 

V8PDA medium to illustrate the strong colour differences between mutants in the 

P. nodorum random mutant library. t675 showed comparable growth, pycnidiation 

and virulence to the wild type.) 

 

To elucidate phenotypic differences as efficiently as possible the strains were grown on 

both a rich medium (V8PDA) and two minimal media. Basic minimal medium is not 

conducive to pycnidiation and sporulation. However, a state of hyper-sporulation is 

induced on minimal medium containing the non-proteinaceous amino acid, γ-aminobutyric 

acid (GABA) (Mead et al., 2013). The presence and absence of GABA further 

differentiated mutants defective in reproduction. Table 2.05 illustrates the frequency of 
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disruptions to genes required for mycelial growth (4.8%-6.3%) and reproduction (34.2%-

63.6%). Pycnidiation defects were the most commonly observed trait, followed by 

pigmentation. Interestingly, mutants with tough, hydrophilic mycelia were also periodically 

encountered, as well as mutants able to traverse the plastic wall and lid of the Petri-dish. 

 

2.3.4 A pathogenicity assay was optimized for high throughput screening of P. 

nodorum mutants 

Traditionally, the Solomon lab has assayed the pathogenicity of P. nodorum mutants using 

either whole seedling spray assays or by spot inoculating agar-embedded leaf segments 

with a standardised spore suspension. Neither of these assays were practical to screen the 

virulence of 950 strains of P. nodorum. Therefore, I altered the detached leaf assay method 

for the purpose of high throughput screening. Both the low and high through-put protocols 

are described in section 2.2.5.10. The optimized method involved growing the mutant 

library in stationary liquid culture in Greiner™ 96 well plates resulting in the fungus 

forming a rubbery mat of mycelia at the surface. Plugs of mycelia were cut using pipette 

tips and used as inoculum for detached leaf assays. Depending upon the natural variation in 

leaf thickness and turgidity, ca. 15 wheat leaves were embedded in each 90mm Petri dish. 

This allowed 13 mutant strains to be screened in each Petri dish as two leaves were left as 

either un-inoculated or wild type controls. In the interest of time only single replicates were 

produced. Figure 2.05 exemplifies the product of this method, with fewer leaves for clarity.  
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(Figure 2.05: Example of the high throughput detached leaf assay for the P. 

nodorum mutant library on the susceptible cultivar, Grandin, after 7 days post 

inoculation. Transformants t371, t372, t373, t381, t312, t311, t361, t360 are shown 

in the top vertical leaves, whilst blank water controls are shown on the bottom 

horizontal leaves. These leaves were inoculated using the high through put, 

mycelial plug method described in Section 2.2.5.10. Note the variation in size of 

mycelial plug due to dehydration of the plug or lack of in vitro growth of that strain) 
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2.3.5 A forward genetic screen identified seven strains of P. nodorum that do not 

elicit disease symptoms on the susceptible wheat cultivar Grandin 

The mutant library of P. nodorum was screened to identify strains exhibiting reduced 

disease symptoms on the susceptible wheat cultivar Grandin using the method described 

above. Candidate strains, from the initial screen, were then re-assessed with four biological 

replicates (section 2.2.3). Of the 950 strains screened, seven consistently showed reduced 

disease symptoms. These were labelled t112, t177, t255, t388, t697, t784, t799 and are 

shown in Figure 2.06a and Figure 2.06b. The wild type infection showed white, fluffy, 

mycelia extending aerially from the agar plug used to inoculate the leaf. Brown necrotic 

tissue surrounded the inoculation site. Necrosis, chlorosis (yellowing of the leaf tissue), and 

pycnidia formation were the predominant symptoms associated with disease. In 

comparison, the mutant strains showed little to no necrosis or chlorosis and varying degrees 

of hyphal growth. Strain t112 induced limited necrosis at the inoculation site in two of four 

replicates and failed to do so in the other two. In all four inoculations, this strain failed to 

induce strong disease symptoms, nor did it produce pycnidia. t177 did not appear to 

recognise the host. Exploratory mycelia did not extend from the agar plugs, used as 

inoculum, across the leaves or aerially. Further, the leaves showed no signs of necrosis or 

chlorosis. t255 was able to initiate minor disease symptoms in a single replicate, but they 

did not eventuate into tissue collapse or pycnidia formation. In symptomless replicates the 

inoculation plugs showed faint signs of hyphal growth, but these appeared to be aerial and 

not interacting with the host. 

 

Similar to t112, strain t388 induced limited necrosis at the inoculation site, but no hyphae 

could be seen extending across the leaves. t697 hyphae grew abundantly from the agar plug 

inoculum, however no disease symptoms and no obvious interaction between host and 
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pathogen occurred. Strain t784 hyphal growth extended across the leaf surface and was the 

most abundant of any mutant. This strain failed to induce any disease symptoms, despite 

comparatively more interaction with the host. t799 displayed similar host-pathogen 

interaction patterns to t255 characterised by modest hyphal growth from the inoculum, and 

a small to nil halo of necrosis surrounding the agar, but no ensuing disease symptoms. 

These strains were designated as asymptomatic as they did not induce typical disease 

symptoms. However, it was unknown if they were able to penetrate the leaf tissue and 

infect the host. These strains were chosen for subsequent characterisation. 
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(Figure 2.06a: Confirmation of asymptomatic strains, t112, t177, t255, t388 via 

detached leaf assay on the susceptible wheat cultivar, Grandin. These interactions 

were allowed to progress over 14 days from the time of inoculation. The images 

shown, taken at 7-days post inoculation, are representative of the overall 

interaction between each strain and the host. Leaves were inoculated with 5mm 

agar cubes cut from V8-PDA plates. The wild-type strain, in the left-hand panel, 

induced consistent patterns of necrosis across all assay plates and between 

replicates within assay plates. Several mutants were screened on each plate 

utilising a common wild type control.) 
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(Figure 2.06b: Confirmation of asymptomatic strains, t697, t784, t799, using 

detached leaf assays on the susceptible wheat cultivar, Grandin. These 

interactions were allowed to progress over 14 days from the time of inoculation. 

The images shown, taken at 7-days post inoculation, are representative of the 

over-all interaction between each strain and the host. Leaves were inoculated with 

5mm agar cubes cut from V8-PDA plates. The wild-type strain, shown in the left-

hand panel, induced somewhat inconsistent patterns of necrosis in the leaf 

between assay plates but was consistent between replicates within assay plates 

and induced strong disease symptoms relative to the mutant strains. Several 

mutants were screened on each DLA plate utilising a common wild type control on 

each plate. Therefore, the wild type control may be seen repeatedly) 
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To gain a better insight into the physical mechanisms by which the asymptomatic strains of 

P. nodorum were unable to initiate disease, I observed the pathogen-host interaction at a 

microscopic level. The Leica DFC7000t microscope and camera were used to take the 

images in Figure 2.07. Figure 2.07 shows the inoculation site of the wheat cultivar, 

Grandin, with the wild type, t255, t388, t784, and t799 strains. Not all strains could be 

observed interacting with the host microscopically as the microscope was damaged and 

considerable time was taken for repairs. As such, the study was advanced having only 

microscopically examined several strains interacting with the host. Microscopically, t255 

hyphae appeared not to invade the leaf tissue. The leaf tissue surrounding the inoculation 

site was necrotic and brown, but with no apparent hyphae. t388 showed a similar lesion at 

the inoculation site, with hyphae extending from the lesion. However, the necrosis was 

confined to the inoculation site and did not extend with the hyphae. t784 produced a mass 

of hyphae progressing from the inoculation site across the leaf without inducing necrosis. 

Little necrosis formed around the t799 inoculation site and explorative hyphae failed to 

extend. It is interesting to note that hyphae growth of t784, t388 and t799 appear 

unresponsive to stomatal openings in the leaf. During infection with the wild type strain, 

the plant cells appear brown and mycelia were seen extending throughout the tissue, shown 

by red arrows in Figure 2.07. In contrast, the mutant strains showed very little to no 

necrotic tissue at the inoculation site and varying hyphal growth. As seen in Figure 2.06b, 

strain t784 showed a large degree of growth, seemingly across the surface of the leaf, with 

no indication of disease formation, while strain t112 showed some mycelial growth 

surrounded by limited necrosis. This suggests pathogenesis had been disrupted in different 

ways for each of these mutants. The characteristics of each mutant during interaction with 

the host are summarised in Table 2.06 



 

(Figure 2.07: Microscopic image of the detached leaf assay inoculation sites of P. nodorum wild-type and asymptomatic 

mutants selected from the random mutation library. The arrows indicate hyphal growth. Scale bar represents 200µm at 100x 

magnification. The inoculation site is shown the left-hand side of the wild-type, t784 and t799 panels. Whilst the inoculation site 

is seen to the right-hand side of panel t255 and the bottom of t388) 
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(Table 2.06: Inoculation characteristics of avirulent P. nodorum mutants) 

P. nodorum mutant Inoculation characteristics 

t112 This strain caused limited necrosis at the inoculation site. No pycnidia were produced. 

t177 
Extensive hyphal growth that failed to produce penetration structures or recognise natural openings in 
the host. No necrosis, chlorosis or pycnidia were observed. 

t255 
Limited necrosis in a single replicate, but no pycnidia. The other replicates produced limited aerial 
hyphae and did not interact with the host. 

t388 
Induced limited necrosis at the inoculation site, but hyphae failed to invade host tissue or produce 
pycnidia. 

t697 
Hyphae grew extensively from the inoculation plug, however failed to penetrate the host, induce 
disease symptoms or produce pycnidia. 

t784 
Hyphal growth covered far greater areas of the leaf but failed to induce any disease symptoms or 
produce pycnidia. 

t799 
limited necrosis surrounded the inoculation site, however the fungus failed to proliferate through host 
tissue or produce pycnidia. 

 



2.3.6 P. nodorum strain, t26, partially induces disease symptoms in the non-

susceptible wheat cultivar, Br34 

Complementary to the loss of virulence screen, I performed a gain of virulence screen of 

the mutant library against the non-susceptible wheat cultivar, Br34. Septoria nodorum 

blotch (SNB) is currently controlled by breeding wheat cultivars that lack susceptibility 

genes to P. nodorum effectors rather than resistance (Vleeshouwers and Oliver, 2015). 

Mutations leading to gain of virulence are informative for two reasons. First, they indicate 

pathway adaptations available to the pathogen to overcome current disease control 

methods. Second, these mutations begin to elucidate elements of immunity and pathogen 

recognition in the host. This screen mimicked the method of the previous screen, however 

looking for a gain of disease symptoms rather than loss. An example of these assays is 

shown in Figure 2.08. 



 

(Figure 2.08: Example of the high throughput detached leaf assay for the P. 

nodorum mutant library on the non-susceptible wheat cultivar, Br34. Leaves were 

inoculated with plugs of fungal hyphae after being imbedded in agar. The 

interactions were allowed to progress for 14 days) 

 



Br34 did not contain any of the known susceptibility genes rendering the wild type strain of 

P. nodorum Sn15 avirulent on this cultivar. Of the 950 mutant strains of P. nodorum 

screened, a single isolate, t26, was observed to produce disease symptoms greater than 

those of the wild type strain on Br34. One such interaction is shown in Figure 2.09 where 

by disease symptoms are clear on both the non-susceptible (Br34) and susceptible 

(Grandin) wheat cultivars. Although the necrosis induced on Br34 by t26 was not as 

extensive as that seen during the interaction with Grandin, there was more necrotic tissue 

when compared to the wild-type interaction. However, this compatible interaction between 

t26 and Br34 could not be repeated consistently. Due to this inconsistent result t26 was not 

investigated further. 



 

 

(Figure 2.09: Comparison of disease symptoms between the susceptible and non-susceptible wheat cultivars Br34 and Grandin 

during interaction with the wild type and t26 strains of P. nodorum. These interactions were allowed to progress for 14. The 

interactions were photographed at 7dpi. The host was inoculated with 5mm agar cubes cut from inoculated V8-PDA plates. 

Symptoms were comparable between the two fungal strains on the susceptible cultivar, showing equivalent amounts of brown 

necrotic tissue. In contrast, strains t26 was able to induce a moderate amount of necrosis extending from the inoculation site on 

the non-susceptible host, as compared with the wild type strain.) 
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2.4 Discussion 

2.4.1 Generation and statistical analysis of a P. nodorum random mutation 

library 

Agrobacterium mediated random mutagenesis has proven to be a useful tool for 

generating a random mutation library in Parastagonospora nodorum. This method 

facilitated the rapid production of 950 stochastic, low T-DNA copy number 

transformants, with accompanying morphological descriptions. This is ideal for a 

forward genetics screen focusing on an organism with a small genome as it allows the 

phenotype of interest to be quickly identified and linked to a genotype.  

 

The rate T-DNA insertion was measured by Southern blot analysis of 32 randomly 

chosen transformants. No sample in this analysis displayed more than two hybridization 

bands, suggesting a relatively low rate of T-DNA insertion per mutant. Betts et al 

(2007) also used a Southern blot analysis to determine a low (1-3) integration rate of T-

DNA in the rice pathogen, Magnaportha oryzae. This study generated over 55,000 

transformants, from a combination of Agrobacterium and PEG/CaCl2 mediated 

transformation methods, which were screened for growth defects, pigmentation and 

virulence, similarly to the analyses conducted in this chapter (Betts et al., 2007). Betts et 

all showed an average insertion rate of 1.4 integrations per M. oryzae genome, 

compared to 1.2 integrations per P. nodorum genome observed in this study.  

 

There are other sources of mutation in a T-DNA screen, fragmentated T-DNA inserting 

into multiple loci. Fragmentation was reported by Choi et al (2007), in their 

comprehensive, genome wide, analysis of T-DNA insertions in the M. oryzae genome 

(Choi et al., 2007). Fragmentation of the T-DNA insertion cassette used in this study 

would not be readily identified by Southern blot I used. The Southern blot probe used in 
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my experiments only included 4,000 bp encompassing mainly the PgpdA promoter, 

Hph:GFP gene and 5’UTR. The trpC terminator and 3’ prime portion of GFP of a 

fragmented T-DNA insert would not be visualised on a Southern. Disruptions caused by 

fragments outside of the probe would not be observed. Several blots visualised a 

fragment smaller than the 4,000 bp probe. All blots displaying bands smaller than 4,000 

bp displayed two bands suggesting the probe binding sequence may have fragmented 

and disrupted multiple loci. Additional, mutations to the genome that are not associated 

with the T-DNA insert, such as chromosomal breakage or single nucleotide 

polymorphisms, will not be apparent. Using whole genome sequencing, Chambers et al 

(2014) showed Agrobacterium mutagenesis induced chromosomal rearrangement in the 

canola pathogen, Leptosphaeria maculans. Whole genome sequencing would be a 

powerful tool to distinguish chromosomal rearrangements and fragmentation events in 

the P. nodorum library generated in this study.  

 

Southern Blot analysis also demonstrated that the T-DNA integration events were 

randomly distributed throughout the genome. In comparison to the ladder, no bands 

were observed at exactly the same height indicating there was no site bias for 

integration on the genomic level. Choi et al (2007) sequenced the surrounding regions 

of T-DNA random insertion in M. oryzae and report a bias for T-DNA to preferentially 

integrate into the 5’ UTR of a gene, over the coding region (Choi et al., 2007). A 

chromosome level bias was not reported in this study. However, integration hotspots in 

a genome may influence a forward genetics screens’ stochasticity as much as a bias 

towards promoters or AT rich regions. For example, a tendency to integrate into gene 

poor regions would require production of more transformants to find one of interest.  
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2.4.2 A morphological database of P. nodorum mutants is an informative tool 

for future investigations 

Traits in the morphological database were chosen for their potential to prompt future 

investigations and to circumvent the need to re-screen the entire library (Table 2.05). 

Pycnidiation and cirrus production are easily observable in vitro and directly linked to 

the fungus’ ability to cause disease. Without the ability to sporulate P. nodorum forgoes 

it’s polycyclic infection cycle, and field epidemics cannot ensue (Solomon et al., 2006). 

Novel mechanisms of sporulation are readily investigated by selecting pycnidia 

deficient mutants from the library. On this basis, Thermo Asymmetric InterLaced PCR 

(TAIL-PCR) identified the T-DNA disrupted locus in the pycnidia deficient strain, t116. 

This strain and identification of its’ disrupted loci is described in Chapter 4. As 

sporulation is crucial to P. nodorum field epidemics this database and mutant library 

provide a useful tool for future investigations. 

 

Pigmentation is most likely indicative of metabolic disruptions, either directly or via 

mis-regulation. For example, adenine auxotrophy in Saccharomyces cerevisiae lead to 

pink colonies (Sharma et al., 2003) and disruptions to the sterigmatocystin pathway in 

Aspergillus nidulans resulted in accumulation of a coloured precursor (Pfannenstiel et 

al., 2017). Pigmented mutants are potentially interesting with regards to secondary 

metabolism. Pfannenstiel et al (2017) investigated the sterigmatocystin pathway in A. 

nidulans as this pathway has been closely linked to sporulation and toxin production. 

Similarly, disruptions to secondary metabolite production in Alternaria alternata 

negatively affect virulence (Chen et al., 2013; Johnson et al., 2000). Conversely, 

disruptions to the Ace1 hybrid secondary metabolite cluster in Magnaporthe grisea 

abolished avirulence on resistance rice cultivars (Böhnert et al., 2004). In this way, 



 91 

pigmented P. nodorum mutants provide prospects for discovering novel metabolites and 

mechanisms of virulence.  

 

Pigmented mutants displaying otherwise normal growth and infection characteristics 

may also serve as useful ‘soft landing’ sites for site directed mutagenesis. Soft landing 

sites provide genomic loci to insert exogenous sequences, such as reporter, 

overexpression, RNAi, CRISPR/cas9, and Transcriptional Activator-Like 

EndoNuclease (TALEN) constructs. Disruptions to these loci will not affect the normal 

functioning of the organism, but produce a selectable phenotype. For example, the P. 

nodorum Malate synthase mutant (mls1) exhibits wild-type traits except that its spores 

fail to germinate in the absence of a carbon source (Solomon et al., 2004). Utilising the 

Mls1 locus as a soft-landing site, mutants need to be screened twice. Once for the 

selectable marker denoting insertion fragment (Hph) integration. Those colonies are 

then screened for failure to germinate in the absence of a carbon source, indicating 

disruption of the Mls1 locus by the insertion cassette. Rather than screening for a loss of 

function, it would be easier to screen for a visual phenotype such as pigmentation. 

There are pigmented mutants in the descriptive database which displayed otherwise 

usual growth, sporulation and virulence. These mutants may warrant future 

investigation for expediting mutant screening, and limiting off target and positional 

effects by ectopic integration of constructs. 

 

Growth and miscellaneous traits also direct future investigation. For example, 

hydrophobins are a family of proteins playing roles in cell structure, immuno-

recognition and are known virulence known factors in plant and insect fungal pathogens 

(Aimanianda et al., 2009; Ebbole, 1997). In the entomopathogenic fungus, Metarhizium 

brunneum, disruptions to various hydrophobin proteins lead to reduced virulence in all 
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mutants, but not all mutants produced hydrophilic hyphae (Sevim et al., 2012). While in 

the phytopathogen, Ophiostoma quercus, over expression of a hydrophobin lead to 

increased hydrophobicity and gain of virulence (Del Sorbo et al., 2000; Temple et al., 

1997). Further, Aimanianda et al (2009) propose the hydrophobicity of hydrophobins 

hide Aspergillus fumigatus spores from the mammalian immune system (Aimanianda et 

al., 2009). The P. nodorum mutant library identified several hydrophilic mutants, 

indicating mis-regulation or loss of one or multiple cell surface proteins. These mutants 

retained their virulence suggesting hydrophobicity of the hyphal cell wall is not 

essential for P. nodorum mycelium to infect wheat. However, the role of spore surface 

hydrophobins remains unknown and may, like A. fumigatus, play a role in spore 

dispersal and pathogenicity. The growth and miscellaneous traits described in the 

mutant database provide convenient avenues for future investigations. 

 

The miscellaneous growth characteristics described are interesting beyond the scope of 

plant-microbe interaction, in an industrial context. Several of the mutants grew slower 

but with toughened hyphae that were difficult to cut with a scalpel. Further, several 

strains grew aggressively, climbing the plastic wall and lids of Petri dishes. Such 

mutants may find utility in materials, tissue or chemical engineering as well as 

bioremediation (Gamerith et al., 2016; Li et al., 2005; Lutolf and Hubbell, 2005). These 

traits are unusual for P. nodorum but showcase the potential of the descriptive database 

for fungal biotechnology. Further, linking traits together such as virulence and 

pigmentation opens avenues for rapid and novel, future investigation. 

 

2.4.3 Forward genetics identifies seven avirulent strains of P. nodorum 

The wheat cultivar Grandin was chosen as the host in the loss of virulence screen for 

two reasons. Primarily, Grandin contains multiple susceptibility genes to P. nodorum 



 93 

(Tsn1, Snn1, Snn2 and Snn3), which act in a gene for gene manner with the effector 

genes ToxA Tox1 and Tox3 (Friesen et al., 2008; Liu et al., 2004). Previous work shows 

that on this cultivar any of these known effectors cause strong necrotic symptoms. 

(Friesen et al., 2008; Liu et al., 2004). If the T-DNA insertion disrupts one of the 

effector genes, remaining effectors compensate for this loss and the resulting strain will 

display a virulent phenotype on Grandin. Thereby selecting against mutations to these 

known virulence genes. 

 

I was able to isolate seven strains of P. nodorum that display an avirulent phenotype on 

a susceptible wheat cultivar.  Figures 2.06a, 2.06b and 2.07 illustrate these strains 

during interaction with the host and their different growth patterns. These differences 

indicate that each strain has been disrupted in a different part of the infection process 

and represent a unique avenue for investigation. For instance, t112 in Figure 2.07 

initiates disease symptoms but fails to progress beyond the initial interaction with the 

host. This strain may be unable to respond to host defences, or to utilise the nutrients 

released by the decaying plant tissue. Strain t784, on the other hand, grows extensively 

with the host without initiating disease and, for a period, the two organisms appear to 

mutually coexist. It is possible that strain t784 lacks the ability to correctly recognise the 

host, or some aspect of the host such as the stomata, and so extends its hyphae, 

searching for an opening, until it depletes its nutrient reserves. Microscopic images of 

the leaf surface fail to determine whether the hyphae are extending across the surface or 

through the tissue interior. It is unclear whether the fungus is unable to recognise or 

penetrate the host, or if host defences remain un-triggered and the fungus is growing 

sapro-, endo- or epiphytically. The molecular basis for these strains’ behaviour will 

elucidate some of the mechanisms behind plant-microbe interactions. In particular, 
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strain t784 may begin to reveal more basal aspect of mutualistic fungal-plant 

interactions. 

 

This screen was successful in comparison to other forward genetic screens of fungal 

pathogens for three reasons. First, of 950 random mutants, seven were identified 

displaying the phenotype of interest. Second, the high throughput assay I designed for 

screening was efficient and cheap. Third, transformants contained few and readily 

identifiable mutations. In comparison, Idnurm et al (2009) screened 450 haploid 

Cryptococcus neoformans transformants, produced by Agrobacterium mediated 

transformation, to find a single avirulent transformant in a mouse inhalation assay 

(Idnurm et al., 2009). An animal model, which is notoriously difficult and prohibitively 

expensive, was required to screen this pathogen. Further C. neoformans is able to infect 

humans, and displays both haploidy and diploidy, making this organism difficult to 

work with (Fu et al., 2014). A monumental effort was required by Idnurm et al (2009) to 

find this single avirulent mutant. In contrast, P. nodorum is a host specific plant 

pathogen displaying only haploidy under laboratory conditions. The high throughput 

pathogenicity assay I developed permits a forward genetics approach to be utilised 

without a prohibitively difficult or expensive screen. Through this screen, I was able to 

isolate seven strains displaying the desired phenotype. On the other hand, C. 

neoformans harbours approximately half the genes of P. nodorum (Birren et al., 2005; 

Loftus, 2005; Syme et al., 2016) and using a similar mutagenesis technique Idnurm et al 

(2009) isolated fewer avirulent mutants were obtained per volume screened. The 

success of this screen was contingent upon the development of the labour and cost 

efficient, high throughput pathogenicity screen. 
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Utilizing other methods of mutagenesis have led to the disruption of multiple loci, and 

chromosomal rearrangement, such as the PEG/CaCl2 mediated integration of linear 

DNA by Urban et al (2015) in the wheat pathogen, Fusarium graminearum. Urban et al 

(2005) generated 650 random transformants identifying eight avirulent strains, a higher 

rate than the P. nodorum screen in a similar sized genome (King et al., 2015). However, 

whole genome sequencing revealed chromosomal rearrangement and multiple insertions 

in three of the eight transformants, confounding identification of the disrupted loci 

(Urban et al., 2015). Other phenotypes are more prevalent or more easily identified, 

which influences the number of transformants needed to find the phenotype of interest. 

Although not pathogenic, a secondary metabolic screen in Aspergillus nidulans using 

chemical mutagenesis exemplifies a less laborious screen and mutagenesis method, 

resulting in a higher yield of interesting mutants. Butchko et al (1999) generated 

random mutants of Aspergillus nidulans through chemical mutagenesis. These mutants 

were screened by Butchko et al (1999), and re-screened by Pfannenstiel et al (2017), for 

mutants deficient in the ability to produce the secondary metabolite, sterigmatocystin. 

The phenotype of interest in these cases was visible during in vitro growth, as the 

mutants would accumulate a coloured precursor to the final product, leading to 23 

strains being isolated. These 23 strains lead to the elucidation of four genes that were 

previously unknown to play a role in the production of the toxic secondary metabolite 

(Butchko et al., 1999; Pfannenstiel et al., 2017). This A. nidulans screen obtained more 

transformants than the P. nodorum screen as both the mutagenesis technique and screen 

were less laborious. Further, saturation of the 25 Mb A. nidulans genome (Galagan et 

al., 2005) is reached with fewer mutations than the 36 Mb P. nodorum genome (Birren 

et al., 2005; Syme et al., 2016). However, the SNP based mutagenesis employed by 

Butchko et al (1999) lead to difficulties in linking the genotype with the phenotype of 

interest. Pfannenstiel et al (2017) required whole genome sequencing to resolve these 
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mutations nearly two decades later. Agrobacterium-mediated mutagenesis of P. 

nodorum, although less high through-put than SNPs based methods provides a readily 

identifiable marker at the mutated loci (Betts et al., 2007; Idnurm et al., 2009).  

 

2.4.4 A gain of virulence screen identifies a single strain of P. nodorum able to 

grow on a non-susceptible cultivar 

The strain t26 induced greater areas of necrosis than its wild-type progenitor on the non-

susceptible host Br34. Although these results indicate that P. nodorum may be able to 

adapt to infect a non-susceptible host, the strain isolated in this screen produced 

inconsistent infection patterns. Subsequently this line of investigation was discontinued. 

 

Three reasons could explain these inconsistent results. One, detached leaf assays are 

ideal for high throughput screening, however, lack the consistency of whole seedling 

spray assays. Two, due to the logistical constraints of generating a mutant library in a 

short period of time no strains were re-isolated via single spore. Isolated colonies were 

sub-cultured for three generations on plates containing Hygromycin B, but not 

confirmed to be genetically homogeneous. However, from experience in reverse 

genetics with P. nodorum, the Solomon lab has found that colonies from transformant 

plates are generally homogeneous prior to single-spore isolation. Further, if colonies 

isolated from random mutagenesis were genetically heterogeneous then I would not 

have identified avirulent strains. Avirulent cells would be masked by virulent cells 

harbouring a different mutation. Three, a mutation that is only circumstantially evident 

may lead to an inconsistent phenotype. For example, in Saccharomyces cerevisiae 

GAL80 inhibits transcription of genes under the control of promoters containing gal4 

upstream activation sequences (UAS). This inhibition is redundant under growth on 

glucose, as glucose inhibits transcription of these genes via the MIG1 protein 
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(Weinhandl et al., 2014). Disruption to Gal80 only elicits its pleotropic phenotype when 

glucose is not present in the growth medium (Xie et al., 2014). Similarly, miss-

regulation of an environmental sensing cascade combined with small experimental 

variations may explain the inconsistent phenotype of t26. 

 

Current breeding programs aim to remove susceptibility genes from wheat cultivars to 

limit SNB disease (Vleeshouwers and Oliver, 2015), however this places selective 

pressure on P. nodorum. This screen shows that P. nodorum can mutate to partially 

overcome this disease management strategy. Field epidemics of Nodorum blotch 

disease require the fungus to sporulate and re-infect the host. t26 was not observed to 

produce pycnidia while interacting with the non-susceptible host, despite an apparent 

increase in virulence. This partial gain of virulence may represent the first of many 

incremental steps in pathogen evolution where by multiple mechanisms are required to 

initiate disease.  Steele et al (2001) and Jiménez-Gasco, Milgroom and Jiménez-Díaz 

(2003) begin to experimentally explore the concept of emerging pathotypes or races, in 

Puccinia striiformis and Fusarium oxysporum respectively, via incremental adaptation 

(Jiménez-Gasco et al., 2004; Steele et al., 2001). Parker and Gilbert (2004) and 

particularly Pariaud et al (2009) provide interesting reviews of plant pathogen evolution 

and host adaptation (Pariaud et al., 2009; Parker and Gilbert, 2004). 

 

The virulence of t26 on a non-susceptible cultivar could arise from two different 

mechanisms. First, mutations resulting in overexpression of virulence factors, such as 

cell wall degrading enzymes could lead to plant tissue damage. This explains the 

necrosis caused by t26 but does not explain why the fungus is unable to proliferate. 

Second, disrupting a protein recognised by the host may allow the pathogen to avoid 

triggering host defences before it penetrates the leaf tissue. The inverse gene-for-gene 
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interaction between pathogen effectors and host susceptibility genes dominates the P. 

nodorum- wheat interaction on the susceptible cultivar, Grandin. However, on Br34, the 

absence of susceptibility genes may reveal a subtler interaction involving very early 

pathogen recognition. Disruption to t26 resulting in a loss of recognition by the host 

may explain the necrotic lesions but lack of disease development. In this scenario, the 

fungus avoids triggering early plant defences and penetrates the host causing tissue 

damage. However, in the absence of the dominant effector-susceptibility gene 

interaction, P. nodorum is unable to initiate mass cell death and proliferate. Stotz et al 

(2014) propose the idea of Effector Triggered Defence (ETD) in their review of plant 

immunity to fungal pathogens (Stotz et al., 2014). ETD juxtaposes PAMP Triggered 

Immunity (PTI) by recognition of an effector rather than an essential pathogen 

molecule, and Effector Triggered Immunity (ETI) by a milder response to the pathogen 

lacking cell death (Jones and Dangl, 2006; Stotz et al., 2014). Stotz et al (2014) propose 

that a subdued innate defence responds to the effectors of a pathogen in which cell death 

is not initiated but hinders disease progression. The host-pathogen interactions in Figure 

2.09 is more readily explained by the hypothesis that t26 harbours a mutation rendering 

it unrecognisable by the plant at early stages of infection, but the absence of 

susceptibility genes inhibits disease progression. Focusing on plant recognition of P. 

nodorum provides insight into the basal immunity of the host, which opens avenues to 

exploring disease resistance against other pathogens. 

 

The search for virulence on Br34 could be improved by using a mutagenesis method 

more ideal to generating and screening gain of function phenotypes. UV mutagenesis 

would allow large batches of spores to be randomly mutagenized and inoculated, 

without single genotype isolation, onto non-susceptible cultivars or related non-host 

species. Mutants able to initiate disease could then be re-isolated from infected host 
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tissue. Using the host as selection the desired phenotype could be rapidly screened for. 

This circumvents screening for mutations with a selectable marker and sub-culturing 

before performing an infection assay. Further, SNP/InDel mutagenesis approaches 

would utilise subtler changes in protein sequence and gene regulation than insertional 

mutagenesis. This gain of function screen may provide insight into the future 

development of field epidemics of P. nodorum and other pathogens. 

 

2.4.5 Conclusions 

The successful loss of function screen in this study has proven fruitful, yielding seven 

avirulent strains. These strains display different microscopic interactions with the host 

implying that different mechanism have been disrupted. This provides avenues for 

elucidating multiple mechanisms of virulence in the P. nodorum- wheat interaction 

which were previously undiscovered. The genetic basis for the observed phenotypes of 

these strains will subsequently be investigated utilising a whole genome sequencing 

approach to discern the disrupted loci, and reverse genetics to verify the bioinformatics 

analysis. 
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Chapter 3: The identification of disrupted 

loci in avirulent mutants of 

Parastagonospora nodorum generated by 

random insertional mutagenesis



3.1 Introduction 

3.1.1 There are multiple techniques for identifying T-DNA insertion sites 

After isolating a strain of interest, the next critical step in a forward genetics screen is to 

link the phenotype with a genotype. Phenotype is causally linked to genotype by 

identifying the altered genomic locus. The loci disrupted by insertional mutagenesis can 

be identified through whole genome sequencing (WGS) (Chambers et al., 2014), as well as 

established molecular techniques, such as inverse PCR, plasmid rescue and Thermo 

Asymmetric InterLaced PCR (TAIL-PCR) (Idnurm et al., 2004). Once the disrupted loci are 

identified, independent mutants can be then generated in the wild-type or background 

strain to verify the locus-phenotype link.  

 

3.1.2 Inverse PCR, Plasmid rescue and TAIL-PCR 

For inverse PCR, a restriction endonuclease is used to digest the transformants’ genome. 

The digested fragments are then diluted and self-ligated generating circular fragments of 

gDNA. Fragments harbouring the disruption cassette will bind primers designed to amplify 

outward from the disruption cassette (Figure 3.01). Subsequent PCR products can be 

sequenced to identify the genomic locus harbouring the disruption cassette (Ochman et 

al., 1988). Idnurm et al (2004) and Maruthachalam et al (2011) successfully identified T-

DNA insertion loci in the human pathogenic fungus Cryptococcus neoformans and plant 

pathogenic fungus Verticillium dahliae, using this technique (Idnurm et al., 2004; 

Maruthachalam et al., 2011).  
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(Figure 3.01: Generation of circularised genomic DNA fragments for inverse PCR 

or plasmid rescue. The first panel shows the intact genome, highlighting the 

disruption cassette in orange. The disruption cassette requires an origin of 

replication and selection marker for traditional plasmid rescue. The middle panel 

shows the fragmented genome, digested by a restriction endonuclease. The third 

panel shows the circularized fragments. Insert-specific primers, shown in blue, are 

used to amplify the unknown genomic sequence during inverse PCR. Plasmid 

rescue purifies circularized fragments from a mixture by transformation and 

selection for the marker gene.) 

 

The plasmid rescue approach retrieves the disruption cassette and flanking genomic 

sequences using a prokaryotic origin of replication and selectable marker embedded in 

the cassette (Figure 3.01). The disruption cassette is separated from the host genome by 

digestion with a restriction endonuclease. The fragmented genome is then self-ligated, 

generating a circularized DNA library. DNA fragments containing the disruption cassette 
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are then isolated by transforming the library of circularised fragments into Escherichia coli. 

Bacterial cells harbouring the insert and disrupted locus are then selected for by the 

selectable marker. Mandel et al (1992) successfully identified T-DNA disrupted loci in 

Arabidopsis thaliana using this technique. In this study, genomic DNA from A. thaliana T-

DNA mutants was digested with HindIII and then self-ligated. The circularized genome 

fragments were then cloned into E. coli. Fragments that contained the T-DNA insert also 

contained a prokaryotic origin of replication and selectable marker needed for growth and 

purification (Mandal et al., 1993). Similarly, Idnurm et al (2004) successfully used plasmid 

rescue and inverse PCR to identify T-DNA mutation sites in the pathogenic fungus, C. 

neoformans (Idnurm et al., 2004). 



 

(Figure 3.02: Plasmid map of Aspergillus pAMA1-PyrG vector used for plasmid 

rescue of T-DNA insertion loci in P. nodorum mutants. This plasmid contains the 

pBR322 bacterial origin of replication, pMB1, yeast origin of replication, 

CEN6_ARS4, the Aspergillus origin of replication AMA1. It also contains the 

Ampicillin resistance gene for bacterial selection, as well as orotidine 5’-phosphate 

decarboxylase genes from yeast (Ura3) and Aspergillus fumigatus (PyrG), for 

yeasts and filamentous fungi selection.) 

 

Plasmid rescue approaches traditionally utilise prokaryotic elements in the insertion 

cassette. These elements facilitate re-generation of replicating, selectable DNA fragments. 

However, the pPK2-HPH:GFP insertion sequence used to mutagenize P. nodorum lacks any 

prokaryotic elements. In order to isolate the pPK2-HPH:GFP insertion sequence from P. 

nodorum mutants I used the shuttle plasmid pAMA1-PyrG. This plasmid can be transferred 

between bacteria, yeast and Aspergillus sp. because it contains all of the respective origins 
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of replication and selectable markers (Figure 3.02). Selection for Aspergillus cells 

harbouring the pAMA1-PyrG plasmid uses the PyrG gene, a homolog of the yeast Ura3 

gene, and an auxotrophic strain of Aspergillus nidulans (An.ΔpyrG). This strain is unable to 

produce uracil or uridine for polynucleotide synthesis due to a defective orotidine 5’-

phosphate decarboxylase (PyrG). Subsequently, this A. nidulans strain fails to grow in the 

absence of uridine or uracil. However, the wild-type phenotype is restored by the pAMA1-

PyrG plasmid as it contains the Aspergillus fumigatus orotidine 5’phosphate decarboxylase 

(PyrG) homolog. An.ΔpyrG mutants harbouring pAMA1-PyrG are selected on minimal 

medium lacking uracil and uridine. This system does not require antibiotics and allows for 

additional fungal selective markers to be used such as the Hygromycin B resistance gene 

on the pPK2-HPH:GFP plasmid, Hph.  

 

TAIL PCR identifies genomic loci harbouring known insertion fragments by amplifying one 

genomic flank of the insert. The flank is amplified by a series of insert-specific primers, 

nested within the known sequence, and a degenerate primer that binds randomly. These 

are used in three sequential PCR; each alternating between high and low stringency cycles 

(Figure 3.03) (Liu et al., 1995). The initial PCR uses the outermost specific primer (TR1, 

innermost primer, Figure 3.03) and a primer containing a random combination of 

nucleotides. These primers are annealed in high- and low-stringency amplification stages 

with a long extension time, to produce a range of PCR products. The mix of PCR products 

is then diluted and used as template for a subsequent PCR, using the nested primer TR2 

(between TR1 and TR3, Figure 3.03) and high- and low-stringency annealing cycles. This 

second PCR selectively amplifies the DNA fragments containing the insertion fragment. A 
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third PCR using the nested primer TR3 further selects for the DNA fragment of interest 

from the diluted previous PCR. Sequencing the resulting amplicons then identifies the 

disruption cassettes genomic flank (Liu et al., 1995). Li et al (2007) and Tsuji et al (2003) 

identified the T-DNA insertion loci in Magnaporthe oryzae and Colletotrichum lagenarium, 

respectively, using a TAIL-PCR technique (Li et al., 2007; Tsuji et al., 2003). A review of 

forward genetics studies over the last several decades reveals TAIL-PCR has successfully 

elucidated more loci than either inverse PCR or plasmid rescue. However, these 

techniques for identifying disrupted loci are notoriously difficult, laborious and are unable 

to identify SNP and InDels type mutations. The use of these techniques has been due to a 

lack of cheap alternatives rather than their efficacy. Consequently, the diminishing costs 

of whole genome sequencing (WGS) as well as increased accessibility and reliability has 

led to a trend towards sequencing interesting mutants.  
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(Figure 3.03: Schematic of TAIL-PCR by Liu et al (1995). TR1, TR2, TR3 are 

nested primers within the known insertion sequence. AD is the degenerate primer 

outside of the insertion sequence.) 
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3.1.3 Whole Genome Sequencing 

Whole genome sequencing (WGS) offers a viable alternative to the above molecular 

methods for identifying disrupted loci. The prohibitive expense and bioinformatic 

infrastructure required for WGS has diminished rapidly over the last decade and has led to 

an increase in forward genetic screens using this method to locate disruption cassettes. In 

addition, whole genome sequencing identifies other mutations in the genome such as 

SNPs, InDels and chromosomal rearrangements (Chambers et al., 2014; Pfannenstiel et al., 

2017; Urban et al., 2015). These secondary mutations are important as they may cause 

the phenotype of interest rather than the primary mutagenesis. Large exogenous genome 

insertions can be readily identified through short-read whole genome re-sequencing on a 

platform such as the Illumina Mi-Seq followed by de novo genome assembly. The 

relatively low expense of WGS allows multiple isolates to be sequenced in parallel. For 

example, Urban et al (2015) sequenced three avirulent Fusarium graminearum isolates 

with an average of 22-fold coverage of each genome. This allowed them to identify the 

insertion fragment in all isolates, as well as discover chromosomal rearrangements and 

deletions that prohibited identification of virulence genes (Urban et al., 2015). Based on 

the success of these studies, a whole genome sequencing approach was employed to 

determine the disrupted loci in the avirulent P. nodorum mutants generated in Chapter 2. 

 

This chapter describes the elucidation of T-DNA disrupted loci in the seven, avirulent, P. 

nodorum random mutants generated in Chapter 2. Once identified, the disrupted loci 

were independently disrupted in the Pn.Δlig4 background strain of P. nodorum. DNA 

ligase IV (lig4) is required for non-homology-based DNA repair. Without ligase IV DNA 
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repair is limited to homologous recombination resulting in improved efficiency of 

homologous recombination-based gene disruption. Previous studies have shown 

disruptions to DNA ligase IV reduce ectopic integrations leading to transformation 

efficiencies from 5% in Aspergillus fumigatus to 100% in Neurospora crassa and C. 

neoformans (Krappmann, 2007). The Pn.Δlig4 strain was used to generate knock-out 

mutants of candidate virulence genes identified from the forward genetics screen. The 

virulence of these mutants determined the role these genes play during the P. nodorum-

wheat interaction. 

 

Aim: 1) To identify the disrupted loci in the seven avirulent strains of Parastagonospora 

nodorum generated in Chapter 2. 2) To describe the disrupted genes and speculate 

their function from predicted protein domains  3) To verify the mutations leading to 

the avirulent phenotypes by independently disrupting the identified loci in the Δlig4 

background strain of P. nodorum. 
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3.2 Materials and Methods 

3.2.1 (Table 3.01: Primers used in Chapter 3 to identify loci of genomic 

insertions, confirm mutations and generate knock-out constructs. Bolden 

sequences indicates a homologous overhang used for cloning.) 

Name Oligonucleotide (5'--3') 

Inverse_F AGCTGGCGTAATAGCGAA 

Inverse_R TATCTTTGCGAACCCAGG 

Degen_BamHI CAGGCTCGACGTATTTCAGTGT 

TAIL-1 TTATCCGCTCACAATTCCACA 

TAIL-2 TTAATTGCGTTGCGCTCA 

TAIL-3 NNNNNNNNNNGGATC 

Scaffold_#4_F  GATCTCTCGCTCTTCCAAC 

Scaffold_#4_R AAGAAGGGTTGTGGGAAC 

Scaffold_#12_F  AATCTACCCGCGCAACAAC  

Scaffold_#12_R TGGTGGTGTTGGTGCTGTAG  

trpC_HYG_F CTTGGCTGGAGCTAGTGGAG 

trpC_HYG_R GAGCGGATTCCTCAGTCTCG 

02686_5'_F TTCGGCCGGCGTATTGGGTGTTACGGACCTGCACAGTCATAGATTTACGGGTGG 

02686_5'_R GTCAAGAGACCTACGAGACTGAGGAATCCGCTCAGAGGCAAAGAGGTATCCTGTA 

02686_3'_F ATTCATTGTTGACCTCCACTAGCTCCAGCCAAGTAGTTACCTAATGTGGATTCGAGG 

02686_3'_R GTAAAACGACGGCCAGTGCCAAGCTTGCATGCCAACGCAACCAGGAGCTTATAT 

02686_pCon_F CTCGTGGTCATTCAGGTTG 

02686_pCon_R TGCTGGTGACATAATGCG 

07954_5'_F GAAACAGCTATGACATGATTACGAATTCTTAATGTGGCAAACCCGTACTACCT 

07954_5'_R GTCAAGAGACCTACGAGACTGAGGAATCCGCTCAGCCCTCTCCCATCTTAGAAG 

07954_3'_F ATTCATTGTTGACCTCCACTAGCTCCAGCCAAGTGCAGATGCGAAGTGAGT 

07954_3'_R GTCTCTCCGCATGCCAGAAAGAGTCACCGGTTAAGCTTAATGCTGCGTAGGTC 

07954_pCon_F CTGAGCTTGCTCGCTTTTC 

07954_pCon_R GACTCACTTCGCATCTGCA 

HY_F AAGCATCAGCTCATCGAGA 

YG_R GGTCAATACACTACATGGCGT 

07954_ConI_F CTCGGCATACTTGTAGACCTACTG 

HYG_Con_R TAGCAGACAGGAACGAGGA 

ITS_1 TCCGTAGGTGAACCTGCGG 

ITS_4  TCCTCCGCTTATTGATATGC 

07954_ConII_F  CTGAGCTTGCTCGCTTTTC 

07954_ConII_R GACTCACTTCGCATCTGCA 

02686_ConI_F CGACAGCAGTGGTCTTCATATT 

02686_ConII_F CTCGTGGTCATTCAGGTTG 

02686_ConII_R  TGCTGGTGACATAATGCG 
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3.2.2 (Table 3.02: Media used in chapter 3 to culture fungi and bacteria. The following table lists the recipes for media named in the 

following methods sections used for culturing fungi and bacteria. The concentrations of each reagent and their origins are also listed) 

Media 
   

Abbreviation Name Constituent /L 
V8PDB/V8PDA V8 Potato Dextrose Broth Centrifuged Campbells V8 Juice™ 150ml  

V8 Potato Dextrose Agar Bacto™ Potato Dextrose 10g   
Astral Scientific™ Agar (optional for V8PDA) 15g   
up to 1L with MilliQ water 

 

  
pH 6.0 

 
    

TWB Agar Tap Water Benzimidazole Agar Sigma Scientific™ Benzimidazole 0.3g   
Astral Scientific™ Agar 15g   
up to 1L with MilliQ water 

 
    

LB Lysogeny Broth Bacto™ Tryptone  10g   
Astral Scientific™ Yeast Extract 10g   
Astral Scientific™ Sodium Chloride 5g   
Astral Scientific™ Agar (optional) 15g   
up to 1L with MilliQ water 

 
    

LB+ Optimal Lysogeny Broth Bacto™ Tryptone  10g   
Astral Scientific™ Yeast Extract 10g   
Astral Scientific™ Sodium Chloride 5g   
Astral Scientific™ Magnesium Sulphate 240mg   
Astral Scientific™ Na2HPO4 13.4g   
Astral Scientific™ NaH2PO4 2.4g   
Astral Scientific™ Agar (optional) 15g 
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10% Astral Scientific™ Glucose (Autoclave separately) 100ml   
up to 1L with MilliQ water 

 
  

pH 7.5 
 

    

S.O.C. NEB™ Super Optimal Broth with 
Catabolite repression 

NEB™ S.O.C outgrowth medium 
 

    

IM+ Induction Medium Bacto™ Tryptone  10g   
Astral Scientific™ Yeast Extract 10g   
Astral Scientific™ Sodium Chloride 5g   
Astral Scientific™ Magnesium Sulphate 240mg   
Astral Scientific™ Na2HPO4 13.4g   
Astral Scientific™ NaH2PO4 1.3g   
Astral Scientific™ Agar (optional) 15g   
10% Astral Scientific™ Glucose (Autoclave separately) 100ml   
10% Sigma Aldrich™ Glycerol (Autoclave separately) 100ml   
up to 1L with MilliQ water 

 

  
pH 5.5 

 
    

Soft Overlay CzaPek Dox V8 soft agar Bacto™ CzaPek Dox 33g   
Centrifuged Campbells V8 Juice™ 200ml   
Astral Scientific™ Agar 7.5g   
up to 1L with MilliQ water 

 
  

pH 6.0 
 

    

YPG Yeast Peptone Glucose Bacto™ Peptone 10g   
Astral Scientific™ Yeast Extract 5g   
Astral Scientific™ Glucose 10g 
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Astral Scientific™ Agar (optional) 20g   
up to 1L with MilliQ water 

 
    

Ura DO Uracil Uradine Drop-out  Astral Scientific™ Yeast synthetic nitrogen base 3.6g   
Astral Scientific™ Yeast Amino acid supplements -Ura 1.2g   
Astral Scientific™ Glucose 10g     

 
Aspergillus min. medium 10% Astral Scientific™ Glucose (Autoclave separately) 10g   

20x nitrate salts 50ml   
trace elements 1ml   
Astral Scientific™ Agar (optional) 16g   
pH 6.5 

 
    

 
Aspergillus osmotic medium 10% Astral Scientific™ Glucose (Autoclave seperately) 10g   

20x nitrate salts 50ml   
trace elements 1ml   
Astral Scientific™ Sorbitol 218.6g   
Astral Scientific™ Agar 16g   
pH 6.5 

 

    

 
Trace elements Astral Scientific™ ZnSO4 2.2g   

Astral Scientific™ H3BO3 1.1g   
Astral Scientific™ MnCl2.4H2O 500mg   
Astral Scientific™ FeSO4.tH2O 160mg   
Astral Scientific™ CoCl2.5H2O 160mg   
Astral Scientific™ CuSO4.5H20 160mg   
Astral Scientific™ (NH4)6Mo7O24.4H20 110mg   
Astral Scientific™ Na4EDTA 5g 



 120 

  
upto 100ml of MilliQ water  
(may need KOH to dissolve fully) 

 

    

 
20x nitrate salts Astral Scientific™ NaNO3 120g   

Astral Scientific™ KCl 10.4g   
Astral Scientific™ MgSO4.7H2O 10.4g   
Astral Scientific™ KH2PO4 30.4g   
Up to 1 litre of MilliQ water 

 

 

3.2.3 (Table 3.03: List of fungi and bacteria used in Chapter 3. This table lists the fungi and bacteria mentioned in the following methods, 

as well as the results and discussion. Specific mutations, selection markers and harboured plasmids are also listed, while their origin and 

growth conditions are mentioned in the methods.) 

Genus Species Strain Mutant Mutation Gene/Plasmid ID Marker 
Parastagonospora nodorum SN15 wild-type Nil NA nil 

Parastagonospora nodorum SN15 Δlig4 ligase IV SNOG_10525 BAR 

Parastagonospora nodorum SN15 t112 TBD TBD HYG 

Parastagonospora nodorum SN15 Δlig4/Δcatd1-3 ΔCatechol-1,2-Dioxygenease  SNOG_07954 BAR/HYG 

Parastagonospora nodorum SN15 Δlig4/Δcatd1-4 ΔCatechol-1,2-Dioxygenease  SNOG_07954 BAR/HYG 

Parastagonospora nodorum SN15 Δlig4/Δcatd1-21 ΔCatechol-1,2-Dioxygenease  SNOG_07954 BAR/HYG 

Aspergillus 
Saccharomyces 

nidulans 
cerevisiae 

LO7891 
BJ5464 

ΔpyrG 
Δura3 

ΔOrotidine 5'-Phosphate Decarboxylase 
ΔOrotidine 5'-Phosphate Decarboxylase  

nil 
nil 

nil 
nil 

Saccharomyces cerevisiae BJ5464 Δura3 ΔOrotidine 5'-Phosphate Decarboxylase pYAE:SNOG_02686ura URA3/HYG/KAN 

Saccharomyces cerevisiae BJ5464 Δura3 ΔOrotidine 5'-Phosphate Decarboxylase pYAE:SNOG_07954ura URA3/HYG/KAN 

Escherichia coli DH5-α wild-type Nil NA nil 

Escherichia coli DH5-α wild-type Nil pYAE:SNOG_02686kan URA3/HYG/KAN 

Escherichia coli DH5-α wild-type Nil pYAE:SNOG_07954kan URA3/HYG/KAN 



 121 

Agrobacterium tumefaciens LBA1126rif Deactivated vir Helper plasmid pAL1100spec pAL1100spec SPEC 

Agrobacterium tumefaciens LBA1126rif Deactivated vir Helper plasmid pAL1100spec pYAE:SNOG_02686kan URA3/HYG/KAN/SPEC 

Agrobacterium tumefaciens LBA1126rif Deactivated vir Helper plasmid pAL1100spec pYAE:SNOG_07954kan URA3/HYG/KAN/SPEC 



 122 

3.2.4 Protocols 

3.2.4.1 Culturing of an auxotrophic Aspergillus nidulans strain 

Solid Aspergillus minimal medium, containing uracil and uridine, was streak inoculated 

with an A. nidulans LO7891 ΔpyrG asexual spore suspension taken from the -80°C 

glycerol stock. Inoculated plates were incubated at 37ºC, in the dark, for three days. 

This strain and growth conditions were supplied by Dr. Yit-Heng Chooi, The School of 

Molecular Sciences, The University of Western Australia. 

 

3.2.4.2 Collection and quantification of A. nidulans asexual spores 

Asexual spores were collected by gently washing the plates with 4ml of sterile water 

containing 0.1% Tween-80. The spore suspension was collected in a sterile 15ml 

centrifuge tube and centrifuged at 3,000g for 10 minutes. The supernatant was decanted, 

and the resulting spore pellet was resuspended in 1ml of sterile MilliQ water. A 1/100 

dilution aliquot was then prepared for spore counting using a haemocytometer.  

 

3.2.4.3 Extraction of A. nidulans protoplasts 

500ml of liquid Aspergillus minimal medium, containing uracil and uridine, was 

inoculated with 109 freshly collected asexual spores then shaken at 280rpm, 28ºC for 10 

hours. Every 30 minutes after 10 hours post inoculation, samples of the culture were 

observed microscopically for spore germination. Once germlings had formed the culture 

was divided into pre-weighed 50ml sterile centrifuge tubes and centrifuged at 3,000g for 

10 minutes at 4ºC. The supernatant was discarded and the fresh-weight of the fungal 

biomass recorded. 

 

The germlings were resuspended in 10ml of osmotic suspension buffer containing 40mg 

of Glucanex Sigma-Aldrich per gram of germlings. The germling suspension was 
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incubated without shaking at 28ºC for 4 hours. Every 30 minutes, samples of the 

suspension were observed microscopically for the release of protoplasts. 

 

Once the majority of germlings were digested, the suspension was filtered through 

sterile, hydrophobic, cotton wool in a 20ml syringe. The cotton wool and cell debris 

were discarded, and the protoplasts were centrifuged at 1,000g, 4 ºC for 10 minutes. 

The resulting cell pellet was washed twice with 1ml of STC, and finally resuspending in 

1ml of STC. The cell density of a 1/40 dilution of this suspension was measured using a 

haemocytometer. The protoplasts were then diluted in STC buffer to a concentration of 

108 cells/ml. This protocol was provided through personal communication with Dr. Yit-

Heng Chooi, The School of Molecular Sciences, The University of Western Australia. 

 

3.2.4.4 PEG/CaCl2 mediated transformation of A. nidulans protoplasts 

3µg of DNA dissolved in 100µl of STC buffer was combined with 100µl of the 108 

cells/ml protoplast suspension in a sterile 2ml microfuge tube. 100µl of DNA free STC 

buffer was added to a second 100µl aliquot of 108cells/ml suspension as a negative 

control. The suspensions were gently mixed by inverting the microfuge tubes 5x and 

then incubated on ice for 30 minutes. After the incubation, 1600µl of 60% PEG/CaCl2 

was added to each tube and gently mixed at room temperature for 5 minutes by rolling 

and inverting the tubes. The protoplasts were then incubated on ice again for 30 

minutes. During this 30minute incubation six plates containing Aspergillus osmotic 

medium and one containing uracil (1.2mg/l) and uridine (600mg/l) were pre-warmed to 

37°C. After the incubation, 300µl of the protoplast + DNA suspension was spread 

inoculated onto the Aspergillus osmotic medium containing uracil and uridine, as well 

as five plates lacking uracil and uridine. The remaining plate lacking uracil and uridine 

was inoculated with 300µl of the DNA free protoplast/PEG/CaCl2 suspension. The 
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plates were air dried at room temperature, under sterile conditions for an hour, then 

incubated in a sealed plastic bag at 37°C in the dark. The plates were checked for 

growth each day for 10 days. Transformants were subcultured from hyphal tips onto 

minimal Aspergillus medium lacking uracil and uridine as they developed. This 

protocol was provided by Dr. Yit-Heng Chooi, The School of Molecular Sciences, The 

University of Western Australia. 

 

3.2.4.5 Plasmid rescue library 

Genomic DNA (~10ug) extracted from each of the seven avirulent mutants described in 

Chapter 3 was digested with the restriction endonuclease, NEB™ NotI-HF. The 

pAMA1-PyrG plasmid (~1ug) was also linearized with NotI-HF. NotI does not cut the 

pPK2-HPH:GFP disruption cassette, so NotI digestion of P. nodorum mutant genomes 

produces gDNA fragments of which some will contain a functional Hph gene. The 

digested genome DNA was then ligated with NEB™ T4 DNA Ligase using the exposed 

NotI restriction site overhangs into the linearized pAMA1-PyrG plasmid, according to 

the manufacturer’s instructions (NEB™, M0202). The pAMA1-PyrG+gDNA ligation 

mix, along with plasmid only and unligated controls, were then transformed into 

NEB™ electro-competent E. coli DH5-α cells with selection for ampicillin resistance. 

The linearized pAMA1-PyrG without gDNA transformation produced no E. coli 

colonies, while each pAMA1-PyrG+ gDNA ligation mix produced a bacterial lawn. 

These bacterial lawns were then harvested with sterile MilliQ water and a made into 

two aliquots for each transformation. One aliquot of each transformation was prepared 

with 20% glycerol for cryogenic storage. The other was grown overnight in lysogeny 

brothAmp (LBAmp) cultures. This protocol was developed in conjunction with Dr. Yit-

Heng Chooi, The University of Western Australia. 
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3.2.4.6 Inverse PCR template 

1g of gDNA from each sample was digested overnight by the restriction endonuclease, 

NEB™ BamHI-HF, in 10l of NEB CutSmart 10x Buffer ™ buffered MilliQ water 

(NEB, R3136S). The digests were then purified using Sephadex™ g25 (Sigma Aldrich, 

U.S.A.). Concentrations of each sample were measured via Nanodrop™ 

spectrophotometry and then dehydrated under vacuum centrifugation. Once dry the 

digested gDNA samples were redissolved in MilliQ water to a concentration of 10ng/l. 

10l aliquots of each sample were then buffered in NEB™ 10x ligase buffer and ligated 

overnight at 16°C with NEB™ T4 DNA ligase (NEB, M0202). The ligation reactions 

were purified using Sephadex™ g25 and the concentrations measured via Nanodrop™ 

spectrophotometry. Inverse PCR was then employed, using primers Inverse_F and 

Inverse_R, to amplify the flanking sequences of the pPK2-HPH:GFP insertion 

fragment. This protocol was developed in conjunction with Dr. Britta Winterberg. 

 

3.2.4.7 Inverse PCR 

Inverse PCR amplified DNA from the template generated in section 3.2.4.6 using the 

forward and reverse primers indicated in Table 2.01 in the following reaction. This 

reaction was set up on ice:10ng of plasmid DNA in 1 µl was diluted in 5.16 µl. 1 µl of 

Takara™ 10x Buffer was added to this dilution along with 0.8 µl of a 10µM dNTP 

solution containing 2. 5µM each of ATP, GTP, CTP and TTP. 1µl of each forward and 

reverse primer were added to a final concentration of 0.5µM. Finally, 0.04µl ExTaq 

Takara™ polymerase was added to the reaction. This reaction was set up in parallel to 

two other reactions, one lacking plasmid DNA and the other lacking primers. These 

additional reactions form negative controls. 
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Thermocycler conditions: The reactions were then denatured at 98°C for two minutes 

then the primers were annealed at 57°C for 30 seconds. The primary PCR product was 

then extended at 72°C for one minute per kilobase before the reaction was denatured 

again at 98°C for 30 seconds. Denaturation, annealing and extension was repeated 34 

times before the reaction was terminated at 72°C for 10 minutes. 

 

3.2.4.8 Thermo Asymmetric InterLaced PCR 

TAIL-PCR series were set up on ice using the primers indicated in Table 2.01 in the 

following reaction:10ng of fungal genomic DNA in 1 µl was diluted in 5.16 µl. 1 µl of 

Takara™ 10x Buffer was added to this dilution along with 0.8 µl of a 10µM dNTP 

solution containing 2. 5µM each of ATP, GTP, CTP and TTP. 1µl of each forward and 

reverse primer were added to a final concentration of 0.5µM. Finally, 0.04µl ExTaq 

Takara™ polymerase was added to the reaction. This reaction was set up in parallel to 

two other reactions, one lacking genomic DNA and the other lacking primers. These 

additional reactions form negative controls. Thermal cycling was as described by Liu et 

al (1995) with variations in annealing temperatures, deviating incrementally till +-5°C 

from the published protocol. 

 

3.2.4.9 Bacterial colony PCR 

Single colonies were picked with sterile 10µl pipette tips and each deposited into 20ul 

of sterile MilliQ water. The bacterial suspensions were then spot inoculated (3µl) onto 

LB agar medium containing the corresponding selection antibiotic. Plates were 

incubated at 28°C for two days for A. tumefaciens and E. coli at 37°C for 16 hours. 1µl 

of bacterial suspension was then used for PCR confirmation and the corresponding 

colonies from the spot inoculation were grown in suspension for storage in 20% 

glycerol at -80°C. 
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On ice 1µ1 of bacterial suspension was diluted in 5µl GoTaq Green™. To this 

suspension 1µl of each forward and reverse primer was added, to reach a final 

concentration of 0.5µM of each primer. Then 2µl of sterile water was added. These 

reaction were set up in sets of six for each construct along with two other reactions, one 

lacking DNA and the other lacking primers. These additional reactions form negative 

controls. 

Thermocycler conditions: The reactions were then denatured at 98°C for 5 minutes then 

the primers were annealed at 57°C for 30 seconds. The primary PCR product was then 

extended at 72°C for one minute per kilobase before the reaction was denatured again at 

98°C for 30 seconds. Denaturation, annealing and extension was repeated 34 times 

before the reaction was terminated at 72°C for 10 minutes. 

 

3.2.4.10 Yeast colony PCR 

Single colonies were picked with sterile 10µl pipette tips and each deposited into 10ul 

of sterile water. The yeast suspensions were then spot inoculated (3µl) onto solid URA 

drop out medium. Plates were incubated at 28°C for three days. 10µl of 20mM NaOH 

was then added to the yeast suspension which was then incubated at 98°C for 10 

minutes. 1µl of yeast suspension was then used for PCR confirmation and the 

corresponding colonies from the spot inoculation were grown in suspension for plasmid 

extraction and storage in 20% glycerol at -80°C. 

 

On ice 1µ1 of yeast lysate was diluted in 5µl GoTaq Green™. To this solution 1µl of 

each forward and reverse primer was added, to reach a final concentration of 0.5µM of 

each primer. Then 2µl of sterile water was added. These reaction were set up in sets of 

six for each construct along with two other reactions, one lacking DNA and the other 

lacking primers. These additional reactions form negative controls. 
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Thermocycler conditions: The reactions were then denatured at 98°C for 5 minutes then 

the primers were annealed at 57°C for 30 seconds. The primary PCR product was then 

extended at 72°C for one minute per kilobase before the reaction was denatured again at 

98°C for 30 seconds. Denaturation, annealing and extension was repeated 34 times 

before the reaction was terminated at 72°C for 10 minutes. 

 

3.2.4.11 Filamentous fungi colony PCR 

The Thermoscientific™ Phire Plant Direct PCR Kit was used as per the 

manufacturer’s instructions for PCR  amplification of amplicons directly 

from fungal material. A sterile pipette tip was dragged gently across 2cm of 

the leading edge of a fungal colony grown on solid medium. The soft, 

unpigmented mycelial collected on the point of the pipette tip and was 

deposited into 50µl the storage buffer supplied with the kit. Fungal samples 

were incubated overnight in storage buffer at 4°C. 1µl of the storage buffer-

fungus mixture was then used as the template in subsequent PCR reactions using the 

supplied polymerase and buffer. 

 

3.2.4.12 Gel excision and purification of PCR products 

PCR products were isolated by agarose (Astral Scientific™) gel electrophoresis 

separation followed by visualisation under a blue light. The agarose gel contained 

0.01% SybrSafe (ThermoFisher Scientific™) DNA stain. Bands corresponding to the 

correct size relative to the DNA ladder were excised using a scalpel blade, placed into a 

separate 2ml microfuge per product then purified using the QIAquick™ PCR gel 

extraction kit (Qiagen™, Netherlands), as recommended by the manufacturer’s 

instructions.  
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3.2.4.13 Sanger Sequencing 

PCR products were purified from the PCR reaction, or extracted subsequent to gel 

electrophoresis using the QIAquick™ PCR gel extraction kit (Qiagen™, Netherlands), 

as recommended by the manufacturer’s instructions. The PCR products were quantified 

by Nanodrop™ spectrophotometry and diluted to a concentration of 30ng/µl. The 

diluted samples were then submitted to the Biomolecular Resource Facility (BRF) at the 

John Curtin School of Medical Research (JCSMR) along with 2.3µM aliquots of 

forward and reverse primers. 

 

3.2.4.14 Large-scale genomic DNA extraction 

The avirulent transformants, t112, t177, t255, t388, t697, t784, t799, identified through 

a forward genetics screen were grown in liquid, stationary cultures of V8PDB. The 

biomass from these cultures was then freeze-dried and the gDNA extracted via the SDS-

potassium acetate method (section 2.2.5.5) and purified using a Qiagen™ genomic 

DNA extraction column.  
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3.2.4.15 FastQC 

The bioinformatics program FastQC assessed the quality of short-read sequencing data generated by Illumina platforms. This included adapter 

contamination from the sequencing run as well as the likelihood of each basepair being correctly identified. An Example script is shown below: 

Example: 

cd ~/Desktop/FastQC 

 ./fastqc -t 10 -f fastq -o ~/Desktop/stago_genome_assembly/02_FastQC 

/home/oliver/Desktop/stago_genome_assembly/01_RAW_DATA/t255_R1_001.fastq.gz  

 

3.2.4.16 Trimm-o-matic 

The bioinformatics program Trimm-o-matic was used to remove poor quality bases and adapters from the short read sequencing data generated by the 

Illumina platform. A moderate stringency was used to trim poor quality bases from the heads and tails of reads, as well as using a “sliding window” to 

detect and remove sections of poor overall quality. 

Example: 

java -jar /usr/local/bin/trimmomatic-0.32.jar PE -threads 10 -phred33 -1 

/home/oliver/Desktop/stago_genome_assembly/01_RAW_DATA/t255_R1_001.fastq.gz -2 

/home/oliver/Desktop/stago_genome_assembly/01_RAW_DATA/t255_R2_001.fastq.gz t255_R1_001_paired.fastq.gz t255_R1_001_unpaired.fastq.gz 

t255_R2_001_paired.fastq.gz t255_R2_001_unpaired.fastq.gz ILLUMINACLIP:/usr/local/bin/Trimmomatic-0.32/adapters/NexteraPE-PE.fa:2:30:10 

LEADING:20 TRAILING:20 SLIDINGWINDOW:4:24 MINLEN:50 
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3.2.4.17 SPAdes 

The bioinformatics program SPAdes was used to assemble the trimmed and raw reads generated by short read sequencing. The program used 

progressively larger Kmers to attempt better assemblies, ranging from 21bp Kmers to 63bp Kmers. 

Example: 

/usr/local/bioinfo/SPAdes-3.7.1/bin/spades.py -t 30 -m 300 -k 21,25,33,55,63 -1 /home/oliver/03_trimmed_reads/255_R1_paired.fastq.gz -2 

/home/oliver/03_trimmed_reads/255_R2_paired.fastq.gz -o /home/oliver/04_Assemblies/SPAdes/255_SPAdes.fa 

 

3.2.4.18 Velvet 

The velvet plugin of the bioinformatic suite Geneious™ was used to generate genome assemblies from short, trimmed, paired end, reads. 

 

3.2.4.19 CEGMA 

The bioinformatics program Core Eukaryotic Genes Mapping Approach (CEGMA) provided and estimate of genome completeness and assembly 

quality by searching the genome for eukaryotic genes predicted to be found singularly in all eukaryotes. The proportion of genes not found, or found in 

duplicate provides an estimate of genome quality. An example script is shown below: 

Example: 

cd ~/Desktop/Ollie_Cegma/t112 

cegma --genome Scaffold_t112 
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3.2.4.20 Yeast assembly of gene knock-out constructs 

PCR amplification and gel purification generated ca. 1.5kb amplicons, homologous to 

the upstream 5’ and downstream 3’ flanking regions of the gene of interest. Primers 

generating the 5’ homologous flank contained a 5’ 30bp overhang homologous to the 

SmaI target in the pYAE vector in the forward primer, and a 5’ 30bp overhang 

homologous to the 3’ tail of the Hygromycin B resistance marker in the reverse primer. 

Primers generating the 3’ homologous flank contained a 5’ 30bp overhang homologous 

to the SmaI target in the pYAE vector in the reverse primer, and a 5’ 30bp overhang 

homologous to the 5’ tail of the Hygromycin B resistance marker (Hph) on the forward 

primer. The primers incorporated the pYAE and Hph homologous regions, used for 

cloning, into the amplicons during amplification. 100ng of each homologous flank, 

100ng of Hph and 200ng of SmaI linearized pYAE vector were combined and freeze 

dried. The pellet was then dissolved in 50 µl of competent S. cerevisiae URA- cells and 

the transformation performed as per instructions of the Zymo Frozen-EZ Yeast 

Transformation™ kit.  

 

Colonies growing on URA- yeast medium arose after 3 days and then colony PCR 

confirmed the correct assembly of the vector by amplification of the joining regions. 

Colonies harbouring a correctly assembled vector were then grown over night in liquid 

URA- medium and the plasmid extracted. The plasmid was then transformed into E. 

coli and A. tumefaciens. 

 

3.2.4.21 Culturing an auxotrophic strain of Saccharomyces cerevisiae 

The Δura3 BJ5464 auxotrophic strain of S. cerevisiae used in this study was cultured in 

URA drop out yeast medium at 28C. Cultures on solid medium were incubated for 3 

days and liquid cultures were incubated overnight shaking at 180rpm. This strain was 
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supplied by Dr. Yit-Heng Chooi, The School of Molecular Sciences, The University of 

Western Australia. 

 

3.2.4.22 Generation and transformation of S. cerevisiae competent cells 

The Zymo Frozen-EZ Yeast Transformation™ kit was used for the generation of S. 

cerevisiae cells and their subsequent transformation. 

 

3.2.4.23 Plasmid extraction 

Plasmids from S. cerevisiae and E. coli were extracted and purified using the Zymo 

yeast plasmid miniprep II™ and QIAprep Spin Miniprep™ kits respectively. 



3.3 Results 

3.3.1 Sequencing and genome assembly of P. nodorum avirulent transformants 

A plasmid rescue method was adapted for retrieving fragments of P. nodorum genomic 

DNA containing the Hygromycin B resistance marker (Hph) in an auxotrophic strain of 

Aspergillus nidulans. However, this method failed to identify the insertion loci in the 

avirulent transformants in Chapter 2. Subsequently, inverse PCR method was trialled but 

also failed to identify the affected locus in the avirulent strains of P. nodorum. The final 

molecular approach for identifying insertion sites involved Thermo Asymetric InterLaced 

(TAIL) PCR. This approach identified the insertion locus in a trial experiment but failed to 

identify any of the disrupted loci in the avirulent mutants generated in Chapter 2. 

Subsequently, whole genome sequencing was employed to determine the loci harbouring T-

DNA insertions in the avirulent strains of P. nodorum. 

 

Genomic DNA from the avirulent transformants, t112, t177, t255, t388, t697, t784, t799 

was extracted and analysed by gel electrophoresis to determine the level of degradation 

(Figure 3.04). The quality of the gDNA was deemed suitable for subsequent analysis and 

250ng of gDNA from each transformant, with 260nm/280nm and 260nm/230nm spectral 

ratios above 1.8, were submitted to the Biomolecular Resource Facility at the John Curtin 

School of Medical Research. They were then paired-end, short read (150bp), sequenced on 

a single lane of the MiSeq Illumina platform. Reserve aliquots of each sample were stored 

at -80°C. 
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(Figure 3.04: Electrophoretic gel image showing 5µl of genomic DNA sent for 

sequencing from avirulent P. nodorum transformants. The NEB™ 1kb ruler is 

juxtaposed in the most left-hand lane for comparison. Transformants t841and t529 

are also shown, however these were a part of a separate experiment.) 

 

The resulting paired-end 150bp reads were quality checked by FastQC (Andrews, n.d.). 

FastQC indicated all samples were of high quality, containing predominantly ~150bp reads 

and limited adapters or contaminant from the sequencing preparation. Over represented 

sequences, such as adapter used during sequencing, poor quality sequences and bases were 

stringently trimmed and filtered by Trimm-o-matic (Bolger et al., 2014). Re-assessing the 

Trimm-o-matic output by FastQC indicated that few sequences and bases were removed, 

specified by read and base counts. This signifies the high quality of the Illumina short read 

data. The number of raw and trimmed reads for each strain are tabularised in 

Supplementary Table 3.01. 



 136 

High quality trimmed reads were then assembled de novo using two different software 

packages; SPAdes (Bankevich et al., 2012) and Velvet (Zerbino, 2011; Zerbino and Birney, 

2008). In addition to de novo assembly the trimmed reads were also mapped to the 

available reference genome with SPAdes. Mapping reads to the reference genome gave an 

indication of genome coverage as well as identifying coverage gaps. Some of these 

coverage gaps signified insertion sites for the T-DNA, where the assembly program 

discarded reads mapping to the insertion sequence. Between different transformants the 

assemblies differed most by contig number (3100-8200) and maximum contig size (85-

204kb). However, SPAdes indicated the proportion of the reference genome covered varied 

much less ranging from 92%-95% coverage. Genome completeness was determined by the 

Core Eukaryotic Genome Mapping Approach (CEGMA), which identified 80-95% of 

conserved genes in the de novo assembled scaffolds (Parra et al., 2007). These metrics, 

summarised in Table 3.04, indicate that the assembled genomes were reasonably complete, 

and of good quality. Velvet consistently produced higher quality genome assemblies. This 

was assessed by lowest contig number and largest contig size, highest N50 (minimum 

contig length at which combining all longer contigs encompasses half the genome ie larger 

= more complete), assembly size compared to the reference and completeness by CEGMA 

score.  



(Table 3.04: Quality of P. nodorum transformant genomes assembled by Velvet from trimmed short reads. BLAST hit indicates 

the alignment with the pPK2 insertion sequence. Reference covered is by size percentage of the reference genome. t112, in 

red, showed the best alignment.) 

       

Best BLAST hit 

Transformant 

No. of 

contigs 

Largest 

contig 

(kb) 

N50 

(bp) 

Genome 

size (Mb) 

Reference 

covered (%) 

Genome 

completeness 

(%) % identity 

Length aligned 

(bp) 

t177 3351 185.3 39919 35.3 95.0 95.0 35.8 255 

t799 3394 203.8 38098 35.2 94.8 94.0 35.8 255 

t255 3107 170.3 32636 35.0 94.2 94.4 35.8 255 

t112 4096 128.7 23527 34.9 94.0 91.5 93.6 4941 

t784 5339 135.7 14764 34.6 93.1 84.3 35.8 255 

t697 5900 135.6 12006 34.4 92.6 83.1 35.8 255 

t388 8200 84.8 7917 34.1 91.9 80.1 35.8 255 
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The BLAST function of Geneious (Kearse et al., 2012) aligned the insertion sequence 

aligned with genome t112 with ca. 94% identity. However, there was no significant 

match to the other mutant or wildtype genomes. This indicated that the insertion 

sequence was not in the de novo assembled genomes, except for t112. To determine if 

the T-DNA insertion has been sequenced raw reads from each sample were then 

mapped to the T-DNA pPK2-HPH:GFP insertion sequence using Geneious (Kearse et 

al., 2012). The insertion sequence was identified in genome t112, generating a scaffold 

containing ca. 4.9kb of the insertion cassette. The reads from all other genomes failed to 

assemble using the insertion sequence as a reference genome confirming that only the 

t112 genome harboured the T-DNA insertion.  

 

To determine if Hph was indeed present in the avirulent mutants identified in the 

previous chapter, gDNA from several of the mutants was probed via Southern blot for 

the T-DNA insert (Figure 3.05). This Southern blot analysis confirmed that t112 

contained a T-DNA insert while the other mutants did not, despite being passaged on 

Hygromycin B [200µg/ml] after the initial transformation. Further, this Southern blot 

indicated that t112 contained a double insertion. 
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(Figure 3.05: Southern blot probing for the T-DNA insertion sequence in the 

mutants, t388, t177, t112, t799, t785 that had been sequenced. t688 was 

included as part of another experiment. The genomic DNA of each strain was 

digested with the restriction enzyme BamHI.) 

 

3.3.2 Identification of loci containing the pPK2 disruption cassette in the 

avirulent strain of P. nodorum, t112 

The de novo assembled t112 genome indicated that there was a single T-DNA insertion 

flanked by sequences aligning to scaffold #4 and #12 of the reference genome (Figure 

3.06). The conjunction of two separate scaffolds suggested the insertion induced 

chromosomal rearrangement, or genome miss-assembly. Miss-assembly is more likely 

as the Southern blot analysis in Figure 3.05 indicated a double insertion event had taken 

place. A double insertion may lead to miss-assembly due to identical reads mapping to 

two locations overlapping.  
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(Figure 3.06: The pPK2 disruption cassette in the de novo assembled t112 

genome. The 5’ flanking region of the insert aligns with scaffold #4 of the 

reference genome, while the 3’ flanking region aligns with scaffold #12 of the 

reference genome.) 

 

Mapping the t112 reads to the reference genome revealed coverage gaps in scaffold #4 

and #12, specified by red arrows in Figure 3.07. These coverage gaps coincided with the 

regions flanking the pPK2 insertion sequence, shown in gold boxes, in the de novo t112 

genome. The coverage gaps were likely due to the assembly program discarding reads 

that mapped to the insertion sequence. 

 

 

(Figure 3.07: Scaffold #4 (top) and scaffold #12 (bottom) of the reference 

genome, with t112 reads mapped underneath each scaffold. Gold boxes 

indicate flanking sequences of the insertion sequences from the de novo 

assembled t112 genome. Red arrows indicate gaps in the read coverage. The 

blue graph above the alignment indicates assembly coverage measured in fold 

change, scaled from 0 to 30x)  
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To determine if these coverage gaps were due to reads mapping to the T-DNA sequence 

being discarded I inserted the T-DNA sequence into the reference genome at the 

coverage gaps. Re-mapping the t112 reads to this hypothetical reference genome 

retrieved reads that spanned the junction between T-DNA and P. nodorum genome, 

confirming the exact integrations sites. The reads spanning the junction sites are 

indicated by red arrows in an alignment between the insertion sequence and the 

hypothetical genome with mapped reads, shown in Figure 3.08. Aligning the insertion 

sequence with the hypothetical genome revealed mismatches between the plasmid map 

for pPK2-HPH:GFP and the sequencing reads at the T-DNA borders. Aligning the 

insertion sequence also revealed the direction of the T-DNA insertion relative to the 

surrounding genome. This allowed me to use a specific, differential PCR to confirm the 

loci harbouring T-DNA.  
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(Figure 3.08: Reads from t112 mapping to the wild-type genome modified to 

contain the pPK2-HPH:GFP disruption cassette at the candidate insertion sites.  

Arrows indicate reads bridging the disruption cassette and the fungal genome. 

The long sequence in each artificial scaffold is the aligned pPK2-HPH:GFP 

insertion sequence. The blue graph above the alignment indicates the coverage 

for that particular region of the assembly, on a scale of 0 to 30x) 

 

Differential PCR then confirmed the loci containing T-DNA insertions in t112, 

disrupting SNOG_02686 and the promoter region of SNOG_07954. The amplicons 

from this PCR are shown in the gel electrophoretic image in Figure 3.09. The primers, 

HYG_Con_F and Scaffold_#4_R bind inside the Hph gene and outside of the T-DNA 

cassette in scaffold #4, respectively and would generate an 800bp fragment if the T-

DNA insertion is present at that locus, but no band in the wild type. Similarly, the 

primers HYG_Con_F and Scaffold_#12_R are expected to amplify a 1kb fragment if 

the T-DNA insert has inserted at this locus, and no fragment if the insert is absent. 

These PCR products confirmed the locations and directions of the T-DNA insertions in 

the aviruent strain of P. nodorum, t112, and are summarised in Figure 3.10 
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(Figure 3.09: Gel electrophoresis image showing the PCR products from 

amplification of the candidate insertion sites in t112 and wild type strains of P. 

nodorum)  

 

 

(Figure 3.10: T-DNA insertion sites relative to Coding Domain Sequences of 

SNOG_02686 and SNOG_07954. Red arrows indicate the insertion sites of the 

pPK2-Hph:GFP T-DNA sequence. The solid green sequence labelled 

SNOG_02686 and SNOG_07954 indicates the gene sequence, while the red 

segmented sequence labelled CDS represents the Coding Domain Sequence. 

A T-DNA insertion disrupted the middle of the third SNOG_02686 intron, and 

another insertion disrupted 182bp upstream of the SNOG_07954 coding 

sequence) 
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A Single Nucleotide Polymorphism/ Insertion-Deletetion (SNP/InDel) analysis of the 

genomes revealed further mutations. These mutations were identified using the variant 

analysis pipeline in the bioinformatics suit, Geneious™. Mutations were based on a 

minimum concensus of five reads confirming the variation from the wild-type genome, 

and were then filtered for those mutations only found in the Coding Domain Sequences 

(CDS) regions of the genome. The subsequent genes predicted to harbour mutations are 

listed in Table 3.05. The gene identifier of genes harbouring at least one mutation are 

listed alongside the best BLAST hit against the NCBI nr database for the genes 

predicted amino acid sequence. Table 3.05 only shows BLAST hits for matches with 

greater than 50% pairwise identity and an E-value less than 0.01. Due to time 

constraints mutations in regulatory regions were not analysed, nor were the CDS 

mutations filtered for non-synonymous mutations, stop codon insertions or shifts in 

reading frame.  

 

(Table 3.05: Genes, and their estimated function, predicted to harbour SNP and 

InDel mutations in seven avirulent strains of P. nodorum. Variations in coding 

regions between the mutants and the wild-type are supported by at least five 

reads and their estimated function is based upon the closest BLAST hit in the 

NCBI nr database)  

t112 Best BLAST hit 

SNOG_01327 Unknown 

SNOG_02219 short chain type dehydrogenase [Aedes aegypti] 

SNOG_02375 tRNA-dihydrouridine synthase 1 [Aspergillus terreus NIH2624] 

SNOG_02518 
TF3B_MOUSE Transcription factor IIIB 90 kDa subunit (TFIIIB90) 
(hTFIIIB90) (B-related factor 1) (BRF-1) 

SNOG_05326 Unknown 

SNOG_06173 related to hsp70 protein [MIPS] [Neurospora crassa OR74A] 

SNOG_13299 small G-protein GPA3 [Paracoccidioides brasiliensis] 

SNOG_30093 Unknown 

Total 8  

  

t177  
SNOG_00062 peroxisomal biogenesis factor 2 [Aspergillus terreus NIH2624] 

SNOG_01098 Unknown 

SNOG_01885 Unknown 
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SNOG_01918 Unknown 

Total 4  

  

t255  
SNOG_01165 probable Cytokinesis protein sepA [Neurospora crassa] 

SNOG_01307 plasma membrane ATPase 2 [Aspergillus terreus NIH2624] 

SNOG_01493 
CAMP-DEPENDENT PROTEIN KINASE REGULATORY CHAIN 
[Neurospora crassa OR74A] 

SNOG_02018 Aspergillopepsin A precursor (Aspergillopepsin I) 

SNOG_02219 short chain type dehydrogenase [Aedes aegypti] 

SNOG_30093 Unknown 

Total 6  
 

 

t388  
SNOG_01307 plasma membrane ATPase 2 [Aspergillus terreus NIH2624] 

SNOG_01688 related to MID1 protein [Neurospora crassa] 

SNOG_01792 ATP-binding cassette 

SNOG_04397 splicing factor 3b 

SNOG_30093 Unknown 

Total 5  

  

t697  
SNOG_00861 SCR1 protein [Debaryomyces occidentalis] 

SNOG_01793 Unknown 

SNOG_02018 Aspergillopepsin A precursor (Aspergillopepsin I) 

SNOG_30093 Unknown 

Total 4  

  

t784  
SNOG_02018 Aspergillopepsin A precursor (Aspergillopepsin I) 

SNOG_02219 short chain type dehydrogenase [Aedes aegypti] 

SNOG_02448 integral membrane protein [Aspergillus fumigatus Af293] 

SNOG_02734 Unknown 

SNOG_04397 splicing factor 3b 

SNOG_05326 Unknown 

SNOG_06421 exocyst complex component sec3 [Aspergillus fumigatus Af293] 

SNOG_07070 SPAC1327.01c [Schizosaccharomyces pombe] 

SNOG_07080 Possible surface protein 

SNOG_07125 Unknown 

SNOG_09038 Trimeric heat shock transcription factor 

SNOG_09235 Unknown 

SNOG_09293 protein kinase [Leishmania major strain Friedlin] 

SNOG_30065 Unknown 

SNOG_30093 Unknown 

Total 15  
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t799  
SNOG_00273 sugar transporter [Aspergillus fumigatus Af293] 

SNOG_00553 40S ribosomal protein S19 [Coccidioides immitis RS] 

SNOG_01666 Unknown 

SNOG_02194 Unknown 

SNOG_02195 Unknown 

SNOG_02518 
TF3B_MOUSE Transcription factor IIIB 90 kDa subunit (TFIIIB90) (hTFIIIB90) 
(B-related factor 1) (BRF-1) 

SNOG_02832 longevity assurance factor [Schizosaccharomyces pombe] 

SNOG_02918 annexin ANXC3.2 [Aspergillus fumigatus Af293] 

SNOG_04397 splicing factor 3b 

SNOG_04743 Unknown 

SNOG_05309 Aspergillopepsin II precursor (Acid protease A) (Proctase A) 

SNOG_05326 Unknown 

SNOG_30093 Unknown 

SNOG_30237 Unknown 

Total 14  
 

3.3.3 The avirulent P. nodorum strain, t112, harbours disruptions to putative 

Copper-dependent amine oxidase and Catechol-1,2-dioxygenase genes 

A BLASTp search of the NCBI nr database revealed the closest homologs to the protein 

encoded by SNOG_02686 were putative Copper-dependent amine oxidases with 99% 

query coverage and 86% identity to the closest annotated match. While those closest to 

the protein encoded by SNOG_07954 were putative Catechol-1,2-dioxygenases with 

97% query coverage, 89% identity to the nearest annotated match (Supplementary 

Figures 3.01 and 3.02). Further, the NCBI database identified conserved functional 

domains in these predicted proteins, supporting their expected functions 

(Supplementary Figures 3.03 and 3.04) (Marchler-Bauer et al., 2017). The Solomon lab 

has an in-house list of predicted functions for each P. nodorum gene based on homology 

of the predicted amino acid sequence to other sequences in the NCBI nr database. This 

list revealed at least 19 other genes with homology to amine oxidases, and two other 

genes with homology to the family containing catechol dioxygenases, the aromatic 

dioxygenases.  
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Gene expression analysis failed to produce further evidence for which gene maybe 

involved in virulence. In planta expression of the putative Pn.Copper-dependent amine 

oxidase and Pn.Catechole-1,2-dioxygenase, as well as the alpha subunit of the house 

keeping gene Pn.Elongation factor1 were graphed from in house microarray data, 

shown in Figure 3.11 (Ipcho et al, 2012). Both genes of interest showed almost identical 

consistently low levels of expression during infection, compared to the house keeping 

gene control. 

 

 

(Figure 3.11: Gene expression of the two genes of interest from avirulent P. 

nodorum strain, t112, Pn.Copper-dependent amine oxidase and Pn.Catechole-

1,2-dioxygenase. The alpha subunit of the house keeping gene, Pn.Elongation 

factor 1 (Pn.Elf1-alpha) is shown for comparison. The microarray expression 

data is unitless and was generated by Ipcho et al (2012). Error bars indicate 

95%CI) 
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3.3.4 Characterising the role of the predicted Catechol-1,2-dioxygenase 

(SNOG_07954) in the P. nodorum- wheat interaction 

The mutation leading to t112 avirulence required verification by independently 

disrupting SNOG_02686 and SNOG_07954. Disruption cassettes were assembled using 

yeast homologous recombination in the pYAE vector (Figures 3.12 and 3.17). These 

disruption cassettes were used to independently disrupt SNOG_02686 and 

SNOG_07954 in the modified ∆lig4 P. nodorum strain (∆Pn.lig4).  

 

 

(Figure 3.12: A: Knock-Out assembly vector pYAE_07954. The 5’ and 3’ 1.5kb 

flanking regions to SNOG_07954 encompass the Hph gene. Hph is driven by 

the PtrpC promoter and TtrpC terminator, and codes in the opposite direction to 

SNOG_07954 relative to the flanks) 

 

AMT of the SNOG_07954 disruption cassette and subsequent selection on Hygromycin 

B yielded ca. 180 P. nodorum colonies. Genomic DNA was extracted from these 
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mutants and PCR confirmed a size change in the SNOG_07954 locus (07954_ConII_F 

and 07954_ConII_R). These primers annealed to the inner sides of the flanking regions 

to SNOG_07954 used for homologous recombination. Genomes harbouring an intact 

SNOG_07954 locus were expected to produce a 1.3kb fragment, while those harbouring 

an Hph disruption at that locus were expected to produce a 1.7kb fragment. Genomes 

with an ectopic integration and an intact SNOG_07954 locus would produce two bands 

as the primers would bind the native locus, as well as the disruption cassette. The 

∆Pn.lig4 genome produced an ca. 1.4kb fragment and transformants #3, #4 and #21 

produced single 1.6kb fragments, verifying the disruption to SNOG_07954 with two 

independent sets of primers Figure 3.13. 

 

 

(Figure 3.13: PCR confirmation of SNOG_07954 knock-out transformants 

∆Pn.catd1-3, ∆Pn.catd1-4, ∆Pn.catd1-21, and background strain ∆Pn.lig4. A 

space was left between transformants 4 and 21 indicating where the gel image 

has been cropped. Samples in the removed lanes showed similar sized bands 

to the background strain, indicating ectopic integration)  

 

PCR confirmation verified three colonies with disruptions to the SNOG_07954 locus; 

these were subsequently named Pn.catechol-1,2- dioxygenase1-3 (∆Pn.catd1-3), 

Pn.catechol-1,2- dioxygenase1-4 (∆Pn.catd1-4), Pn.catechol-1,2- dioxygenase1-21 

1kb

3kb

1.5kb
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(∆Pn.catd-21). The transformants were then screened for virulence on the susceptible 

wheat cultivars Axe, Grandin and Summit, shown in Figure 3.14. 

 

 

(Figure 3.14: Virulence of catechol-1,2-dioxygenase knock-out transformants on 

the susceptible wheat cultivars Grandin, Summit and Axe. Agar plugs were 

used to inoculate leaves in a detached leaf assay. Leaves inoculated with the 

background strain, ∆Pn.lig4 were the positive controls, and un-inoculated 

leaves labelled Blank were the negative controls. Image taken 7dpi.) 

 

The background strain ∆Pn.lig4 produced small lesions on all wheat cultivars tested. All 

three knock-out mutants were able to induce similar or more necrosis compared to the 

positive control, across all wheat cultivars. The lesion length has been quantified and 

graphed in Figure 3.15. 
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(Figure 3.15: Virulence of Pn.catechol-1,2-dioxygenase knock-out 

transformants, ∆Pn.lig4 positive control, and blank negative control on the 

wheat cultivars Grandin, Axe and Summit. Error bars represent 95%CI. The 

length of a resulting lesion was used as an indicator of virulence.) 

 

The lesions produced by this pathogenicity assay were highly variable across all wheat 

cultivars and P. nodorum strains. However, all strains displayed a similar trend and the 

lesion size produced by the knock-out mutants was not significantly different to that of 

the background strain on the same wheat cultivar. Repeating this pathogenicity assay 

produced comparable results where all three mutants were able to induce disease 

symptoms on the host cultivars (Supplementary Figure 3.07).  

 

To test the effects of catechol on the growth of the P. nodorum catechol-1,2-

dioxygenase mutants, each was grown on minimal media in Greiner™ 12 well plates, 

containing a dilution series of 0, 0.1, 0.3, 1, 3, 10, 30 and 100mM catechol. Differential 

growth between the ∆catd1 mutants, compared to the Pn.∆lig4 background strain, was 

observed at 7 dpi shown in Figure 3.16. No significant growth differences were 

observed at 0mM catechol (P>0.05), except for ∆catd1-3 which showed minor but 

significantly less growth compared to the Pn.lig4 background strain (P<0.05). 
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Conversely, ∆catd1-3 and ∆catd1-21 showed substantial and significantly reduced 

growth in 1mM catechol compared to the Pn.lig4 background strain, (P<0.05) (P<0.01) 

respectively. Although ∆catd1-4 growth was inhibited by catechol, this strain grew 

erratically. As such ∆catd1-4 growth on 1mM catechol was not significantly different 

from either the other mutants nor the background strain (P>0.05). No strain grew in 

catechol concentrations above 1mM. Growth was allowed to continue for another seven 

days, at which point the growth of the ∆catd1 mutants matched that of the ∆lig4 

background strain, covering the medium. 

 

 

(Figure 3.16: Growth of Pn.catechol-1,2-dioxygenase knock-out mutants 

∆Pn.catd1-3, ∆Pn.catd1-4, ∆Pn.catd1-21, and the background strain ∆Pn.lig4 in 

the presence of 1mM catechol, when grown on minimal medium. Error bars 

represent 95% CI) 
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3.3.5 Characterising the role of the predicted Copper-dependent amine 

oxidase (SNOG_02686) in the P. nodorum- wheat interaction 

 

(Figure 3.17: Knock-Out vector pYAE_02686. The 5’ and 3’ 1.5kb flanking 

regions to SNOG_02686 encompass the Hph gene. Hph is driven by the PtrpC 

promoter and TtrpC terminator, and codes in the opposite direction to 

SNOG_02686 relative to the flanks)  

 

AMT of the SNOG_02686 disruption cassette (Figure 3.17) and subsequent selection on 

Hygromycin B yielded ca. 145 P. nodorum colonies that were subsequently subcultured 

onto V8PDA plates containing 200µg/ml of Hygromycin B. These colonies provided 

the fungal tissue used directly as PCR template to verify integration of Hph at the 

SNOG_02686 locus. The initial screening PCR involved a primer binding outside of the 

5’ flanking region of the gene used for homologous recombination (02686_ConI_F), 

and a primer binding within the Hph gene (HYG_Con_R). Genomes harbouring 



 154 

ectopically integrated disruption cassettes and the background ∆Pn.lig4 genome were 

expected to elicit no band. While genomes harbouring an Hph disrupted SNOG_02686 

locus were expected to produce a 2kb fragment. Primers ITS_1 and ITS_4 amplified the 

Internally Transcribed Spacer (ITS) region as an internal positive control, producing a 

550bp fragment in all reactions. gDNA was extracted from candidate knock-out mutants 

and PCR screened with a second set of primers. The primers, 02686_ConII_F and 

02686_ConII_R bound at the inner most edges homologous flanks used in the knock-

out cassette. The background strain was expected to produce a 3.2kb fragment, while a 

correct insertion a 1.8kb fragment. Ectopic integrations of the knock-out cassette were 

expected to produce both 3.2kb and 1.8kb fragments. Despite considerable time and 

effort, no disruptions to the SNOG_02686 locus were identified from 145 

transformants. Further mutants need to be generated and this investigation remains 

ongoing in the Solomon lab.  

 

3.4 Discussion 

In this P. nodorum forward genetics screen, whole genome sequencing identified two 

disrupted loci in the avirulent strain t112 - a putative Catechol-1,2-dioxygenase 

(Pn.Catd1) and a putative Cu-dependent amine oxidase (Pn.Coa1). Accordingly, 

independent P. nodorum mutants were generated harbouring disruptions to the 

Catechol-1,2-dioxygenase locus. These mutants, named ∆Pn.catd1-3, ∆Pn.catd1-4 and 

∆Pn.catd1-21, were screened for virulence using the same detached leaf assay 

developed for the forward genetics screen. However, the ∆Pn.catd1 mutants retained 

virulence towards three susceptible wheat cultivars. Further tests revealed that 

disrupting Pn.Catd1 significantly reduced the growth of P. nodorum in the presence of 

1mM catechol, thereby beginning to define the role of this gene. The second candidate 

gene identified in mutant t112 was identified as a putative Cu-dependent amine oxidase 
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(Pn.Coa1). Agrobacterium-mediated transformations designed to disrupt this locus 

generated 145 Hygromycin B resistant P. nodorum colonies. While this method of gene 

disruption generally yields 5-10% correct gene knock-out mutants in the Solomon lab, 

PCR screening failed to identify any mutants harbouring a disruption to the Pn.Coa1 

locus. This indicates that this method of gene disruption is ineffectual for disrupting this 

locus and another method needs to be employed. Alternatively, this gene is required for 

viability, and the disruption in t112 was incomplete.  

 

3.4.1 Whole genome sequencing efficiently identified two T-DNA insertions in 

the avirulent P. nodorum strain, t112 

Historically, molecular methods have successfully identified mutations leading to 

interesting phenotypes in forward genetics screens (Michielse et al., 2009). However, in 

this study plasmid rescue, inverse PCR and TAIL-PCR all failed to identify the 

disrupted loci in any of the avirulent P. nodorum strains generated in chapter 2. Whole 

genome sequencing was then employed to identify mutations to these strains. The T-

DNA insertion sequence, used to disrupt the P. nodorum genome, was identified only 

the genome assembly of strain t112. This strain contained two insertions at separate 

loci. One insertion disrupted the coding region of a predicted Copper-dependent amine 

oxidase (SNOG_02686), termed Pn.Cao1. The other insertion disrupted the promoter 

region of a predicted Catechole-1,2-dioxygenase (SNOG_07954) termed, Pn.Catd1. 

The assembled genomes of the other six avirulent strains, however, harboured no 

insertion cassettes.  

 

It is interesting to note that reads map with mismatches to the 3’ border region of the 

insertion sequence. The 3’ border of the insertion sequence does not match the plasmid 

map we have for this plasmid. Later, re-sequencing of pPK2, as part of another students 
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project with Sanger sequencing, revealed clusters of mismatched nucleotides between 

the pPK2 plasmid map and the Sanger sequences. One cluster resided in the 3’ region of 

the border sequence and another in the GFP encoding region. This may explain the poor 

mapping of reads to the insertion border as well as the poor efficacy of the TAIL-PCR 

approach. The Sanger sequenced insertion sequence could be inserted in silica into the 

genome and reads re-mapped to confirm the sequence. However, the aim of this 

exercise, to determine the integration site of the T-DNA, was achieved using this 

approach and plasmid map so the investigation was continued.  

 

3.4.2 Hygromycin B resistance was lost in several mutants  

How and when the P. nodorum transformants lost the T-DNA insertion remains 

unknown. The mutants were passaged on medium containing Hygromycin B 

[200µg/ml] for several generation prior to the genomic DNA extraction. However, they 

were not maintained on selection indefinitely. The gDNA was extracted and sequenced 

but the T-DNA sequence was not identified in any mutant genome, nor did any reads 

map to the insertion sequences, other than those from t112. The -80°C glycerol stock 

cultures used to inoculate cultures for sequencing were then inoculated onto medium 

containing [200µg/ml] Hygromycin B and failed to grow. However, they retained their 

avirulence. This indicates that between generations, the cells lost the selection marker 

but retained a phenotype inducing mutation. The excision of a T-DNA insert could 

leave a scar in the form of a SNP/InDel at the insertion site. A mutation like this could 

disrupt a gene required for virulence, but frustrate efforts to identify the causal mutation 

using the disruption cassette. The re-sequencing coverage was comparatively low for 

accurately call SNPs/InDels, compared to other SNP/InDel analyses, and resequencing 

at a high enough coverage is prohibitively expensive (Habig et al., 2017; McDonald et 

al., 2016). Despite the low coverage, a SNP/InDel analysis was performed to estimate 
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the number of masked mutations that might have arisen. These data provide possible 

avenues for future reverse genetics studies and suggests the likelihood of discovering 

novel virulence factors through high-coverage resequencing and SNP/InDel analysis. 

Further, this experiment indicates the level of off-target mutations accumulating during 

transformation. 

 

The mechanism excising the T-DNA insertion from the fungal genome remains 

unknown. However, the insertion sequence is delineated by inverted repeats on the 

pPK2-Hph:GFP plasmid. These repeats are inserted by A. tumefaciens along with the 

disruption cassette (Jen and Chilton, 1986).  Possibly, these repeat regions may act in a 

transposon-like manner and/or interact with endogenous DNA excision machinery and 

be removed. Type II transposons, common in filamentous fungi, are bound by inverted 

repeats and act in a classical “Cut and Paste” mechanism. This involves the sequence 

bound by the inverted repeats, as well as the repeats, being excised from the genome 

and reintroduced elsewhere. Conversely, the Type I transposons move via an RNA 

intermediate in a “Copy and Paste” mechanism (Daboussi and Capy, 2003; Wicker et 

al., 2007). Perhaps the inverted T-DNA repeats targeted the T-DNA insertion sequence 

for excision similarly to Type II transposons. Alternatively, repeats are known to cause 

genome instability in a variety of organisms. These instabilities are resolved by 

endogenous genome maintenance and repair mechanisms which may excise the T-DNA 

sequence (Feschenko et al., 2003; Gordenin et al., 1993). How this could occur in so 

few generations and in cultures that were not grown from single cells remains 

unresolved. Regardless of the mechanism involved, this ultimately confounded 

identification of causal mutations in these avirulent strains. 
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Absence of the T-DNA inserts explains why the molecular methods failed, however, 

these methods also failed to identify the confirmed T-DNA insert in t112. Whole 

genome sequencings’ efficacy, reliability and ability to identify multiple or unintended 

mutations has made molecular methods of loci identification obsolete (Chambers et al., 

2014). This is apparent in this current study by the speed (one month) and ease with 

which disruptions to Cu-dependent amine oxidase1 and Catechol-1,2-dioxygenase1 

were accurately identified. 

 

3.4.3 Catechols and polyphenols are dynamic plant defence compounds that 

many pathogens are required to degrade to invade host tissue 

Catechols are the monomers of the extensive plant secondary metabolite family known 

as polyphenols (Bhattacharya et al., 2010; Yoruk and Marshall, 2003). These 

metabolites are involved in tissue structure, extra-cellular signalling, pigmentation, 

pollinator attractants, herbivory deterrents, wound healing and are produced in response 

to infection (Bhattacharya et al., 2010). During plant-pathogen interactions polyphenol 

oxidases (PPO) polymerize phenol-based molecules, such as catechol, increasing 

polyphenol abundance in surrounding tissues (Mikulič Petkovšek et al., 2009; Nagy et 

al., 2004; Yoruk and Marshall, 2003). Li and Steffens (2002) overexpressed a PPO in 

tomato plants, resulting in polyphenol accumulation and reduced severity of 

Pseudomonas syringae infections (Li and Steffens, 2002). Subsequently, P. syringae 

infections were exacerbated by transforming tomato plants with a PPO targeted RNAi 

construct that inhibited polyphenol production (Thipyapong et al., 2004). In response to 

polyphenols, plant-associated fungi have evolved enzymes to degrade polyphenolic 

compounds to exploit them as carbon sources (Tschaplinski et al., 2014; Wadke et al., 

2016). The fungal tree pathogen, Endoconidiophora polonica, induced the Norwegian 

Spruce (Picea abies) to produce terpenoid resins and polyphenols (Wadke et al., 2016). 



 159 

The abundance of these defence compounds declined during infection, while expression 

levels of their respective anabolic enzymes remained upregulated relative to uninfected 

plants. Wadke et al (2016) also showed that E. polonica metabolises these defence 

compounds into usable carbon sources in vitro. This substantiates the hypothesis that 

fungal metabolism of these defence compounds causes the decline in Norwegian Spruce 

polyphenols during E. polonica infection (Wadke et al., 2016).  

 

Degradation and assimilation of polyphenolic compounds involve splitting the 

monomeric benzene-ring structures by a variety of enzymes, including catechol 

dioxygenases. Catechol-1,2-dioxygenases use oxygen to split catechol units into cis, 

cis-muconic acid, which is then further degraded into -ketoadipate. -ketoadipate can 

then be assimilated via the citric acid cycle (Wadke et al., 2016). This reaction has 

garnered a lot of interest in bioremediation, biofuel and chemical engineering research 

(Han et al., 2015; Mäkelä et al., 2015; Stoilova et al., 2006). Many environmental 

pollutants contain halogenated phenolics which can be detoxified through aromatic ring 

cleavage by catechol dioxygenases and subsequent microbial catabolism (Stoilova et al., 

2006). Microbial production of biofuel is partially hindered by phenolic compounds 

found in plant biomass, such as lignin. These polyphenols degrade during fermentation 

releasing toxic monomeric phenolic compounds. Catechol dioxygenases provide an 

option for metabolizing these inhibitory compounds to improve yields (Mäkelä et al., 

2015). Further, biogenic adipate is a feedstock for nylon production (Han et al., 2015). 

Aside from its industrial applications, catechol dioxygenases have also been shown to 

play a key role in plant-pathogen interactions.  

 

Michielse et al (2009) distinguish catechol dioxygenase as a crucial virulence factor in a 

forward genetics screen of the tomato pathogen, Fusarium oxysporum f.sp. lycopersici 
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(Michielse et al., 2009). F. oxysporum f.sp. lycopersici is a root pathogen of tomato in 

the fungal class, Sordariomycete, which is distantly related to the class containing P. 

nodorum, Dothideomycete (Olivain and Alabouvette, 2009; Hane et al., 2007). These 

pathogens differ in their lifestyles, as well as taxonomically. P. nodorum is a host-

specific foliar and glume pathogen of wheat, while F. oxysporum f.sp. lycopersici is a 

tomato-specific root pathogen (Solomon et al., 2006; Olivain and Alabouvette, 2009). 

To determine the role of the putative Catechol-1,2-dioxygenase during P. nodorum 

infection of wheat, I disrupted this gene and characterised virulence and growth of the 

resulting mutants. 

 

3.4.4 The role of a putative Catechol-1,2-dioxygenase during the P. nodorum-

wheat interaction 

Agrobacterium-mediated transformation yielded 112 Hygromycin B resistant colonies, 

of which three harboured a disrupted SNOG_07954 locus. The growth of the Pn.Δcatd1 

strains on basal minimal medium was comparable to that of the background strain, 

Pn.Δlig4. There were no significant differences, with the exception of Pn.Δcatd1-3 

which showed a slight, but statistically significant growth reduction. However, in the 

presence of 1mM catechol, the colonies of all three mutants were on average 

approximately 66% the diameter of the Pn.Δlig4 colonies, after seven days growth. This 

was statistically significant for two of the three mutants, Pn.Δcatd1-3 and Pn.Δcatd1-

21. The third mutant’s (Pn.Δcatd1-4) growth on 1mM catechol, was highly variable 

between replications and therefore not statistically significant from the Pn.Δlig4 

background strain. This strain, however, grew normally on minimal medium, which 

indicates that the erratic growth may be an aspect of catechol induced stress not 

observed in the other strains. This suggests that the putative Catechol-1,2-dioxygenase 

indeed plays a role in degradation of catechol, and perhaps plant polyphenols. 
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Heterologous expression, protein purification and enzymatic assay would definitively 

determine the catalytic activity of this enzyme. For example, a photometric assay like 

that reported by Orston and Stainer (1966) could be used to measure the enzymatic 

cleavage of the benzene ring structure (Ornston and Stainer, 1966). After 14 days 

growth, all colonies had just covered the medium, indicating that catechol hindered but 

did not abolish growth in the Catechol-1,2-dioxygenase mutants. This could be 

explained by redundancy of catechol degrading enzymes in the P. nodorum genome, as 

there are two other genes predicted to cleave catechol-like compounds. 

 

These mutants showed no significant difference in virulence in detached leaf assays 

when compared to the background Pn.Δlig4 strain on any of three susceptible wheat 

cultivars. This signifies that the putative Catechol-1,2-dioxygenase plays no role during 

infection. The lack of a role during infection correlates with the in planta expression 

data from Ipcho et al (2012) showing consistently low expression during the infection 

time course. It is possible that this gene plays a role during infection under different 

conditions, such as on wheat cultivars producing abundant polyphenols, or during 

spore-based inoculation. Further, the natural life cycle of P. nodorum progresses for 365 

days, and this assay only measures a small part of this. However, as the original forward 

genetics screen elucidated avirulent mutants using mycelial plugs on the wheat cultivar 

Grandin, the subsequent virulence assays were repeated accordingly. As the disease 

symptoms induced by the Pn.Δcatd1 strains exceeded that of strain t112, the putative 

disrupted Catechol-1,2-dioxygenase is not the mutation leading to avirulence. 

 

Pn.catechol-1,2,-dioxygenase knock-out mutants were generated in the DNA ligase IV 

background strain of P. nodorum (Pn.Δlig4). Previous studies have shown disruptions 

to the non-homologous end joining (NHEJ) pathway in other fungi reduced ectopic 
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integrations during transformation (Krappmann, 2007). Further, Feng et al (2012) 

showed that P. nodorum Ku70 mutants, disrupted in the same DNA repair pathway as 

lig4 mutants, produced far fewer mutants harbouring ectopic integrations than the wild-

type strain (Feng et al., 2012). The Pn.Δlig4 strain was previously shown in the 

Solomon Lab to display identical growth, sporulation and virulence to that of the wild-

type.  

 

The Pn.Δlig4 background strain elicited three mutants harbouring correct integrations 

from 112 mutants screened (2.7%). This differs from the Pn.Δku70 strain described by 

Feng et al (2012), where correct integration rates increased from 8% to between 60-

80%. It may be that disrupting the non-homologous end joining pathway at Ku70, 

upstream of Lig4, is more efficient. Alternatively, P. nodorum maybe hold some 

redundancy in DNA repair proteins. The Pn.Δlig4 strain used in this study harbours a 

disruption to the SNOG_20525 locus, which was selected on the basis of homology to 

characterised Aspergillus genes. However, SNOG_06940 holds some homology to the 

functional domains of these proteins, suggesting there may be redundancy of Ligase IV 

in P. nodorum. Alternatively, the chromosomal location of SNOG_07954 might be 

inhibitory to homologous recombination-based disruption, and poorer efficiency may 

have resulted from transforming the wildtype strain. 

 

3.4.5 Copper-dependent amine oxidases mediate plant-pathogen interactions 

There are two families of amine oxidase differentiated by their cofactors - Flavin and 

copper (Cona et al., 2006; Dawkes, 2001). Copper-dependent amine oxidases utilize 

oxygen, copper and topoquinone to remove primary amines from mono- and poly- 

amines. This reaction produces an aldehyde, ammonia and hydrogen peroxide (Dawkes, 
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2001), and has been observed in prokaryotes, plants, animals and fungi (Festa and 

Thiele, 2011). 

 

Poly- and mono- amines appear to play an intriguing role during fungal-plant 

pathogenic interactions and has been heavily studied from the plant perspective. Walters 

(2003) reviewed the role of plant polyamines during disease in response to both 

biotrophic and necrotrophic fungal infection. Compatible biotrophic interactions 

between barley and Blumaria graminis f. sp. hordei consistently lead to increases in 

plant polyamines. While incompatible biotrophic interactions increased poly- and 

diamine oxidase activity. Walters (2003) hypothesized that these amine oxidases 

inhibited infection by producing reactive oxygen species (ROS). Juxtaposed with this, 

polyamine abundance diminished during the necrotrophic tobacco-Alternaria tenuis 

interaction (Walters, 2003). Cona et al (2006) further reviewed the role of plant amine 

oxidases in plant defence, wound healing and secondary metabolism (Cona et al., 2006). 

Rea et al (2002) reduced hydrogen peroxide levels in wounded chickpea leaves by 

inhibiting amine oxidases. This inhibition increased the disease symptoms of chickpea 

leaves inoculated with the P. nodorum relative, Ascochyta rabiei (Rea et al., 2002). 

However, amine oxidation and hydrogen peroxide production by A. rabiei were not 

measured in this study.  

 

There is substantial information regarding plant poly- and monoamines, as well as 

amine oxidases during infection. However, our understanding of these process from the 

fungal point of view is severely limited. Du Fall and Solomon (2013) infiltrated wheat 

leaves with the P. nodorum effector protein, ToxA, resulting in significant upregulation 

of the monoamine, serotonin. Exogenous serotonin was consequently shown to inhibit 

pathogen pycnidia formation and sporulation, in vitro. However, wheat leaves infected 
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with P. nodorum expressing ToxA contained less serotonin than those infiltrated with 

ToxA protein. This suggests that the pathogen inhibits host serotonin production in 

order to reproduce (Du Fall and Solomon, 2013). Despite intriguing reports of the roles 

played by mono- and polyamines, and plant amine oxidases during infection there is 

little literature on the role of fungal amine oxidases during plant-microbe pathogenic 

interactions. 

 

3.4.6 Determining the role of Pn.Copper-dependent amine oxidase during P. 

nodorum infection of wheat 

Transformation of the Pn.Δlig4 strain of P. nodorum produced 145 colonies with a 

disruption cassette targeting Pn.Cao1 (SNOG_02686). However, two separate 

confirmation PCR reactions revealed no mutants harboured a disruption to the Copper-

dependent amine oxidase identified in the avirulent isolate, t112. The previous 

transformation in this chapter yielded 2.7% efficiency of the Pn.Δlig4 strain, while Feng 

et al (2012) report wild-type efficiency of 8% and Pn.Δku70 efficiency between 60% 

and 80%. The absence of correctly integrated disruption cassettes could be explained if 

disruptions to this gene are lethal or severely detrimental to the cell. The original 

mutation in t112 cleaved the gene in half, leaving the 5’ 1.2kb still driven by the native 

promoter. It is possible that the portion of the gene still expressed retained partial 

functionality. Supporting this hypothesis, t112 was able to induce a small necrotic circle 

encompassing the inoculation site. This could be indicative that the gene is semi-

functional, allowing the cell to survive and produce limited disease symptoms without 

complete virulence. This project is ongoing in the Solomon lab, and may employ an 

RNAi knock-down approach, such as that reported by Kemppainen et al (2009), or by 

replacing the native promoter with a characterised inducible promoter (Kemppainen et 

al., 2009). 
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3.4.7 Conclusions 

Whole genome sequencing easily identified the two T-DNA insertions in the avirulent 

P. nodorum strain, t112. These mutations disrupted the predicted promoter region of a 

putative Catechol-1,2-dioxygenase (Pn.Catd1) and the coding region of a Copper-

dependent amine oxidase (Pn.Cao1). Disrupting Pn.Catd1 inhibited growth in the 

presence of catechol, strongly suggesting the catalytic function encoded by this gene. 

However, growth was not abolished, which may be accounted for by the redundancy of 

aromatic dioxygenases in P. nodorum. Further, the ability to induce necrosis on 

detached was not affected by disrupting Pn.Catd1. This indicates that the avirulence of 

t112 is not due to harbouring a disrupted Catechol-1,2-dioxygenase. I was unable to 

generate mutants harbouring disruptions to the Copper-dependent amine oxidase, 

despite considerable effort. Disruptions to this gene may be lethal, and t112 was able to 

survive using a truncated and partially functional enzyme. This may further explain how 

t112 induced limited necrosis but failed to completely infect the host.
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3.5 Supplementary Figures 

(Supplementary table 3.01: The total number of raw and trimmed reads for each 

mutant strain of P. nodorum sequenced using the MiSeq short-read sequencing 

platform.) 

Strain Read 
Pair 

Raw 
Sequences 

Retained 
Sequences 

Removed 
Sequences 

Proportion of sequences 
removed (%) 

t112 R1 978,722 786,979 191,743 19.6 

t112 R2 978,722 786,979 191,743 19.6 

t177 R1 1,289,353 1,052,622 236,731 18.4 

t177 R2 1,289,353 1,052,622 236,731 18.4 

t255 R1 1,183,074 934,511 248,563 21.0 

t255 R2 1,183,074 934,511 248,563 21.0 

t388 R1 752,820 537,776 215,044 28.6 

t388 R2 752,820 537,776 215,044 28.6 

t529 R1 943,130 692,341 250,789 26.6 

t529 R2 943,130 692,341 250,789 26.6 

t697 R1 775,872 616,010 159,862 20.6 

t697 R2 775,872 616,010 159,862 20.6 

t784 R1 869,110 689,864 179,246 20.6 

t784 R2 869,110 689,864 179,246 20.6 

t799 R1 1,317,709 1,068,603 249,106 18.9 

t799 R2 1,317,709 1,068,603 249,106 18.9 
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(Supplementary Figure 3.01: NCBI BLASTp results for SNOG_02686. Blank 

space has been cropped out between the identifier and alignment scores) 
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(Supplementary Figure 3.02: NCBI BLASTp results for SNOG_07954 Blank 

space has been cropped out between the identifier and alignment scores) 

 

 

(Supplementary Figure 3.03: Conserved protein domains of SNOG_02686 

predicted by the NCBI Conserved Domain Search function) 

 

 



 169 

 

(Supplementary Figure 3.04: Conserved protein domains of SNOG_07954 

predicted by the NCBI Conserved Domain Search function) 

 

 

(Supplementary Figure 3.05: InterProScan prediction of protein domains in the 

SNOG_02686 amino acid sequence. Yellow = Panther, Purple = Pfam, Grey = 

Prosite Patterns, Green = Superfamily.  

 

 

(Supplementary Figure 3.06: InterProScan prediction of protein domains in the 

SNOG_07954 amino acid sequence. Purple = Pfam, Green = Superfamily) 

 

 

(Supplementary Figure 3.07: Catechol-1,2-dioxygenase detached leaf 

pathogenicity assay, repetition. Error bars represent 95% CI.) 
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4.1 Introduction 

Like many other Dothideomycetes, P. nodorum exhibits a polycyclic lifestyle whereby 

the pathogen infects the host, asexually reproduces, and reinfects the host multiple times 

throughout a growing season (Solomon et al., 2006; Rudd et al., 2015). Asexual 

reproduction in P. nodorum begins with the melanisation of mycelia, which differentiate 

and fuse into the asexual fruiting body known as a pycnidium (pl. pycnidia). Asexual 

spores develop within these fruiting bodies, eventually releasing in a pink fluid known 

as cirrus before dispersing by rain-splash across infected leaf tissue or onto nearby 

plants, repeating the infection cycle (Douaiher et al., 2004; Solomon et al., 2006).  

 

Disrupting sporulation in P. nodorum breaks this cycle, effectively disarming the 

pathogen. Although able to infect the host plant, the fungus is unable to cause the field 

epidemics that reduce yields to growers. Several core genetic elements and primary 

metabolic pathways, essential for P. nodorum sporulation, have been elucidated over 

the last few decades (Oliver, Friesen, Faris, & Solomon, 2012). However despite these 

advances, our core understanding of asexual sporualtion in P. nodorum, and more 

broadly the Dothideomycetes, is lacking. To dissect P. nodorum asexual reproduction in 

vitro, I previously identified conditions to induce a state of hyper-sporulation under 

laboratory conditions by growing the fungus on the amino acid, γ-aminobutyric acid 

(GABA). Low concentrations (1mM) of GABA induced sporulation in the 

Dothideomycetes, P. nodorum and Eutiarosporella darliae, under conditions normally 

prohibitive of sporulation (Mead et al. 2013). GABA is a small, non-proteinaceous 

amino acid found ubiquitously through-out all kingdoms of life. It is generated and 

catabolised though a primary metabolic pathway, stemming from the citric acid cycle, 

known as the GABA shunt. This shunt diverts carbon, as α- ketoglutarate, from the 

citric acid cycle and returns it as succinate, negating a key energy producing step (Ogata 
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et al., 1999). Figure 4.01 illustrates the GABA shunt, highlighting the bypassed energy 

producing reactions. 

 

(Figure 4.01: Schematic representation of the GABA shunt. This images shows 

the enzymatic pathways producing, degrading and bypassing GABA, known in 

eukaryotes. Image adapted from Mead et al (2013)) 

 

The conservation of this pathway across species, despite its metabolic cost to the cell, 

indicates the importance of GABA and its metabolism. In vertebrates, GABA acts as a 

neurotransmitter, and has been extensively studied with regards to neurology (Galarreta 

& Hestrin, 2001; Ge et al., 2006), mental health, and pharmaceuticals (Wassef et al., 

1999). The role of GABA in plants is currently less thoroughly understood but has been 

reported to play roles in abiotic and biotic stress responses. Kinnersley and Turano 

(2000), comprehensively reviewed the role of GABA during plant stress by explaining 

the metabolic role of GABA and the GABA shunt during different forms of stress. 

Further, they explore GABA/Calcium mediated signalling in plants and suggest that an 

+ CO2
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animal-like signalling cascade may be present in plants (Kinnersley & Turano, 2000). 

Ramesh et al. (2015) reported GABA binding the plant Aluminium activated Malate 

Transporter (ALMT), inhibiting anion flux through that transporter. They show that site 

directed mutations to selected ALMT amino acids disrupted GABA binding without 

interfering with anion transport, and suggest this forms the first plant GABA receptor to 

be discovered (Ramesh et al., 2015). Despite the attention this molecule has received for 

its role in plants and animals, its role in fungi is still relatively unknown. Disruptions to 

the GABA shunt were shown to perturb pathogenicity in P. nodorum, Fusarium 

graminearum and Magnaporthe oryzae (Bönnighausen et al., 2015; Guo et al., 2011; 

Mead et al., 2013). However, the cause for reduced virulence is speculative and the 

mechanism of GABA induced sporulation remains elusive.  

 

In this study, I employed a combined transcriptomics and metabolomics approach to 

begin defining sporulation pathways in the Dothideomycete, Parastagonospora 

nodorum. To identify differentially expressed genes and abundant metabolites during P. 

nodorum asexual development I used GABA to induce sporulation under normally 

prohibitive conditions. RNA and metabolite samples from these two conditions were 

then compared at key developmental time-points. Further, the mechanism of GABA 

perception was investigated using known GABA receptor agonists and antagonists to 

elicit an effect on P. nodorum sporulation. 

 

Hypotheses: 

1. GABA is recognised by the fungus and induces expression of a gene cascade 

ultimately leading to sporulation. 

 

2. GABA perception by P. nodorum is mediated by a GABA receptor-like 

mechanism. 
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4.2 Materials and Methods 

4.2.1 (Table 4.01: Media use in this chapter for the growth of P. nodorum and 

induction of sporulation. Minimal medium was used, with or without the addition 

of a chemical modifier to test that chemicals ability to induce sporulation. The 

concentrations of each reagent and their origins are also listed) 

Name Constituent /L 

Minimal Medium (pH 6.0) Sigma Aldrich™ Sucrose 8g 

 Sigma Aldrich™ NaNO3 850mg 
 Sigma Aldrich™ K2HPO4 500mg 
 100x Trace Stock 10ml 
 Agar 15g 
   

*Modifier (2mM) Sigma Aldrich™ Gamma Aminobutyric Acid 212mg 

*Modifier (10mM) Sigma Aldrich™ Gamma Aminobutyric Acid 1.06g 

*Modifier (5mM) Sigma Aldrich™ Gamma Aminobutyric Acid 530mg 

*Modifier (5mM) Sigma Aldrich™ Sodium Glutamate 852mg 

*Modifier (5mM) Sigma Aldrich™ Glutamine (free base) 1.46g 

*Modifier (5mM) 
Astral Scientific™ Ornithine 
Monohydrochloride 

1.68g 

*Modifier (5mM) Sigma Aldrich™ Putrescine Dichloride 1.6g 

*Modifier (5mM) Sigma Aldrich™ Proline (free base) 1.15g 

*Modifier (5mM) Astral Scientific™ Arginine (free base) 1.74g 

*Modifier (5mM) Sigma Aldrich™ Spermidine Trihydrochloride 1.22g 

*Modifier (5mM) Astral Scientific™ Sodium Nitrate 1.28g 

*Modifier (68µM) Sigma Aldrich™ Bicuculline 25mg 

*Modifier (6.8mM) 
Sigma Aldrich™ Gamma Amino Beta 
Hydroxybutyrate 

1g 
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100x trace elements stock 
solution 

Astral Scientific™ Potassium Chloride 50g 

 Astral Scientific™ Magnesium Sulphate 
Heptahydrate 

50g  

 Sigma Aldrich™ Zinc Sulphate Heptahydrate 1g  

 Sigma Aldrich™ Iron Sulphate Heptahydrate 1g  

 Sigma Aldrich™ Copper Sulphate Pentahydrate 0.25g 

 

4.2.2 Protocols 

4.2.2.1 RNA and metabolite sample preparation 

312 minimal medium plates (100mm diam.) were inoculated with 100µl of a P. 

nodorum spore suspension at 1x105 spores/ml. Half (156) of these plates contained 

0mM GABA and the other, 2mM GABA. These plates were left to grow at 22ºC with a 

12hour day night cycle, under near U.V. light. At 8, 10 and 14dpi 52 plates of each 

treatment (+/- GABA, total 104) were chosen at random for metabolite and RNA 

collection, as well as pycnidia and spore count assays. Four plates from each treatment 

(total 8) were selected to measure pycnidiation (non-destructive) and sporulation 

(destructive). 48 plates of each treatment were scraped with a sterile razor blade to 

collect the fungal material, which was deposited into 2ml micro-centrifuge tubes and 

flash-frozen in liquid nitrogen. The plates were scraped in under 5 seconds each and in 

lots of four plates, to gather enough material for a single sample without degradation. A 

new blade was used for each sample. In this way 48 plates of each treatment produced 

12 samples of each treatment, at each time point. Six samples of each treatment and 

time point were freeze dried for GC-MS analysis by Dr. Joel Gummer, and the RNA of 

the remaining six was immediately extracted using the Qiagen™ RNA extraction kit. 

RNA samples quality checked by nanodrop spectrophotometer and Bioanalyzer before 

being sent to the Biomolecular Resource Facility (BRF) at the John Curtin School of 
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Medical Research for library preparation and sequencing on the Illumina HiSeq 

platform. In total 6 replicates of each treatment at each time point (36) were prepared 

for gas chromatography-mass spectrometry analysis, and equal measures were prepared 

for RNA sequencing. Four of each set of 6 were chosen for each analysis. 
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4.2.2.2 Read trimming with Trimm-o-matic 

The bioinformatics program Trimm-o-matic was used to remove poor quality bases and adapters from the short read sequencing data generated by the 

Illumina platform. A moderate stringency was used to trim poor quality bases from the heads and tails of reads, as well as using a “sliding window” to 

detect and remove sections of poor overall quality. Usage and an example script are shown below: 

Usage: java -jar <path to trimmomatic.jar> PE [-threads <threads] [-phred33 | -phred64] [-trimlog <logFile>] <input 1> <input 2> <paired output 1> 

<unpaired output 1> <paired output 2> <unpaired output 2> <step 1>  

Example Script: 

#! /bin/bash 

echo ______________________________Starting_sample_1/24________________________________ 

java -jar /usr/local/bin/trimmomatic-0.32.jar PE -threads 10 -phred33 /home/oliver/Desktop/RNAseq/stagoRNAseq_GABA/01_RAW_DATA/-1-

1_S1_R1_001.fastq.gz /home/oliver/Desktop/RNAseq/stagoRNAseq_GABA/01_RAW_DATA/-1-1_S1_R2_001.fastq.gz -1-

1_S1_R1_001_paired.fastq.gz -1-1_S1_R1_001_unpaired.fastq.gz -1-1_S1_R2_001_paired.fastq.gz -1-1_S1_R2_001_unpaired.fastq.gz 

ILLUMINACLIP:/usr/local/bin/Trimmomatic-0.32/adapters/NexteraPE-PE.fa:2:30:10 LEADING:20 TRAILING:20 SLIDINGWINDOW:4:24 MINLEN:50 

echo ______________________________Finished_sample_1/24________________________________ 

 

4.2.2.3 Splicing exons and build index with HiSat2  

The bioinformatics program HiSat2 extracted predicted exons and RNA splice sites from the Gene Transfer Format files (.gtf) that locate features on 

the P. nodorum reference genome. Using these extracted features, HiSat2 then created an index file of the trimmed short reads generated by the 

Illumina platform. Example scripts are shown below:  
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Example Scripts: 

python /usr/local/bin/extract_splice_sites.py 

/Users/olivermead/Desktop/RNAseq/GABArna/04_Mapping/index_building/Parastagonospora_nodorum_SN15.gff3 > stago_gtf_splice_sites_extract 

 

python /usr/local/bin/extract_exons.py 

/Users/olivermead/Desktop/RNAseq/GABArna/04_Mapping/index_building/Parastagonospora_nodorum_SN15.gff3 > stago_gtf_exon_extract 

 

hisat2-build --ss /Users/olivermead/Desktop/RNAseq/GABArna/04_Mapping/index_building/stago_gtf_splice_sites_extract --exon 

/Users/olivermead/Desktop/RNAseq/GABArna/04_Mapping/index_building/stago_gtf_exon_extract 

/Users/olivermead/Desktop/RNAseq/GABArna/04_Mapping/index_building/Parastagonospora_nodorum_SN15_scaffolds.fasta 

/Users/olivermead/Desktop/RNAseq/GABArna/04_Mapping/index_building/stago_bt_index 

 

4.2.2.4 Mapping reads to reference genome with HiSat2. 

Using the indexing file generated in section 4.2.2.3 HiSat2 mapped the trimmed Illumina short-reads to the P. nodorum SN15 reference genome. This 

generated Sequence Alignment Map (.SAM) files 

Usage: hisat2 [options]* -x <hisat2-idx> {-1 <m1> -2 <m2> | -U <r> | --sra-acc <SRA accession number>} [-S <hit>] 

Explain usage: hisat2-idx = index file, m1 and m2 are paired reads, r is the unpaired reads file, S is the Sequence Alignment Map 

Example Script:  

#! /bin/bash 
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echo *********************************************___STARTING_SAMPLE_1/24___***************************************** 

hisat2 -q -p 10 -x ~/Desktop/RNAseq/stagoRNAseq_GABA/04_Mapping/index_building/stago_bt_index -1 

~/Desktop/RNAseq/stagoRNAseq_GABA/03_Trimmomatic/-1-1_S1_R1_001_paired.fastq.gz -2 

~/Desktop/RNAseq/stagoRNAseq_GABA/03_Trimmomatic/-1-1_S1_R2_001_paired.fastq.gz -S 

/LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/04_Mapping/-1-1_S1.sam 

echo *********************************************___FINISHED_SAMPLE_1/24___****************************************** 

 

4.2.2.5 Convert SAM to BAM.  

The .SAM files generated in section 4.2.2.4 were converted to a binary format (.BAM) for faster processing, using the program SAM tools. An 

example script is shown below. 

Example Script: 

#! /bin/bash 

echo _____________________Running_Sample_1/24________________ 

samtools view -bS -@ 10 /LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/04_Mapping/-1-1_S1.sam > 

/LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/04_Mapping/-1-1_S1.bam 

echo _____________________Finished_Sample_1/24_______________ 
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4.2.2.6 Sort BAM files 

The binary mapping files generated in section 4.2.2.5 were then sorted for more efficient processing using SAM tools. An example script is shown: 

Example Script: 

#! /bin/bash 

echo _____________________Running_Sample_1/24________________ 

samtools sort -@ 10 /LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/04_Mapping/-1-1_S1.bam 

/LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/04_Mapping/ 

echo _____________________Finished_Sample_1/24_______________ 

 

4.2.2.7 Transcriptome assembled with StringTie 

The mapped reads were then assembled into transcriptomes. Each sample yielded its own transcriptome. These transcriptomes were then merged to 

create a global transcriptome of the experiment. This created a pool of all transcripts observed in the experiment to compare different treatments 

against. Example scripts are shown below: 

Usage: stringtie <sorted binary alignment map(sorted.BAM)>< general feature format of reference genome (.GFF or .GTF)><Options><Output> 

Transcriptome Assembly Example Script: 

#! /bin/bash 

echo _____________________Running_Sample_1/24________________ 
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stringtie /LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/04_Mapping/-1-1_S1_sorted.bam -G 

/LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/04_Mapping/index_building/Parastagonospora_nodorum_SN15.gff3 -p 10 -B -l -1-1 -o 

/LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/05_Assembly_and_Count/-1-1_S1  

echo _____________________Finished_Sample_1/24_______________ 

 

Transcriptome Merge Script: 

Usage: stringtie –G <reference genome.gff><output><list of transcriptomes> 

Script: 

#! /bin/bash 

echo -----------merging all assemblies in a reference list--------------- 

stringtie --merge -G /LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/04_Mapping/index_building/Parastagonospora_nodorum_SN15.gff3 -o 

/LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/05_Assembly_and_Count/stringtie_merged_ref 

/LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/05_Assembly_and_Count/sample_1/S1 

/LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/05_Assembly_and_Count/sample_2/S2 

/LargeDataSet_PS/Solomon_Lab/Oliver/GABArna/05_Assembly_and_Count/sample_N/ [Sn] 

echo -----------Finished generating reference list--------------------- 
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4.2.2.8 Read count by HTSeq 

HTSeq counted the reads mapping to each transcript from each sample. Generating a table of read counts for each transcript in a text file for each 

sample. These text file was manually converted into Comma Seperated Values (.CSV) files for entry into an R statistics package. An example script is 

shown: 

Usage: htseq-count <options><Sorted Binary Alignment Map><output> 

Example Script: 

#! /bin/bash 

echo _____________________Running_Sample_1/24________________ 

htseq-count -f bam -s no -r pos -t exon -i transcript_id -m intersection-nonempty /LargeDataSet/Oliver/GABArna/04_Mapping/-1-

1_S1_sorted.bam /LargeDataSet/Oliver/GABArna/05_Assembly_and_Count/stringtie_merged_ref > NG_1-1_S1.txt 

echo _____________________Finished_Sample_1/24_______________ 

 



4.2.2.9 Statistical Analysis in R 

The packages edgeR and Limma were used for the following analysis. The read count files 

were then grouped by treatment and time point in R using the readDGE command. The read 

library size was calculated and low abundance filter then filtered out reads below five 

counts per million. The library size was then recalculated and normalised using the 

calcNormFactors command. Data quality check was performed using a multivariate plot 

and common dispersal plots. Pairwise comparisons were then calculated between each 

treatment and time point. From each comparison the 50 differentially expressed genes, by 

significance and fold-change, were tabulated and exported. These top 50 lists were collated 

into a single .CSV file. 

 

4.2.2.10 Gas Chromatography-Mass Spectrometry sample preparation 

Samples were homogenised using mortar and pestle and 30mg of each was weighed into 

cryo-mill tubes and homogenized in a cryo-mill. 500 µl of ice-cold 100% Methanol was 

added, containing the internal standards: 0.004mg/mL (C13-Sorbitol and C13-Valine) and 

0.0008mg/mL (2-aminoanthracene and pentafluorobenzoic acid). The samples were then 

re-homogenised in the cryo-mill followed by incubation at 4°C, with shaking at 850rpm for 

15 minutes. Samples were then centrifuged at 13,000 rpm at 4°C for 10 minutes. 350µl of 

supernatant was transferred carefully to a 2ml micro-centrifuge tube. The extraction process 

was repeated on the sample pellet using methanol containing no internal standards. 400µl 

of supernatant was combined with the previous supernatant containing internal standards. 

The extraction was then repeated a third time on the sample pellet, using 500µl of 50/50 

methanol/water. 450µl of supernatant was combined with the previous supernatant 

containing internal standards. Combined extracts were vortexed for 3-5 seconds and 
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dispensed into 1.5ml micro-centrifuge tubes for freeze drying and subsequent GC-MS 

analysis. 

 

4.2.2.11 Gas Chromatography-Mass Spectrometry analysis 

Extracts were dried and TMS-derivatised for analysis. The Agilent 7200 series Gas 

Chromatography quantitative Time of Flight-Mass Spectrometer (GCqTOF-MS) equipped 

with an Agilent 7693 auto injector and Agilent Factor Four VF-5ms capillary column was 

used (Agilent Technologies, Santa Clara, USA). One microliter of sample was injected into 

the GC inlet (270°C), and anolytes separated using a 60-minute temperature gradient and 

helium as the carrier gas. The initial oven temperature was 70°C. A temperature ramp of 

1°C/min for 5 min followed by 5.63°C/min until the final temperature of 330°C, with a 

hold time of 10 min, was reached. The transfer line was set to 300°C and the ion source 

was set to 280°C. Ionisation was achieved by electron ionisation using a 70eV electron 

beam and the time of flight mass analyser operated over the range m/z 45-600, acquiring at 

10 Hz. 

 

4.2.2.12 Colony growth assay 

Spot inoculated 100mm plates were grown under a 12hour day/night at 22°C for 14 days, 

with four replicate plates for each treatment. At 14 days post inoculation (dpi) colony 

diameters were measured, taking two transecting measurements on the bottom of the plate. 

Measurements were taken from hyphal tips on opposite sides of the colony to the nearest 

millimetre. 
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4.3 Results 

4.3.1 Experimental design to find key developmental time points of P. nodorum 

 

(Figure 4.02: Diagram of experimental design, indicating the key developmental 

time points and treatments of P. nodorum from which RNA and metabolite samples 

were taken. RNA and metabolites were extracted from mycelia at the vegetative, 

pycnidiation and sporulation time points, in the presence and absence of GABA.) 

 

To elucidate crucial genetic and chemical changes leading to pycnidiation and sporulation 

in P. nodorum I determined the exact time points corresponding to these developmental 

stages (Figure 4.02). These developmental time points were determined by spread 

inoculating minimal medium, containing 0mM or 2mM GABA, with a spore suspension. 

Spread inoculation ensured that all fungal development was synchronous, preventing 

transcript and metabolite contamination from other developmental stages. The initiation of 

pycnidiation and sporulation was determined by counting the number of pycnidia and 

spores each day after inoculation.  
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(Figure 4.03a: Pycnidiation at key developmental time points of P. nodorum during 

in vitro growth. Maroon bars represent samples untreated with GABA, while blue 

bars represent samples treated with 2mM GABA. Error bars represent 95% CI) 

 

Figure 4.03a shows the time course for P. nodorum asexual fruiting body formation in the 

presence and absence of GABA. Vegetative growth was apparent for eight days identically 

in the presence and absence of GABA. However, at the beginning of the 9th day mycelia on 

plates containing 2mM GABA began to melanise and form pycnidia. Large, defined, 

pycnidia had developed by 10dpi in the presence of GABA, but not in its absence. Spores 

were not observed until 12 dpi, however these were only apparent in the presence of GABA 

and there were too few to count accurately (Figure 4.03b). The 14dpi time point showed 

maximum spore numbers, but again only in the presence of GABA. The critical time points 

in P. nodorum asexual reproduction during in vitro growth were determined to be 8, 10 and 

14dpi. These time points were chosen to contrast transcriptomic and metabolic changes 

initiating cell differentiation, and asexual development in P. nodorum. 
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(Figure 4.03b: Sporulation at key developmental time points of P. nodorum during 

in vitro growth. Maroon bars represent samples untreated with GABA, while blue 

bars represent samples treated with 2mM GABA. Error bars represent 95% CI) 

 

Subsequently, fungal material grown in both the absence and presence of GABA was 

collected, at these time-points, with 12 replicates. These 72 samples were then split 

between two analyses. Six replicates from each time point and GABA treatment, [0mM] or 

[2mM], were flash frozen in liquid nitrogen and the RNA extracted. The quantity and 

quality, including degradation, as well as DNA and protein contamination, of extracted 

RNA was measured via gel electrophoresis and Nanodrop™ spectrophotometry. Four 

samples from each time point and treatment showing the highest quality were sequenced. 

The remaining 36 samples were freeze-dried and posted to Dr Joel Gummer at Murdoch 

University, Perth, WA, for Gas Chromatography-Mass Spectrometry (GC-MS) analysis. 

The Gas Chromatography quantitative Time of Flight-Mass Spectrometry (GCqTOF-MS) 



 195 

determined the metabolite composition of P. nodorum at different stages of development, in 

the presence and absence of GABA. 

 

4.3.2 Assembly of the P. nodorum “developmental-stage” transcriptome 

The Illumina HiSeq platform generated 75 bp paired-end (PE) reads, from a minimum of 

150ng of RNA in each sample, averaging 40million PE reads per sample. Read quality was 

assessed by FastQC on the basis of per base quality, per sequence quality, as well as 

sequence length and adapter contamination (Andrews, n.d.). In general, no adapter 

contamination was found, nor were any sequences flagged as poor quality. Poor quality 

bases were then removed by Trimm-o-matic using a high stringency screen, leaving only 

high quality reads (Section 4.2.2.2) (Bolger, Lohse, & Usadel, 2014). HiSat2 mapped high-

quality reads from all samples to the P. nodorum reference genome (D. Kim, Langmead, & 

Salzberg, 2015). Reads were mapped under moderate stringency to balance including all 

potential gene models with correctly defining those models (Section 4.2.2.4). The Sequence 

Alignment Maps (.SAM) generated by HiSat2 were converted to sorted Binary Alignment 

Maps (.Sorted.BAM) by SAMTools (H. Li et al., 2009) for transcriptome assembly 

(Sections 4.2.2.5 and 4.2.2.6).  

 

StringTie assembled mapped reads from all samples into a transcriptome for each sample 

and included novel transcripts (D. Kim et al., 2016; Pertea et al., 2015). The transcriptomes 

were then merged to generate a non-redundant transcriptome for read counting and 

differential gene expression (DGE) analysis (Section 4.2.2.7). Raw counts for each 

transcript were then generated by HTSeq (Anders, Pyl, & Huber, 2015), which were 
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normalized and statistically analysed using the R package EdgeR in R-studio (Ritchie et al., 

2015; Robinson et al., 2009; R-Team, 2015, 2011) (Sections 4.2.2.8 and 4.2.2.9). 

 

4.3.3 Differential gene analysis identified structural, metabolic and signalling 

related genes during P. nodorum developmental stages 

A multivariate analysis of the RNAseq data confirmed the sequencing quality and the 

biological relevance of the data (Figure 4.04). The different biological samples separated 

clearly, while replicates of the same treatment grouped tightly. Further, the treatments were 

separated by the first and second dimensions. This indicated that the GABA treatment and 

developmental stages were the leading factors for differences between samples. The first-

dimension, on the horizontal axis, paired the treatments groups chronologically from the 

vegetative growth stages through pycnidiation to sporulation. The second-dimension 

separated samples vertically by treatment groups. 

 

Statistical analyses in R ranked differentially expressed genes between treatments at each 

time point by significance, false discovery rate and expression. The top 50 differentially 

expressed genes at the three time points were analysed with corresponding predicted 

functions. These predicted functions were based on amino acid sequence homology to other 

amino acid sequences in the NCBI nr BLASTp database. Genes with no known 

homologues, homology only within P. nodorum, uncharacterised proteins, or alignments 

with less than 40% alignment identity or coverage, were not ascribed a functional 

annotation. These genes remained in the table as they indicated the frequency of 

differentially expressed genes lacking a predicted function.  

 



 197 

(Figure 4.04: Multivariate analysis of RNAseq samples taken from key 

developmental time points of P. nodorum growth in the presence and absence of 

GABA [2mM]. Maroon circles indicate untreated samples, while blue circles 

indicate samples treated with GABA [2mM]) 

 

The table of differentially expressed genes, three timepoints filtered by significance and 

three filtered by expression change, were condensed to a short list proposed for future 

investigation, shown in Table 4.02. This study aimed to identify a genetic cascade 

orchestrating sporulation, as such, genes predicted to play roles in primary and secondary 
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metabolism, GABA transport, and downstream cell growth and maintenance, such as chitin 

synthase, were not included in the short list.  

 

There were four noteworthy features of Table 4.02. 1) Several aquaporin-like proteins were 

differentially expressed at multiple time points. Although these proteins may not play a role 

in a genetic cascade, they have been included due to their abundance and under-studied 

biological role in fungi. 2) A PR1-like protein was included in this short-list as this family 

of proteins are well known plant defence markers (Breen et al 2017). 3) Several 

homologues of yeast developmental genes were significantly differentially expressed but 

were omitted from Table 4.02. These genes were omitted as they were reported to play 

mechanistic or chemical roles during cell differentiation, such as spore wall formation, 

rather than regulatory, signalling or environmental sensing functions. For example, a 

homologue of the Dityrosine synthase 1 (Dit1) gene was identified that was reported to be 

required for chitosan synthesis, ultimately generating the fungal cell wall (Briza, 

Eckerstorfer, & Breitenbach, 1994). However, identifying the differential expression of 

these genes confirms that this line of investigation can elucidate developmental genes 

leading to cell differentiation. 4) Many elements of secondary metabolism, such as 

polyketide synthases and O-methyl transferases, were significantly differentially expressed. 

However, these elements were precluded from Table 4.02 and discussed in more detail in 

Figures 4.06-4.09 and Section 4.4.5. 



(Table 4.02: Short-list of gene candidates differentially expressed in P. nodorum undifferentiated fungal cells and cells 

undergoing various stages of asexual development. Genes were ordered by respective developmental stage and expression. 

Fold-change compared cells treated with GABA with untreated. Asterisks denote a gene identified in two developmental stages. 

Gene products were estimated by most homologous amino acid sequence in the NCBI nr BLAST database. Fold-change by 

counts per million) 

 



 

(Figure 4.05: Cellular function of the top 50 differentially expressed genes in P. nodorum between undifferentiated cells and 

cells undergoing various stages of asexual reproduction. Genes distinguished by significance (P<0.05) and fold-change were 

included. Genes with multiple functions were included once for each possible function, leading to totals exceeding 100%) 

 



The predicted functions of the top 50 differentially expressed genes at each developmental 

stage were categorically grouped and shown graphically, in Figure 4.05. The proportions of 

each category were suggestive of changes in cell chemistry, mechanics and structure 

leading to the following developmental stage. For example, green represents the proportion 

of DE genes dedicated to cell structure and development, and was largest during vegetative 

growth preceding pycnidia formation. However, this gene class was not represented post-

spore formation during sporulation. Transport related genes, as well as transcription factors 

and signal transducers were also absent from the final time point. 

 

A BLAST search for the canonical Aspergillus and Neurospora genetic sporulation 

cascades revealed few homologues in the P. nodorum genome. Of those genes that showed 

homology to genes in the canonical sporulation cascades only the homologue of the 

Aspergillus WetA gene showed a strong and significant (P<0.001) response to GABA. This 

indicted that the Aspergillus and Neurospora sporulation genetic pathways were not active 

in P. nodorum. Subsequently, I investigated the expression of secondary metabolite clusters 

in P. nodorum responding to GABA to determine if the fungus was using a chemical 

mechanism to instigate sporulation. 

 

4.3.4 Expression of secondary metabolite biosynthetic genes in the presence of 

2mM GABA 

To investigate the interaction between asexual development and secondary metabolism in 

P. nodorum I analysed the expression differences of the ca. 40 biosynthetic gene clusters 

reported in this fungus (Chooi, Muria-Gonzalez, & Solomon, 2014). Initially the core 

backbone gene of each cluster was surveyed for expression differences in the presence and 
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absence of GABA, at all developmental stages. An example is shown in Supplementary 

Figure 4.01. 22 core genes showed differential expression, which allowed identification of 

their parent biosynthetic gene clusters for further analysis. The expression of whole clusters 

was graphed at each time point to illustrate the co-ordinated expression of co-localised 

genes as an expression ‘bubble’. Of the 22 core genes differentially expressed between 

GABA treated and untreated samples, four were co-expressed within a cluster of 

biosynthetic genes. Coordinated expression of these biosynthetic gene clusters is shown in 

Figures 4.06-4.09. The clusters are named after the identification number of the core 

backbone gene, indicated by brackets.  

 

Cluster Pn.03620, in Figure 4.06, was differentially expressed during pycnidiation. This 

cluster consisted of a non-ribosomal peptide synthase (NRPS) as a core back bone gene, 

surrounded by four tailoring genes up-regulated in the presence of GABA during 

pycnidiation. During sporulation, the core backbone gene markedly decreased expression in 

samples treated with GABA, below that of samples untreated with GABA, while the 

surrounding tailoring genes remained constant between treated and untreated samples. 
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(Figure 4.06: Expression of the non-ribosomal peptide synthase biosynthetic gene 

cluster, Pn.03620, during P. nodorum asexual development. Blue indicates gene 

expression in the presence of 2mM GABA, while orange indicates 0mM GABA. 

Error bars represent 95% CI.) 
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The large biosynthetic gene cluster in Figure 4.07, Pn.08274, contained 19 co-localised 

genes that were co-expressed during vegetative growth. This cluster centred on a polyketide 

synthase (PKS) backbone gene and was downregulated in the presence of GABA. The PKS 

in this cluster was homologous to several annotated pigment-producing PKS genes. The 

closest homology to one of the annotated PKS was to Conidial yellow pigment biosynthesis 

polyketide synthase in Neonectria ditissima (75% coverage, 52% identity, 

Accession: KPM40039.1).  

 

The cluster Pn.11076, shown in Figure 4.08, centres around a polyketide synthase 

backbone gene. This core gene is co-regulated with five other surrounding genes during 

vegetative growth and pycnidiation, forming an expression bubble. In the presence of 

GABA this bubble is suppressed. However, expression in GABA untreated samples 

dropped to similar levels as GABA treated samples during sporulation. Interestingly, there 

is a predicted C6 transcription factor within the cluster that is not differentially expressed 

between GABA treated and untreated samples at any time point.  
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(Figure 4.07: Expression of the polyketide synthase biosynthetic gene cluster, 

Pn.08274, during P. nodorum development. Blue indicates expression in the 

presence of 2mM GABA, orange 0mM GABA. Error bars represent 95% CI)



 

(Figure 4.08: Expression of the polyketide synthase biosynthetic gene cluster, 

Pn.11076, during P. nodorum asexual development. Blue indicates gene 

expression in the presence of 2mM GABA, while orange indicates 0mM GABA. 

Error bars represent 95% CI.) 



 

(Figure 4.09: Expression of the polyketide synthase biosynthetic gene cluster, 

Pn.15829, in the during P. nodorum asexual development. Blue indicates gene 

expression in the presence of 2mM GABA, while orange indicates 0mM GABA. 

Error bars represent 95% CI.) 



The polyketide synthase based cluster, Pn.15829, has been previously shown to produce the 

mycotoxin, alternariol (Chooi, Muria-Gonzalez, Mead, & Solomon, 2015). The expression 

of this five-gene cluster was upregulated by GABA during vegetative growth, shown in 

Figure 4.09. Albeit, in the absence of GABA this cluster was also highly expressed. During 

pycnidiation and sporulation this clusters’ expression declined under both treatments. 

However, in the presence of GABA the expression of these genes was far lower than in the 

absence of GABA.  

 

4.3.5 Ornithine metabolism is affected during P. nodorum sporulation 

Complementing the gene expression analysis, gas chromatography-mass spectrometry 

elucidated differentially abundant metabolites during P. nodorum asexual development. 

The fungal material for GCqTOF-MS analysis was processed and analysed as described in 

sections 4.2.2.10 and 4.2.2.11 by Dr. Joel Gummer. The raw data was subsequently 

deconvoluted by Dr Gummers lab technician Hayley Abbiss as a project investigating novel 

methods of deconvolution. A principal component analysis of the samples submitted for 

chemical analysis, shown in Figure 4.10, grouped replicates together. The samples 

separated both by treatment and time-point, with one exception. A single replicate from the 

samples untreated with GABA and collected from the pycnidiation time-point grouped 

more closely with samples collected from the earlier time point of the same treatment and 

was excluded from further analyses. The sample groupings of the principal component 

analysis indicated that the chemical analysis was biologically relevant, separating 

developmental stage horizontally on dimension 1, and GABA treated and untreated samples 

vertically on dimension 2. Further the quality control samples, dark blue, grouped very 

tightly.  
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(Figure 4.10: Principal component analysis, depicting dimensions 1 and 2, of P 

nodorum samples chemically analysed by gas chromatography-mass 

spectrometry. Samples encircled in blue were grown in the presence of 2mM 

GABA, while those encircled in maroon were grown in the absence of GABA. 

Samples were taken with four replicates at 8, 10 and 14 dpi, indicated by the 

developmental stages- growth, pycnidiation and sporulation respectively. A single 

replicate of untreated P. nodorum at the pycnidiation stage grouped with the 

untreated samples at the prior time point, indicated by a red arrow. Dark blue data 

points at ca. position, -10,0, indicate quality control samples.) 

 

GC-MS analysis generated a library of ca. 2500 spectral peaks combined from all samples. 

However, many peaks corresponded to each metabolite and in total only four metabolites 

were able to be identified (Personal communication with Dr Joel Gummer and Hayley 

Abbiss). These four metabolites were the disaccharide, trehalose; ornithine; the citric acid 

cycle intermediate, succinic acid; and the fatty acid, oleic acid.  
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Trehalose and ornithine were highly and significantly differentially abundant and are 

discussed in detail below. Succinic acid was also significantly differentially abundant 

however the difference in abundance can be attributed to the catabolism of GABA through 

the TCA cycle. This is further supported by succinate’s initially higher abundance in 

GABA treated samples, followed by a decline to levels comparable of untreated samples. 

Oleic acid is not discussed further as it was not differentially abundant until sporulation. 

This could be attributed to a shift towards lipid metabolism within the cell as the fungus 

depletes the medium of sucrose.  

 

The abundance of trehalose, shown in Figure 4.11, increased significantly during 

sporulation, as was reported earlier (Lowe et al., 2009). This was congruent with the 

expression data for the gene responsible for trehalose anabolism, Trehalose-6-Phosphate 

Synthase (Sn.Tps1), shown in Figure 4.12. The consistency between transcriptomic and 

metabolic data, as well as the previous investigation, further validated these data.  
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(Figure 4.11: Abundance of trehalose in P. nodorum at key developmental time 

points. Error bars represent 95% CI. Abundance is unit-less.) 

 

 

(Figure 4.12: Gene expression of known Trehalose-6-phosphate synthase at 

developmental stages of P. nodorum asexual development in the presence and 

absence of GABA. Error bars represent 95% CI) 

 

Ornithine was significantly less abundant in P. nodorum at all developmental stages when 

grown in the presence of 2mM GABA. Most significantly ornithine abundance dropped 

154-fold, in the presence of GABA during sporulation, relative to samples untreated with 

GABA, Figure 4.13. As the ornithine metabolic pathway is linked to GABA metabolism, I 

investigated the developmental role of ornithine in P. nodorum grown on minimal medium 

supplemented with compounds closely linked to ornithine metabolism.  
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(Figure 4.13: Abundance of ornithine in P. nodorum at key developmental time 

points. Error bars represent 95% CI. Abundance is unit-less) 

 

The growth rate and sporulation of wild-type P. nodorum on the different compounds are 

shown in Figures 4.14 and 4.15 respectively. The basal minimal medium contained 10mM 

sodium nitrate as the sole nitrogen source. The supplement media contained 10mM sodium 

nitrate and 5mM of respective supplement. Minimal media containing 10mM nitrate and 

15mM nitrate were the negative controls, while minimal medium containing 10mM nitrate 

and 5mM GABA constituted the positive control. 15mM nitrate was used in subsequent 

significance testing as the extra 5mM nitrate accounts for the additional nitrogen in 

supplemented media. No significant differences in growth rate were observed, except for 

growth on media containing arginine or spermidine. Arginine slightly, but significantly 

decreased the colony diameter on spot inoculated plates, while spermidine completely 

inhibited growth (Figure 4.14). Despite relatively uniform growth rates, these metabolites 

variably induced sporulation (Figure 4.15). 
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(Figure 4.14: Radial growth of P. nodorum colonies grown on solid minimal 

medium supplemented with 5mM of intermediates of the ornithine biosynthetic 

pathway. Error bars represent 95% CI) 

 

Neither concentration of nitrate initiated substantial spore production in P. nodorum 

(P>0.5). Correspondingly, medium supplemented with 5mM GABA dramatically induced 

spore production (P<0.05). Glutamate, the upstream precursor to ornithine and GABA 

likewise did not induce significant sporulation (P>0.1). However, Glutamine induced 

moderate and significant levels of sporulation (P<0.01). Ornithine induced sporulation but 

not significantly (P=0.08). Similarly, the products of ornithine metabolism, arginine and 

spermidine, did not induce any sporulation, with spermidine completely inhibiting growth. 

Proline and putrescine, also products of ornithine metabolism, significantly induced 

sporulation. 
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(Figure 4.15: Sporulation of P. nodorum in response to 5mM supplementation of 

minimal medium with intermediates of the ornithine biosynthetic pathway. Error 

bars represent 95% CI) 

 

Proline induced sporulation in P. nodorum at 25% the rate that GABA induced sporulation 

and was the strongest inducer other than GABA. Glutamine appeared the third strongest 

inducer of sporulation, however large variability in spore numbers accounted for an 

insignificant difference when compared to the 15mM nitrate control. 

 

Although the ornithine metabolites did not induce sporulation to the same extent as GABA, 

several compounds were still able to induce sporulation to varying degrees. Further, they 

strongly influenced mycelia and pycnidia morphology. Several of the metabolites were able 

to induce the production of pycnidia, however these pycnidia were misshapen, fused 

together or abnormally sized and variably produced spores. Spores that were produced had 

regular physiology and viability. 
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To clarify and summarise the effects of these metabolites on P. nodorum development, 

these broad observations were overlaid onto a simplified schematic of ornithine 

metabolism, shown in Figure 4.16. The effects included the rate of sporulation normalised 

to 15mM nitrate, a qualitative measure of pycnidia and presence/absence of cirrus. The 

schematic was simplified from the Kyoto Encyclopaedia of Gene and Genomes (KEGG) 

biochemical pathways database (Ogata et al., 1999). 
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(Figure 4.16: Schematic representation of the ornithine biosynthetic pathway and the response of P. nodorum to selected intermediates 

in terms of sporulation, pycnidial production and observable cirrus. Solid arrows represent a single enzymatic step, while broken arrows 

indicate multiple enzymatic steps. Sporulation is measure in fold change relative to the un-supplemented medium and designated in 

purple. Pycnidial production was designated into three levels of abundance: few, moderate and dense and is shown in green, observable 

cirrus is shown in red) 
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4.3.6 Perception of environmental GABA may be mediated, in P. nodorum, by 

a mammalian-like GABAA receptor 

 

(Figure 4.17: The sporulation response of P. nodorum to the GABAA
 agonist, 

GABOB, and the antagonist, Bicuculline, in the presence and absence of 10mM 

GABA. Error bars represent 95% CI) 

 

The mechanism by which GABA induces sporulation in fungi is currently unknown. A 

range of mammalian GABA receptor agonists and antagonists were screened for their 

ability to block or initiate GABA induced sporulation. 25µg/ml (68µM) of the 

mammalian GABAA receptor antagonist, bicuculline, significantly (p<0.001) inhibited 

sporulation of P. nodorum in the presence of 10mM GABA (Figure 4.17). Bicuculline 

had no effect on growth, nor did it significantly affect sporulation in the absence of 

GABA. Further, 1mg/ml (8.5mM) of the GABAA agonist, γ-amino-ß-hydroxybutyric 

acid (GABOB), induced sporulation to a small but significant degree (P<0.05). GABOB 

caused large variation in sporulation when combined with 10mM GABA, as indicated 

by the error bars in Figure 4.17. Despite the evidence for a GABAA receptor, no 

homologues of characterised mammalian GABAA receptor sub-unit proteins were found 

in P. nodorum. 
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4.4 Discussion 

4.4.1 Combined metabolomics and transcriptomics provided a unique insight 

into P. nodorum asexual development 

Previous investigations into the asexual development of P. nodorum involved 

identifying genes and metabolites crucial to sporulation. These studies were directed by 

gene homology and expression, as well as chemical analysis of metabolites (IpCho et 

al., 2010; P S Solomon, Waters, & Oliver, 2007; Tan et al., 2008). In this study, a 

combined transcriptomic and metabolomic approach quantified changes in gene 

expression and metabolite abundance during three distinct stages of asexual 

development. This study provides evidence that the mechanism triggering sporulation in 

P. nodorum did not resemble any of the canonical gene cascades described in the 

literature. Subsequently, a metabolomics approach revealed the developmental role of 

ornithine and related nitrogenous metabolites during asexual reproduction. Following 

this I provide provisional evidence that GABA perception and sporulation induction, in 

P. nodorum, was mediated by a mammalian-like GABAA receptor. This chapter 

establishes the basis for future investigations into the unknown Dothideomycete asexual 

developmental pathways. 

 

4.4.2 Gene expression profiling during P. nodorum asexual development 

describes the metabolic, structural and mechanical changes of cell 

differentiation 

The broad changes in gene expression at each developmental stage reflected the 

changes in cellular processes. Several expected traits provided further confidence that 

these data described genetic and metabolic shifts during asexual reproduction. Genes 

predicted to play roles in primary metabolism (brown) and catabolism (maroon) were 

upregulated during pycnidiation when spores were developing. This may reflect the 
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metabolic cost of producing spores and the subsequent decline in expression of these 

genes, after spore production, may reflect a more senescent state. The occurrence of a 

senescent developmental stage is further supported by the lack of expression of genes 

predicted to play roles in cell structure and development (green) as well as signal 

transduction (grey) and transport (orange). This can be attributed to the completion of 

cell differentiation and spore production. 

 

There were two key features of the gene classes differentially expressed in the presence 

of GABA. First, the decline in secondary metabolism during pycnidiation, while there 

was comparatively high expression of these genes during vegetative growth and 

sporulation. Second, the high proportion of differentially expressed genes without 

homologues in other organisms or predicted protein function. Genes with no predicted 

function were particularly prevalent during sporulation. This shows how much more 

there is to learn about fungal biology.  

 

4.4.3 Genes showing highly differential expression 

The top 50 differentially expressed P. nodorum genes at each stage of asexual 

development were filtered into a shortlist. This list contained genes that may be 

involved in the genetic triggering of each stage of development, as well as several 

unexpected and interesting genes. Excluded from this table were genes with predicated 

roles in amino acid metabolism and transport, primary metabolism and production of 

cellular structural components. Although genes falling in these classes were abundant in 

the top 50 candidate lists, they were expected to play downstream roles in development 

or were expressed in a non-specific response to amino acid abundance. It is unlikely 

these genes played a role in triggering cell differentiation. Further, genes with unknown 

function were also excluded from the short list. These genes predicted to produce 
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uncharacterised proteins may play a crucial role in the Dothideomycete sporulation 

pathway. However, significant effort would be required to begin elucidating the 

functions of uncharacterised proteins and their potential role in sporulation. Instead, this 

study focused only on proteins with predicted functions, specifically those putatively 

involved in signal transduction. This was to begin outlining genetic mechanisms of 

sporulation in a class of fungi for which little is known about development. 

 

Several genes predicted to play roles in signal transduction were present in the top 50 

lists. These included a Helicase-like transcription factor, Histidine kinase, Blue light 

inducible protein and a Hard surface inducible protein. An Integral membrane protein 

was also included. Although this protein had numerous potential functions, it was 

highly differentially expressed during pycnidiation and could be involved in 

environmental sensing. These genes provide excellent targets for reverse genetics 

approaches to elucidate novel genetic sporulation networks.  

 

Unsurprisingly, several of the identified genes had predicted environmental sensing 

functions. The Blue light inducible gene from Neurospora crassa, and Hard surface 

inducible genes from Colletotrichum spp. are regulated by environmental stimuli 

(Linden et al., 1997; Kahmann and Basse, 2001). The conidiation inducing effect of 

blue light and the White collar signal transduction system has been extensively studied 

in the fungal model, Neurospora crassa (Linden et al., 1997). The Colletotrichum Hard 

surface inducible genes encode a diverse range of proteins including a transcription 

factor, cell membrane integrated protein and a ubiquitin-conjugated enzyme (Kahmann 

& Basse, 2001). However, the role of these proteins during differentiation of vegetative 

cells into penetration structures remains relatively unknown. While several Hard 

surface inducible genes have been disrupted with no effect on cell differentiation or 
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pathogenicity (Y. K. Kim, Liu, Li, & Kolattukudy, 2000; Liu & Kolattukudy, 1998), a 

forward genetics screen identified Colletotrichum hard surface inducible protein 5 

(Chip5) as a key virulence factor (Cai et al., 2013). These environmental stimuli 

response genes appear to play diverse and often unknown roles in fungal development 

and virulence. Consequently, they were included in the short list of genes nominated for 

further investigation. 

 

Continuing a theme of potential virulence proteins, the list of the top 50 differentially 

expressed genes included two PR1-like proteins. The broad PR1 (Pathogenesis related 

1) family of proteins are highly up regulated in plants upon infection, and contain the 

sterol binding domain, CAP (Cysteine-rich secreted protein, Antigen 5 and Pr1 related), 

and the stress signalling peptide, CAPE1 (CAP-derived peptide) (Breen et al. 2017; 

Choudhary & Schneiter, 2012). It is interesting that a plant pathogen would harbour 

PR1-like genes, and further that they would be upregulated during the production of 

spores, the transmissible unit of infection. Deploying pycnidospores with these proteins 

could potentially aid initial stages of the necrotrophic infection by hijacking the plant 

immune system and helping to trigger cell death. Supporting this idea, Lu et al (2014), 

showed that co-infiltrating wheat plants with the effector protein, ToxA, and Pr1-5 

increased the resulting necrosis, compared to ToxA alone (Lu, Faris, Sherwood, 

Friesen, & Edwards, 2014). 

 

Genes encoding aquaporins were also highly abundant in the top 50 list. This included 

the most differentially expressed gene with a predicted function, SNOG_04900. The 

expansive aquaporin protein family has been extensively studied in plants and was 

initially thought to exclusively facilitate water transport. However, these transmembrane 

pore proteins have now been shown to also facilitate movement of many solutes 
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(Maurel, Verdoucq, Luu, & Santoni, 2008). Previously fungal aquaporins had received 

little attention, but new interest in their functionality is reflected in recent studies. For 

example, gene expression and reverse genetics studies have shown that mycorrhizal 

interactions between a variety of fungi and plant-hosts require the orchestrated 

expression of multiple aquaporins. These interactions promote nutrient acquisition and 

drought tolerance in the host, and the aquaporins are hypothesised to play roles in 

osmotic regulation, nutrient transfer and signal transduction (Aroca et al., 2009; Aroca, 

Porcel, & Ruiz-Lozano, 2007; Dietz, von Bülow, Beitz, & Nehls, 2011; T. Li et al., 

2013; Navarro-ródenas, Xu, Kemppainen, Pardo, & Zwiazek, 2015). Pathogenic fungi 

have also been shown to require aquaporins for different purposes. Deletion of the 

aquaporin, Aqp1, in the human pathogen Cryptococcus neoformans lead to an increase 

in secondary metabolites and survival fitness, but did not affect virulence (Meyers et al., 

2017). Conversely, disruption of Aquaporin-8 in Botrytis cinerea abolished both 

virulence and the fungus’ ability to develop penetration structures (An et al., 2015). 

Aquaporins may play a mechanical or structural role during P. nodorum cell 

differentiation rather than a signalling role. However, the role of aquaporins in other 

fungal pathogens, their high expression and abundance during P. nodorum asexual 

development and their potential for transporting signalling molecules makes them an 

intriguing target for future investigation.  

 

4.4.4 P. nodorum engages an unknown mechanism to initiate and co-ordinate 

sporulation 

The model fungi, Aspergillus nidulans and Neurospora crassa, have revealed genetic 

bases for many aspects of fungal growth and development, including the complex 

genetic regulatory networks orchestrating sporulation (Etxebeste et al., 2010; Park & 

Yu, 2012). Work spanning the last four to five decades has established these sporulation 
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cascades as the canonical models for fungal asexual reproduction (Clutterbuck, 1969; 

Matsuyama, Nelson, & Siegel, 1974). However, the asexual fruiting bodies of 

Neurospora, Aspergillus and Parastagonospora nodorum are structurally unrelated, and 

there are no parallels in morphological development. Despite its importance, the genetic 

regulation of P. nodorum asexual development remains unknown. 

 

Sporulation and secondary metabolism were shown to be co-regulated in the P. 

nodorum relative, Dothistroma septosporum, by the master regulatory gene, Velvet-like 

(VeA) (Chettri et al., 2012). The P. nodorum VeA homologue was not found to be 

significantly differentially expressed in response to GABA. However, the role of 

secondary metabolism during sporulation is an attractive prospect for investigation as it 

has been tightly associated with sporulation in other species of fungi (Sekiguchi & 

Gaucher, 1977; Calvo, Wilson, Bok, & Keller, 2002). For example, the Aspergillus 

regulatory network involving the Flb series of genes and LaeA have been shown to 

coordinate secondary metabolism with fungal development (Bayram, 2008). In some 

cases, disrupting biosynthetic gene clusters co-regulated with sporulation had no impact 

on fungal development (Sekiguchi & Gaucher, 1977). Conversely, the secondary 

metabolite, zearalenone, induces fruiting body formation in Fusarium graminearum 

(Sekiguchi & Gaucher, 1977), and disrupting sterigmatocystin production in A. nidulans 

decreased spore production (Calvo et al., 2002). 

 

4.4.5 Four biosynthetic gene clusters were differentially expressed in response 

to 2mM GABA 

 

Accordingly, I looked for GABA induced differential expression of core genes in the ca. 

40 known P. nodorum biosynthetic gene clusters (Chooi et al., 2014). Four clusters, 
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Pn.03630, Pn.08274, Pn.11076, Pn.15829, were differentially expressed in the presence 

of 2mM GABA. Intriguingly, Pn.15829 is known to produce the mycotoxin, alternariol 

(Chooi et al., 2015). However, the role of the compounds produced by these clusters 

remains unknown. Cluster expression may result directly from GABA perception, or the 

clusters and sporulation could be regulated by redundant regulatory elements. Further, 

the compounds produced may play a pivotal role in regulating cell differentiation or 

may simply be structural elements to spore production. As such, these clusters provide 

intriguing avenues for investigating the largely unknown secondary metabolism of P. 

nodorum as well as its role in fungal asexual development. 

 

4.4.6 Ornithine metabolism plays a crucial role in cell differentiation during P. 

nodorum pycnidogenesis 

A metabolomic analysis of P. nodorum at different stages of asexual reproduction 

yielded unexpectedly few positive metabolite identifications, however, provided a 

fruitful avenue for investigation. 

 

Ionisation and fragmentation during GCqTOF-MS analysis leads to the production of 

many spectral peaks for each compound. Therefore, although 2500 peaks were 

produced in this study, this does not indicated that 2500 compounds were present. The 

spectral peaks generated by this analysis require deconvolution for compound 

identification. The chemical analysis and compound identification was performed by Dr 

Joel Gummer and Hayley Abbiss. Hayley Abbiss, Dr Gummers lab technician, was 

investigating a novel deconvolution method, and in return for analyzing my samples, Dr 

Gummers team used the raw data in their novel deconvolution pipeline. Generating 

2500 spectral peaks from these fungal samples was encouraging and not unexpected. 

However, the deconvolution of peaks into compound identification unfortunately, and 
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unexpectedly, only yielded four positive IDs. Further, Ms Abbiss and Dr Gummer no 

longer have the time to re-analyse our data, and I do not have the technical resources. 

Ideally I would repeat this experiment, however, that would also require repeating the 

gene expression analysis to maintain the validity in comparing gene expression with 

metabolite abundance. Further, the resources required for this type of investigation are 

highly limiting. 

 

At the final stage of maturation, during GABA-induced sporulation, there was a 

dramatic and significant decrease in ornithine abundance. Ornithine metabolism is 

closely related to the GABA shunt, and has previously been shown to be crucial for P. 

nodorum virulence and sporulation (Bailey et al., 2000). The fungal cell relies upon 

ornithine to produce polyamines. Rajam et al (1985) and Rajam and Galston (1985) 

showed in a series of experiments that the fungicidal activity of DL-α-

difluoromethylornithine, was due to ornithine decarboxylase inhibition in several 

biotrophic and necrotrophic fungi. This inhibition disrupted polyamine production, but 

fungal growth could be recovered by supplementing the fungi with 0.1mM to 1.0mM of 

the downstream polyamines, spermine and spermidine (M. V. Rajam, Weinstein, & 

Galston, 1985; M. V Rajam & Galston, 1985). Polyamines are required for cell 

viability, however, the reason for this and the complex feedback and storage 

mechanisms of polyamine synthesis have been contentious (Davis, Morris, & Coffino, 

1992). Alongside polyamines, the role of the polyamine progenitor, ornithine, and 

related metabolites during fungal asexual development remains a mystery. Accordingly, 

metabolites from the GABA shunt and ornithine biosynthetic pathway were screened 

for their ability to induce P. nodorum sporulation in a similar way to GABA.  
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The variation of P. nodorum morphology in response to these metabolites suggested a 

key role in coordinating cell differentiation during asexual reproduction. This was not 

due to additional nitrogen as spore numbers, on minimal media containing these 

metabolites, exceeded that of minimal medium containing additional nitrate. 

Interestingly, spermidine inhibited growth completely and may be toxic at 5mM. The 

response of P. nodorum to these metabolites revealed a previously unknown aspect of 

asexual reproduction. The regulation and mechanisms of these effects remains 

unknown. Nevertheless, this metabolomics investigation has provided new insight into 

fungal asexual development and provides new opportunities for enquiry.  

 

There remains a fundamental question as to how these metabolites exerted their effect 

on P. nodorum. Possibly, they worked through either a metabolic or a receptor-based 

mechanism. The strength of GABA-induced sporulation compared to the related 

metabolites may indicate that different effects are being observed. It is possible that 

GABA triggered sporulation via a receptor, and that metabolites in the ornithine 

pathway were simply downstream structural or metabolic requirements for sporulation. 

Supplementing the medium with these metabolites may have interfered with sporulation 

regulatory feedback loops, leading to miss-regulated asexual development. This 

hypothesis is supported by the inability of the immediate metabolic precursor to GABA, 

glutamate, to induce sporulation.  

 

4.4.7 P. nodorum may utilise a GABAA-like receptor to sense environmental 

GABA and co-ordinate asexual development 

This study predominantly focused on deciphering the genetic processes driving asexual 

development, and the mechanism of GABA induced sporulation in P. nodorum. 
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However there remains the question of how the fungal cell perceives GABA, and for 

what benefit.  

 

The concept of plant-generated GABA as a reliable nutrient source for pathogens is not 

a new idea, Solomon, Tan and Oliver (2003) extensively reviewed nutrient acquisition 

by plant fungal-pathogens during infection. Accordingly, Solomon et al (2002) 

determined that during compatible interactions between the fungal biotroph, 

Cladosporium fulvum, and tomato plants, the abundance of GABA increased. 

Conversely, during incompatible interactions the abundance of GABA remained 

constant. Further, their study found that C. fulvum was capable of using GABA as a sole 

nitrogen source, and the enzymes required to metabolize this molecule were upregulated 

during infection (Solomon & Oliver, 2002). However, in context of the fungal 

necrotrophic lifestyle, perhaps this enigmatic molecule plays a different role.  

 

The necrotrophic and polycyclic life strategy of P. nodorum (Solomon et al., 2006) may 

require the pathogen to sense the health of its surrounding plant tissue and coordinate 

reproduction accordingly. Stages of reproduction could be synchronized to plant stress 

hormones such as GABA. To investigate receptor-mediated GABA perception in P. 

nodorum, commercial agonists and antagonists of mammalian GABA receptors were 

screened for their ability to modulate sporulation. GABA-induced sporulation was 

inhibited by the GABAA antagonist Bicuculline (Johnston, 1996). Correspondingly, the 

GABAA agonist, GABOB mildly induced sporulation in the absence of GABA 

(Johnston, 1996). GABOB is a hydroxylated form of GABA and may have exerted a 

sporulation effect due to similarities in metabolism of these molecules. However, 

Bicuculline did not structurally resemble GABA. This preliminary evidence supports 

the hypothesis that GABA-induced sporulation was mediated by a GABA receptor that 
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may have resembled the mammalian GABAA receptor. There is evidence for a fungal 

GABA receptor in the literature. Calcott and Fatig (1984) showed that the GABAA 

receptor antagonist, Avamectin, inhibited GABA binding to the cellular membrane of 

the fungus, Mucor miehei. Interestingly, their study found no effect of Bicuculline on 

GABA binding to the fungal cell membrane. However, to my knowledge no GABA 

receptor has been identified in fungi. 

 

Identifying a GABA receptor in P. nodorum would contribute to the current models of 

plant-microbe interactions and provide avenues for industrial research. Inhibiting 

sporulation of P. nodorum, and similar pathogens, effectively disarms the pathogen 

(Solomon et al., 2006). A fungal specific, GABA receptor antagonist may represent a 

novel form of fungicide to break the P. nodorum disease cycle. GABA receptor binding 

molecules, specific to insects, have successfully been exploited as insecticides (Hosie et 

al., 1995; Rattan, 2010), and a similar developmental pipeline may generate novel 

fungicides. 

 

4.4.8 Conclusions 

Sporulation is crucial for P. nodorum to instigate disease on the host plant, as well as to 

cause the devastating field epidemics that lead to losses to the wheat industry. However, 

the genetic and metabolic basis for the asexual development of this fungus remains 

largely unknown. A transcriptomics approach to deciphering the development of P. 

nodorum revealed that the canonical sporulation pathways defined in model fungi are 

not present in this fungus. However, this approach has elucidated several key genes 

predicted to play roles in signal transduction and secondary metabolism that are 

differentially expressed during asexual development. These genes represent the initial 
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avenues for further investigation, leading to development of a Dothideomycete model 

for asexual development. 

 

Complementing the transcriptomics approach, metabolomics identified an amino acid 

biosynthesis pathway playing a regulatory role in cell differentiation. This pathway 

centred on ornithine, however the metabolites in this pathway originated from the 

GABA shunt and linked to polyamine metabolism. The coordination of fungal growth, 

pycnidia formation and sporulation were found to be regulated by amino acids in this 

pathway. This pathway was previously known to play a role in virulence and 

sporulation (Bailey et al., 2000). However, the extent to which this biochemical 

pathway influenced fruiting body formation was previously unknown. This study laid 

the ground work to investigate the chemical features of asexual development in P. 

nodorum. 

 

The sporulation effect of GABA described by Mead et al (2013) was used to model 

sporulation. This effect allowed the fungus to be grown under near identical conditions 

to compare the transcriptome of sporulating and vegetative fungal biomass. However, 

the mechanism by which P. nodorum perceived exogenous GABA was unknown. I 

hypothesised that the sporulation effect of GABA was either intrinsically metabolic or 

due to perception of environmental GABA via a receptor mechanism. The effect of 

mammalian GABA receptor agonists and antagonists on P. nodorum sporulation 

suggested that a GABA receptor mechanism, resembling those found in mammals, was 

present in P. nodorum. Excitingly, the GABAA receptor agonist, GABOB, induced 

sporulation and the GABAA receptor antagonist, Bicuculline, inhibited GABA induced 

sporulation. While GABOB is structurally similar to GABA and may have initiated 

sporulation due to a shared metabolic pathway, Bicuculline does not structurally or 
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metabolically resemble GABA. This provides evidence of a receptor-based mechanism 

for the perception of environmental GABA, and induction of P. nodorum sporulation. 

 

Together, these experiments begin to define a new model of asexual development for 

the economically important fungus, P. nodorum, and perhaps more broadly for the 

pathogen enriched class, the Dothideomycetes. 

 

4.5 Supplementary Figures 

 

(Supplementary Figure 4.01: Expression of hybrid NRPS-PKS, SNOG_03620, 

during P. nodorum asexual development.) 
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5.1 General discussion 

The devastating wheat disease Stagonospora nodorum blotch (SNB) is caused by the 

Dothideomycete, Parastagonospora nodorum. This necrotrophic fungus creates lesions 

of decaying plant tissue on the flag and flag-1 through a polycyclic life strategy. This 

strategy involves multiple cycles of infection, reproduction and re-infection of the host, 

leading to the spread of necrosis across and between plants. Necrotic lesions lower the 

photosynthetic capacity of the host and ultimately reduce grain yields. Disrupting the 

ability of P. nodorum to reproduce or infect and kill the host effectively disarms the 

pathogen (Oliver et al., 2012). This project successfully gained novel insight into these 

two crucial aspects of disease by elucidating potential virulence factors and describing 

the genetic and chemical orchestration of asexual development in P. nodorum. 

 

5.1.1 Discovery of novel virulence factors through a P. nodorum forward 

genetic screen 

In Chapter 2, I used a forward genetic screen to discover novel mechanisms of virulence 

in P. nodorum. P. nodorum mutants were identified that were unable to initiate disease 

symptoms on a susceptible wheat cultivar, as well as those that gained virulence on a 

non-susceptible cultivar. This was the first reported use of forward genetics with this 

pathogen and yielded seven avirulent strains. A mutant database was generated 

describing mutants by phenotype. This database allows the mutant library to be 

screened in the future at lower cost, as well as revealing possible phenotypes for future 

investigation. The seven avirulent mutants displayed differing phenotypes at the 

microscopic level during infection and disease was halted at different stages of 

infection. This indicated that the mutants were harbouring different mutations and that 

there were at least seven different virulence factors present. The aims for this chapter 

were successfully met, and this part of the project laid the foundations for the following 
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chapter. Further the results of this study highlight the value of unbiased methods of 

gene discovery, such as forward genetics, and provide resources for future 

investigations. 

 

In Chapter 3 I used whole genome sequencing to retrieve the disrupted loci in the seven 

avirulent strains of P. nodorum. Sequencing these genomes revealed the loss of the 

disruption cassette used to generate the mutant library in six of the mutants. This may 

explain why the molecular methods of loci retrieval failed. However, these methods 

failed to identified disruptions in the seventh strain, t112, which harboured two 

disruption cassettes. A BLASTp alignment identified the two disrupted loci in strain 

t112 to be a Catechol-1,2-dioxygenase and a Copper-dependant amine oxidase. The 

proteins encoded by these genes have been implicated in virulence in other plant-

pathogen models (Michielse et al., 2009; Rea et al., 2002). Further, a forward genetics 

screen for avirulence in the tomato pathogen, Fusarium oxysporum f.sp. lycopersici, 

identified a Catechol-1,2-dioxygenase as a key virulence factor (Michielse et al., 2009). 

 

It was disheartening to discover that six of seven avirulent strains had lost their 

disruption cassettes through some unknown mechanism. The phenotype of these strains 

was retained indicating that the mutation leading to the phenotype still exists. These 

mutations could be the result of genome scarring by the original disruption cassette and 

may be found using deeper resequencing. Further, identifying these mutation sites may 

reveal aspects of genome maintenance and transposon defence in fungi. The loss of the 

disruption cassettes severely limited this part of the project. Fortuitously, two 

disruptions cassettes were identified in t112 allowing the aims of this project to be 

partially met. Two disrupted loci in strain t112 were identified. To meet the aims of this 
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project, the identified mutations needed to be independently verified in the wild-type 

background. 

 

I was able to independently disrupt Pn.Catechol-1,2-dioxygenase1. Disrupting this gene 

inhibited the in vitro growth of P. nodorum in the presence of catechol. However, the 

gene was not required for virulence under the conditions used to assay pathogenicity. I 

was unable to disrupt the Pn.Copper-dependent amine oxidase1 using the same method 

used for Pn.Catechol-1,2-dioxygenase1. The Pn.Copper-dependent amine oxidase1 in 

strain t112 harboured a disruption to the promoter region. This may indicate that 

Pn.Copper-dependent amine oxidase1 is required for viability and t112 harbours a 

partially functional copy of this gene. This correlated with the partial virulence of strain 

t112, but confounded efforts to link the phenotype of t112 to a genotype and novel 

virulence factor. Considering the loss of disruption cassettes from the other six avirulent 

strains it is possible the mutation leading to t112 avirulence was caused by lost 

disruption cassette. In this scenario, neither Pn.Copper-dependent amine oxidase1 nor 

Pn.Catechol-1,2-dioxygenase1 are required for virulence. This part of the project 

partially met its aims by identifying two disruption cassettes in a single avirulent strain 

and determining that one of those mutations was not causal to the avirulent phenotype. 

 

5.1.2 Genetic and metabolic coordination of asexual development in P. 

nodorum 

Complementing the search for novel virulence factors I then sought to gain insight into 

the other key element to SNB, asexual reproduction. I combined transcriptomics and 

metabolomics to decipher the genetic and chemical regulation of GABA-induced 

sporulation in P. nodorum. Gene expression analysis revealed that the canonical genetic 

cascades orchestrating sporulation in Aspergillus and Neurospora were not active 
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during P. nodorum cell differentiation and sporulation (Etxebeste et al., 2010; Park and 

Yu, 2012). This analysis invites further investigation by indicating there is a mechanism 

orchestrating sporulation in P. nodorum that remains to be discovered.  

 

Gene expression analysis showed four secondary metabolite clusters were differentially 

expressed between sporulating and non-sporulating samples. Expression of these 

clusters may play a direct role in sporulation or are simply activated downstream of a 

sporulation cascade. Further they may be artefacts of using GABA to induce 

sporulation. Regardless, they provide targets for future reverse genetics studies, as well 

as heterologous expression and molecule identification studies. Followingly, the 

chemical analysis of revealed the differential abundance of ornithine during asexual 

development. This amino acid and its metabolism have been implicated in P. nodorum 

sporulation and virulence previously (Bailey et al., 2000). Expanding upon this I 

showed the induction of sporulation to varying degrees by the metabolites in the 

ornithine metabolic pathway. Unfortunately, the gas chromatography-mass 

spectrometry method used in this study failed to identify any other metabolites of 

interest. These results highlight the integral role of primary metabolism during cell 

differentiation and asexual development.  

 

The non-proteinaceous amino acid, GABA, was used to induce sporulation in P. 

nodorum. This molecule has been used to induce sporulation in other related fungi, 

however, the mechanism behind this phenomenon is unknown (Mead et al., 2013). 

Agonists and antagonists to vertebrate GABA receptors were shown to modulate the 

effect of GABA. This indicates that the fungus may perceive GABA via a similar 

mechanism as neurons in vertebrates. These results provide scope to further understand 

the P. nodorum-wheat interaction, as well as potential for industrial application. GABA 
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based insecticides have been successfully deployed and may be appropriate for 

managing fungi that rely on sporulation to cause disease 

 

The molecular mechanisms triggering sporulation, orchestrating cell differentiation and 

ultimately leading to release of viable spores are poorly defined in the 

Dothideomycetes. This study begins to define the genetic and chemical pathways 

involved in asexual reproduction in the pathogen model, P. nodorum. 

 

5.2 Concluding remarks 

This body of work aimed to elucidate novel mechanisms required by P. nodorum to 

cause disease by dissecting the two critical aspects of SNB. A forward genetics 

approach identified two gene targets as possible virulence factors. This was 

complemented by a combined gene expression and chemical analysis of P. nodorum 

asexual development. Asexual development in this fungus was found to be coordinated 

by unknown mechanism that does not resemble the canonical gene cascades in 

Neurospora or Aspergillus. Further, the primary metabolic pathway producing ornithine 

was implicated in coordinating cell differentiation and sporulation. This body of work 

provides foundations and resources for future investigations as well as highlighting the 

magnitude of fungal biology still to be understood. 
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