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Abstract 

The Dothideomycetes class of fungi contains some of the most important plant pathogens, 

including Dothistroma septosporum and Fulvia fulva. Dothistroma needle blight, caused by D. 

septosporum, is a devasting disease of pines that has been increasing in severity and incidence 

worldwide. Tomato leaf mould, caused by F. fulva, has recently risen in importance after 

overcoming resistance breeding efforts. There is now an urgent need to identify novel genes 

from these pathogens that encode virulence factors, such as effector proteins. These proteins 

contribute to pathogen virulence, so the study of virulence factors not only enables a deeper 

understanding of how pathogens and their hosts interact at the molecular level, but also 

provides information that may lead to the development of new methods for disease control. As 

such, the aim of this thesis was to identify and characterise new candidate virulence factors from 

D. septosporum and F. fulva. Candidate virulence factor CfEcp11-1 from F. fulva, previously 

identified to trigger plant defences in wild tomato cultivars, was a particular focus in Chapter 2. 

Two new homologues of CfEcp11-1 were identified from Fusarium oxysporum and suggested to 

be part of the same Leptosphaeria AviRulence and Suppressing (LARS) effector family. 

Recognition of CfEcp11-1 by the tomato receptor was also examined through the design of 

chimeric and mutant protein sequences. CRISPR/Cas9 was used for the first time in F. fulva to 

disrupt CfEcp11-1 and generate single- and double-copy mutants; to the best of our knowledge 

this was the first report of multiple gene copy disruption by CRISPR/Cas9 in a fungal pathogen. 

In Chapter 3, candidate virulence factors from D. septosporum and F. fulva were identified 

through a prediction pipeline, which selected proteins with predicted roles as effectors that 

manipulate plant defences, or as transcription factors which regulate the expression of other 

genes. Because D. septosporum and F. fulva are hemibiotrophic pathogens, they transition from 

colonising living plant tissue to killing and feeding on dead tissue, a transition termed the 

necrotrophic switch. It is currently unknown what mechanisms govern this important disease 

process, so a key focus was on candidate virulence factors with a possible role in the 

necrotrophic switch. In Chapter 4, some of these candidates were further characterised, and 

new candidates identified, from proteomic analysis of the culture filtrates of D. septosporum 

and F. fulva grown in different conditions. Existing transcriptomic data were used to assess 

which of these proteins were likely to be functional in planta. Among those identified were 

several characterised effectors, such as Cf/DsEcp2-1, Cf/DsEcp20-1, Cf/DsEcp20-3, and CfAvr4E, 

which were secreted in culture despite having known functions in planta. Novel candidate 

virulence factors from D. septosporum and F. fulva were also identified in this analysis, including 

a Nis1 domain-containing protein from D. septosporum with a possible role in the necrotrophic 
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switch. This analysis illustrates that in culture proteomic analysis can be a useful tool for the 

identification of candidate effector proteins. In Chapter 5, two candidate virulence factor genes 

of D. septosporum with predicted roles in the necrotrophic switch were disrupted through 

CRISPR/Cas9 gene editing; this was the first use of this method for gene disruption in D. 

septosporum. The disruption mutants were tested for virulence on the P. radiata host. One of 

the mutants was disrupted in DsCE3, which was suggested to be a virulence factor, with a 

possible role in the necrotrophic switch. Overall, the results presented in this thesis have 

provided new research methodologies as well as valuable knowledge about the molecular tools 

these two pathogens use to invade their hosts. Whilst further work is required, these 

developments will ultimately aid future disease control strategies in pine and tomato. 
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banana host. Indeed, each retain rather unique effector repertoires, as ~50% of the effector 

genes are considered species-specific (Chang, Salvucci, Crous, & Stergiopoulos, 2016).  

Another example is the two hemibiotrophic fungi D. septosporum and F. fulva which infect vastly 

different hosts; pine (a gymnosperm) and tomato (an angiosperm), respectively, yet are highly 

similar in other aspects. These two fungi share similar hemibiotrophic infection strategies 

(Mesarich 2023). They are phylogenetically closely related (Figure 1.3) and thought to share a 

recent common ancestor (de Wit et al., 2012). Furthermore, 70% of their gene content is 

homologous and they share several functional effector orthologues, including Avr4 (de Wit et 

al., 2012). F. fulva also contains a mostly intact biosynthesis pathway for the D. septosporum 

secondary metabolite dothistromin (de Wit et al., 2012), but production is blocked by the 

pseudogenization of a few early pathway genes (Chettri et al., 2013). The current knowledge of 

these two pathogens, such as their infection strategies, current control methods, and known 

virulence factors, will be examined in the following sections. 

 

 

Figure 1.3. Phylogenetic tree of 18 Dothideomycete species. Genome-based phylogenetic tree computed 

using 51 conserved protein families. Bootstrap values are labelled on the branches. Fungal lifestyle is 
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Figure 1.4. Lifecycle of Dothistroma septosporum illustrating the three growth stages.  Early is the 

penetration and biotrophic colonisation stage, mid is the early necrotrophic stage when lesions first 

appear, and late is the necrotrophic sporulating lesion stage. The top row are infected needles from an 

infection assay, and the bottom row are microscopic images from needles at the same stage. (a) Fungi 

were stained with trypan blue and imaged by confocal microscopy. (b) A green fluorescent protein-

labelled strain was used and imaged with confocal microscopy. (c) Scanning electron microscopy was used 

to examine the needle surface. Scale bars of the top macroscopic images are 1 mm and of the bottom 

microscopic images are 20 µm. Taken from Bradshaw et al. (2016). 

 

1.3.2 Incidence 

DNB is predominantly caused by D. septosporum, and to a lesser extent its sister species D. pini. 

DNB is characterised by lesions observed in the mid- and late-stages of infection. These lesions 

appear as yellow dots on the pine needles which later develop into red-brown necrotic lesions, 

with black fruiting bodies. Lesions can initially appear water-soaked and eventually extend to 

girdle the needle (Kabir et al., 2015b). The characteristic red-brown pigmentation is due to 

production of the mycotoxin dothistromin (Brown & Webber, 2008). Usually, the needle then 

dies back from the lesion, leaving the base green and healthy (Jones & Dangl, 2006). DNB can 

result in a decrease in wood volume proportional to the disease severity (Gibson, 1974; Woods, 

2003), and successive years of heavy infection can even result in tree death (Brown & Webber, 

2008).  

DNB disease has increased dramatically in incidence and severity over the last two decades. 

Since the first symptoms of DNB were observed in Pinus radiata in Tanzania (Gibson, 1972), 

ensuing outbreaks were reported in East Africa, Chile and New Zealand (Gibson, 1974), the latter 

of which appears to contain an almost clonal population (Bradshaw et al., 2019; Hirst, 
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gene. The current virulence and Avr factors identified from D. septosporum are detailed in the 

following sections. 

1.3.4 Virulence factors 

The first virulence factor identified from D. septosporum was the mycotoxin dothistromin (Kabir, 

Ganley, & Bradshaw, 2015a), responsible for causing the characteristic red banding symptom of 

DNB (Brown & Webber, 2008). As well as its phytotoxic properties, a knock-out of key 

dothistromin genes indicated it is important for mesophyll colonization, lesion expansion and 

sporulation (Kabir et al., 2015a). The role of dothistromin as a secondary metabolite will be 

discussed in more detail in section 1.3.5. The secondary metabolite produced by DsNps3 is also 

suggested to be a virulence factor of D. septosporum (Ozturk et al., 2019). While the metabolite 

itself could not be analysed due to low quantities, knock-out of the DsNps3 gene significantly 

reduced virulence. The expression profile and orthology to other functionally characterised 

genes suggested that the DsNps3 metabolite may have antifungal and insecticidal properties to 

provide a competitive edge during early infection against other fungi and plant-feeding insects 

(Ozturk et al., 2019). 

Candidate virulence factors have also been identified from effector prediction pipelines. 

Hunziker (2018) identified 55 candidates (several of which were orthologous to characterised 

effectors of F. fulva), while Tarallo (2022) identified 29 (not all unique from the previous 

pipeline), two of which were conserved in the other P. radiata pathogens Cyclaneusma minus 

and Phytophthora pluvialis (DsEcp57-1 and DsCE15). A number of these candidates were 

screened for a cell death response in non-host Nicotiana species through agro-infiltration, as 

well as in susceptible and tolerant P. radiata genotypes through Pichia pastoris-mediated 

heterologous expression and secretion. Candidates of particular interest were DsEcp2-1, DsCE3, 

DsCE15, DsEcp20-3, DsEcp32-3, and Ds74283 that triggered cell death in one or more Nicotiana 

species and all P. radiata genotypes to some extent (Hunziker, 2018; Hunziker et al., 2021; 

Tarallo, 2022; Tarallo et al., 2022). Targeted gene disruption and virulence assessment also 

tentatively suggested that Ds74283 and DsEcp57-1 may have an effect on virulence, but further 

work is required to confirm this result (Tarallo, 2022). 

1.3.5 Avirulence factors 

Currently, only one likely Avr factor has been identified from D. septosporum, DsEcp2-1. This 

gene is highly upregulated at the mid stage of infection (Bradshaw et al., 2016) and, as discussed 

above, encodes a protein that triggers cell death in both non-host Nicotiana species and 

susceptible and tolerant P. radiata genotypes (Hunziker, 2018; Hunziker et al., 2021; Tarallo, 
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2022). Gene knock-out and virulence assessment on P. radiata showed that mutants had 

increased fungal biomass, suggesting that DsEcp2-1 acts as an Avr factor (Guo, Hunziker, et al., 

2020). The next step for this research would be to identify the cognate P. radiata R gene, which 

would be invaluable for future resistance Breeding programs. 

1.3.6 Secondary metabolites 

The D. septosporum genome contains nine secondary metabolite backbone genes, however only 

four were expressed in culture or in planta (Ozturk et al., 2019). One of these was DsPksA, the 

polyketide synthase (PKS) involved in dothistromin production. Another was DsNps3, a non-

ribosomal peptide synthase (NPS) gene which, as described previously, is suggested to be 

involved in the biosynthesis of a metabolite that contributes to virulence through antifungal and 

insecticidal properties. The other two genes DsPks1 and DsPks2, were suggested to be involved 

in the biosynthesis of melanin (de Wit et al., 2012; Ozturk et al., 2017) and squalestatin (Bonsch 

et al., 2016), respectively. However, melanin was shown to be produced mainly through a PKS-

independent pathway (Ozturk et al., 2017), and no evidence was found to support the 

production of squalestatin in culture (Ozturk et al., 2019). Gene knock-outs (Ozturk et al., 2017) 

and virulence assessments on the P. radiata host further suggested that neither DsPks1 or 

DsPks2 play a role in virulence (Ozturk et al., 2019). Therefore, it is still unknown what function 

DsPks1 and DsPks2 perform in D. septosporum. 

As a virulence factor, dothistromin is the most important secondary metabolite produced by D. 

septosporum. Dothistromin is a difuroanthraquinone with a similar structure to sterigmatocystin 

and versicolorin B (Brown et al., 1996), a precursor of aflatoxin produced by Aspergillus flavus 

and some other Aspergillus species (Shaw, Chick, & Hodges, 1978). Dothistromin is unusual 

among secondary metabolites because it is expressed and synthesized early during infection, 

rather than in the late exponential and stationary phase of growth (Schwelm, Barron, Zhang, & 

Bradshaw, 2008); furthermore, the biosynthesis genes are spread over six loci rather than being 

clustered (Chettri et al., 2013; Zhang, Schwelm, Jin, Collins, & Bradshaw, 2007). The early timing 

of dothistromin production is controlled through chromatin modification, and this was 

hypothesized to be important for the adaption of dothistromin as a virulence factor (Chettri, 

Dupont, & Bradshaw, 2018). 

1.3.7 Available genomic, transcriptomic, and proteomic resources 

Over the years that D. septosporum has been studied, several genomic and transcriptomic 

resources have been made available. The genome of the D. septosporum NZE10 strain, which 

has been well studied as a representative of the clonal population present in New Zealand, was 
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spots, leaf curling, premature leaf drop, reduced fruit yield and, as discussed previously, plant 

death in severe cases (Hammond-Kosack, Harrison, & Jones, 1994; Iida et al., 2015). 

The first outbreak of tomato leaf mould was reported in the late 1800s, in the USA state of South 

Carolina (Cooke, 1883). However, this disease is thought to originate in the same place as the 

tomato host: South America (Jenkins, 1948). Tomato leaf mould caused significant global 

economic impact during the first half of the 20th century, mainly in moderate temperature 

zones with high relative humidity (de Wit, 1992; de Wit et al., 2012), and in glasshouse settings 

(Butler & Jones, 1949). The identification of tomato R genes (termed Cf genes for resistance to 

C. fulvum) and introgression of these genes into commercial varieties during the late 1970s 

effectively controlled this disease for many years (Joosten et al., 1990). Since the first fungal Avr 

effector gene, CfAvr9, was cloned from this pathogen in 1991 (van Kan, van den Ackerveken, & 

de Wit, 1991), F. fulva has become a well-established model species for studying plant-pathogen 

interactions (Mesarich et al., 2023). However, control of tomato leaf mould through tomato Cf 

R genes has been breaking down (the details of which are in section 1.4.3) and, as a 

consequence, tomato leaf mould is becoming a significant economic threat again today 

(Mesarich et al., 2023).  

1.4.3 Control 

Control of tomato leaf mould was originally performed by application of fungicides. However, 

this was not sustainable as the sole control method because as well as the damage fungicides 

can cause to the environment and human health, fungicide-resistant F. fulva strains began 

emerging. It was discovered that for some fungicides, a single point mutation was sufficient for 

F. fulva to become resistant (Watanabe, Horinouchi, Muramoto, & Ishii, 2017; Yan, Chen, Zhang, 

& Ma, 2008), and the development of rapid multiplex allele-specific polymerase chain reaction 

(PCR) assays to detect certain fungicide-resistant genotypes may help growers make informed 

decisions about fungicide control measures (Yan et al., 2008).  

As mentioned previously, introgression of tomato Cf R genes from related wild species into 

cultivated tomato cultivars was a measure which successfully controlled this disease for many 

years (Thomma et al., 2005). The first Cf R gene isolated was Cf-9 (Cf-9C) (Jones, Thomas, 

Hammond-Kosack, Balint-Kurti, & Jones, 1994), after the characterisation of the corresponding 

F. fulva Avr gene Avr9 (van Kan et al., 1991). To date, six major Cf R genes have been cloned (Cf-

2, Cf-4, Cf-4E, Cf-5, Cf-9, and Cf-9B) (Dixon, Hatzixanthis, Jones, Harrison, & Jones, 1998; Dixon 

et al., 1996; Jones et al., 1994; Joosten, Cozijnsen, & De Wit, 1994; Takken et al., 1999), with 

these genes having been introgressed into various commercial tomato cultivars (Iida et al., 
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2015). However, as this introgression often involved single Cf R genes, or Cf R genes with non-

overlapping temporal resistance profiles, there was strong selection pressure on the pathogen 

to overcome the resistance(s). Consequently, as of today, F. fulva strains have been identified 

that can overcome one or more of all six major cloned Cf R genes, through modification or 

deletion of their corresponding Avr genes (Iida et al., 2015; Mesarich et al., 2023). As such, there 

is now an urgent need to identify new Cf R genes for the development of new F. fulva-resistant 

tomato cultivars. Identification of F. fulva Avr genes can aid this process by acting as markers for 

resistance identification (Mesarich et al., 2023), and the current research about F. fulva virulence 

and Avr factors will be detailed in the following sections. 

1.4.4 Virulence factors 

To date, eight effectors of F. fulva with confirmed roles in virulence have been identified: CfAvr4, 

CfEcp6, CfEcp1, CfEcp2-1, CfAvr2, CfTom1, CfAvr5, and CfEcp20-2. For several of these virulence 

factors, the exact function of the protein and how it contributes to virulence, is currently 

unknown. Effectors CfEcp1 and CfEcp2-1 were identified as virulence factors after gene deletion 

analysis was performed (Laugé, Joosten, Van den Ackerveken, Van den Broek, & De Wit, 1997). 

When the mutant strains were tested on the tomato host, colonization was reduced, fewer in 

planta-produced proteins were secreted, and a more severe plant defence response was 

observed compared with the wild type (WT) (Laugé et al., 1997). CfEcp2-1 is conserved in the 

other fungal species P. fijiensis (Stergiopoulos et al., 2010) and, as discussed previously in section 

1.3.5, D. septosporum, suggesting this protein plays an important role in virulence across 

multiple types of plant pathogens (Stergiopoulos et al., 2010). Avr5 functions as an Avr factor 

when recognised by the corresponding tomato Cf-5 R protein (Dixon et al., 1998) and is not 

essential for virulence because Race 5 F. fulva strains, which lack a functional Avr5 gene, can still 

infect tomato (Mesarich et al., 2014). However, it was found that complementation of a Race 5 

strain with Avr5 lead to increased fungal biomass during infection of susceptible tomato (lacking 

Cf-5), showing Avr5 contributes to virulence (Mesarich et al., 2014). CfEcp20-2 is another 

effector gene, where gene deletion mutants had significantly reduced fungal biomass during 

infection of susceptible tomato. CfEcp20-2 has homologues in other Dothideomycete fungi and 

has the best predicted structural similarity with the characterised effector PevD1 of Verticillium 

dahliae, suggesting a conserved role in virulence (Karimi-Jashni, Maeda, Yazdanpanah, de Wit, 

& Iida, 2022; Tarallo et al., 2022). 

The remaining virulence factors have been well-studied, where their function and contribution 

to virulence has been characterised. CfAvr4 is an effector that binds to chitin in the fungal cell 
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wall, via a carbohydrate-binding module family 14 (CBM14) domain (van den Burg, Harrison, 

Joosten, Vervoort, & de Wit, 2006). This interaction occurs through two CfAvr4 molecules 

dimerizing and forming a sandwich-like structure, which envelopes two molecules of the chitin-

derived oligosaccharide chitohexaose (GlcNAc)6 (Hurlburt, Chen, Stergiopoulos, & Fisher, 2018). 

This chitin-binding function protects against the activity of plant chitinases, which release chitin 

fragments to be recognised as PAMPs and activate PTI in the host (van den Burg et al., 2006). 

However, resistant tomato varieties carry Cf-4, which encodes an R proteins that can recognise 

CfAvr4 as an Avr factor (de Wit, 1977). Interestingly, the solved crystal structure of CfAvr4 in 

complex with chitohexaose showed that chitin-binding activity and Cf-4 recognition occur 

through separate residues (Hurlburt et al., 2018). Similar to CfAvr5, CfAvr4 also functions as a 

virulence factor. Heterologous expression of CfAvr4 in Arabidopsis and tomato increased the 

virulence of several fungal pathogens with exposed chitin in their fungal cell walls. Furthermore, 

silencing of CfAvr4 resulted in reduced virulence of F. fulva when infecting susceptible tomato 

lacking Cf-4 (van Esse, Bolton, Stergiopoulos, de Wit, & Thomma, 2007). CfAvr4 homologues 

have been identified in other Dothideomycete species, as well as functional orthologues in P. 

fijiensis (Stergiopoulos et al., 2010) and D. septosporum (de Wit et al., 2012), suggesting a 

conserved virulence and/or avirulence function. Additional functions such as interacting with 

pectin in the plant cell wall to increase the effectiveness of enzymatic degradation (Chen et al., 

2021), and influencing expression of the Cercospora cf. flagellaris toxin cercosporin (Rezende, 

Zivanovic, Costa de Novaes, & Chen, 2020), have also been identified from CfAvr4 homologues 

and paralogs.  

CfAvr2 is an effector protein that can inhibit diverse tomato cysteine proteases such as Rcr3 and 

Pip1 (Dixon, Golstein, Thomas, Van Der Biezen, & Jones, 2000; Krüger et al., 2002; Rooney et al., 

2005). CfAvr2 physically interacts with and inhibits the tomato protein Rcr3, an extracellular 

papain-like cysteine protease required for disease resistance (Krüger et al., 2002). However, 

CfAvr2 binding of Rcr3 causes a conformational change which is recognised by the Cf-2 R protein, 

resulting in plant resistance (Rooney et al., 2005). This interaction can be explained by the guard 

hypothesis model, where plant components targeted by invaders, such as Rcr3, can be 

monitored or guarded by the products of plant resistance genes, such as Cf-2 (Rooney et al., 

2005; Van Der Biezen & Jones, 1998). Recently it was shown that ancient Rcr3 homologues are 

present in tomato, potato, eggplant, pepper, and petunia, and can be inhibited by Avr2 (Kourelis 

et al., 2020). This study also suggested that unlike other indirect pathogen recognition 

mechanisms, Cf-2 evolved relatively recently by co-opting the pre-existing Rcr3 in the Solanum 

genus (Kourelis et al., 2020). Therefore, when infecting tomato varieties carrying Cf-2, CfAvr2 
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However, it was also found that Cf-4E recognition could be evaded through a single amino acid 

substitution (Westerink et al., 2004). There are two other Avr factors (CfAvr9B and CfAvr9E) 

hypothesised to exist, due to the existence of two Cf-9 homologues, Cf-9B and Cf-9E (Jones et 

al., 1994; Parniske et al., 1997). CfAvr9B was recently identified (de la Rosa, 2022), while CfAvr9E 

is yet to be identified.  

CfAvr9 is an Avr protein that, after secretion, is processed by fungal and plant proteases into a 

stable peptide elicitor (Van den Ackerveken, Vossen, & De Wit, 1993). CfAvr9 is recognised by 

the Cf-9 receptor protein in resistant tomato (van Kan et al., 1991). It has been shown through 

iodine-125 labelling at the N-terminal tyrosine residue, that CfAvr9 can bind to the plasma 

membrane of tomato cells, independent of the presence of Cf-9 (Kooman-Gersmann, Honee, 

Bonnema, & De Wit, 1996). It is possible that another host target is involved in the CfAvr9-Cf-9 

interaction because no direct interaction between the two proteins has been shown (Luderer et 

al., 2001). It is likely that CfAvr9 is not essential for virulence because F. fulva strains that lack 

CfAvr9 can still infect tomato (Stergiopoulos et al., 2007), and deletion of CfAvr9 does not affect 

virulence (Marmeisse, Van Den Ackerveken, Goosen, De Wit, & Van Den Broek, 1993). 

Recently, another 10 candidate Avr factors were identified from apoplastic washing fluid of a 

compatible interaction between F. fulva and tomato (Mesarich et al., 2018). In this study, 61 

novel small secreted protein (SSP) effectors were identified, and 41 were tested for their ability 

to trigger an HR on wild tomato accessions. The 10 candidate Avr factors that triggered HR were; 

CfEcp8, CfEcp9-1, CfEcp10-1, CfEcp11-1, CfEcp12, CfEcp13, CfEcp14-1, CfEcp15, CfEcp16 and 

CfEcp17. The next step for this research is to identify corresponding tomato R genes, which 

would be invaluable for future resistance breeding strategies. 

1.4.6 Secondary metabolites 

F. fulva contains six secondary metabolite (SM)-encoding gene clusters that have undergone 

rearrangements and gene loss due to the presence of transposable elements, and are conserved 

in other fungi (Collemare et al., 2014). This fungus is thought to have the genes necessary to 

produce elsinochrome and cercosporin toxins, but the corresponding core genes are not 

expressed in planta. The only core SM genes expressed during infection of tomato are CfPks6 

and the nonribosomal peptide synthetase CfNps9, however their expression is significantly 

down-regulated during mesophyll colonisation. In vitro SM profiling could only identify the SM 

produced by CfPks6, cladofulvin (Collemare et al., 2014; Griffiths et al., 2016). Cladofulvin does 

not have phytotoxic properties on Solanaceae plants or any antimicrobial activity (Collemare et 

al., 2014), therefore suggesting it does not appear to contribute to virulence on the tomato host. 
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However, cladofulvin may protect F. fulva conidia against abiotic stresses such as UV light and 

cold (Griffiths et al., 2016). 

The F. fulva 0WU and Race 5 genomes also contain a complete set of predicted dothistromin 

genes (de Wit et al., 2012; Mesarich et al., 2023). Analysis of the new chromosome-level F. fulva 

Race 5 genome identified that these dothistromin genes are fragmented in a similar way to those 

in the D. septosporum genome, in subclusters throughout chromosome 13, although some 

rearrangements are present (Mesarich et al., 2023). However, key biosynthetic genes have been 

pseudogenized in the F. fulva genome such that functional proteins cannot be made (Chettri et 

al., 2013). Consequently, dothistromin cannot be produced, at least from these F. fulva isolates, 

and indeed dothistromin could not be detected by high-performance liquid chromatography 

(HPLC) analysis of in vitro F. fulva extracts (de Wit et al., 2012). At the time of this research, F. 

fulva was considered a biotrophic pathogen. It would be interesting to re-evaluate dothistromin 

production in F. fulva during the late stages of infection, when this fungus is thought to exhibit 

necrotrophic growth.  

1.4.7 Available genomic, transcriptomic, and proteomic resources 

As an important fungal pathogen, and model system for studying plant-pathogen interactions 

for many years, there are many genomic, transcriptomic, and proteomic resources available for 

F. fulva. As discussed above in section 1.3.7, the genome of the F. fulva 0WU strain was 

sequenced in a comparative study with D. septosporum (de Wit et al., 2012). Because F. fulva 

has a repeat-rich genome, a chromosome-level genome assembly was not possible at that time 

(de Wit et al., 2012). Recently, third generation sequencing technology and the Hi-C chromatin 

conformation capture technique were utilized to produce a 98.9% complete genome sequence 

of the F. fulva Race 5 strain which was assembled to chromosome level (Zaccaron, Chen, 

Samaras, & Stergiopoulos, 2022). Transcriptome analyses are available for the 0WU and Race 5 

strains both in vitro (Mesarich et al., 2014; Zaccaron et al., 2022) and in planta (Mesarich et al., 

2014), although for the Race 5 strain only one time point was analysed in planta. Proteomic 

analysis has also been performed with the apoplastic washing fluid of tomato infected with four 

global isolates, including 0WU and Race 5, at different time points (Mesarich et al., 2018). 

However, proteomic analysis has not been performed with F. fulva extracts grown in vitro, 

presenting an avenue for future research. As mentioned previously in section 1.3.7, the current 

resources available for F. fulva were recently reviewed in detail by Mesarich et al. (2023). 
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1.4.8 The necrotrophic switch in hemibiotrophic plant pathogens 

As discussed previously, hemibiotrophic pathogens such as D. septosporum and F. fulva 

transition from biotrophic to necrotrophic growth through an unknown mechanism. Several 

genes have been identified that may play a role in the necrotrophic switch, and these are listed 

in Table 1.1. Several of these genes encode transcription factors (TFs); sequence-specific DNA-

binding proteins that can modulate gene expression (John, Singh, Oliver, & Tan, 2021). These 

TFs have been analysed through gene deletion studies and tentatively suggested to play a role 

in the transition to necrotrophy. Deletion of the homeobox TF CoHox1 from Colletotrichum 

orbiculare results in mutants that are non-pathogenic and cannot produce lesions even on 

wounded leaves (Yokoyama, Izumitsu, Irie, & Suzuki, 2019). Deletion of PacCL of Colletotrichum 

lindemuthianum, a pH-responsive TF, results in mutants blocked at the switch to necrotrophy, 

that are unable to produce secondary hyphae, and trigger an HR in the host (Dufresne, Perfect, 

Pellier, Bailey, & Langin, 2000). Deletion of CLNR1 from C. lindemuthianum, a major nitrogen 

regulator, results in non-pathogenic mutants blocked at the necrotrophic switch (Pellier, Laugé, 

Veneault-Fourrey, & Langin, 2003). Finally, deletion of Pf2, a Zn2Cys6-type TF from 

Parastagonospora nodorum, and transcriptome analysis of the mutant compared to the WT, 

showed that Pf2 positively regulates the expression of 12 effector-like genes, including 

necrotrophic effectors SnToxA and SnTox3 (Jones et al., 2019; Rybak et al., 2017). 

Several other genes have been suggested to play a role in the necrotrophic switch. The effector 

CtNUDIX of Colletotrichum truncatum elicits strong cell death when transiently expressed in 

Nicotiana benthamiana, is expressed specifically at the necrotrophic switch stage, and is 

essential for disease progression. Over-expression of CtNUDIX in C. truncatum and rice blast 

pathogen Magnaporthe oryzae resulted in incompatibility with their respective hosts, lentil and 

barley, due to an HR-like response at the biotrophic stage (Bhadauria, Banniza, Vandenberg, 

Selvaraj, & Wei, 2013). It was hypothesised that premature secretion of CtNUDIX during the 

early biotrophic stage blocks the transition to necrotrophic growth in these two pathogens, and 

that CtNUDIX-triggered cell death may normally trigger the switch to necrotrophy (Bhadauria et 

al., 2013; Shao, Smith, Kabbage, & Roth, 2021). 
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did not trigger a response (Figure 2.2), suggesting that AvrLm3 was not recognised by the 

CfEcp11-1 receptor (C. Mesarich, L. Deurhof and M. Joosten, unpublished results). From these 

analyses, it was hypothesised that either CfEcp11-1 performs the same activity as AvrLm3 in B. 

napus and therefore enables recognition by Rlm3, or that this recognition is due to structural 

conservation between CfEcp11-1 and AvrLm3 (Lazar et al., 2022).  

 

 

Figure 2.2. Potato virus X (PVX)-based transient expression of CfEcp11-1 from Fulvia fulva and AvrLm3 

from Leptosphaeria maculans in tomato.  Tomato cultivars were infiltrated with Agrobacterium 

tumefaciens strains carrying the following: (a) Tomato (MoneyMaker [MM]-Cf-0) with pSfinx::AvrLm3 

Potato virus X (PVX) expression vector. (b) Tomato (MM-Cf-0) with pSfinx::CfEcp11-1 PVX expression 

vector. (c) Tomato (CGN 15484) with pSfinx empty expression vector. (d) Tomato (MM-CF-0) with pSfinx 

empty expression vector. (e) Tomato (CGN 15484) with pSfinx::AvrLm3 expression vector. (f) Tomato 

(CGN 15484) with pSfinx::CfEcp11-1 expression vector (plants died). The tomato cultivar MM-Cf-0 does 

not carry any Cf resistance (R) genes, while CGN 15484 carries the putative Cf-Ecp11-1 R gene. Photos 

were taken three weeks post-infiltration. Experiment performed by C. Mesarich, L. Deurhof and M. 

Joosten (unpublished results). 
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This chapter outlines an investigation into the role of CfEcp11-1 in the F. fulva-tomato 

interaction. Additional homologues of CfEcp11-1 from other plant-pathogenic fungi were 

identified to broaden our understanding of this effector family. The aim was then to investigate 

the interaction between the tomato Cf-Ecp11-1 receptor and the effectors CfEcp11-1 and 

AvrLm3 through region swap analysis and PVX-based transient expression, to determine what 

regions of Ecp11-1 are required for recognition by Cf-Ecp11-1. Finally, this chapter aimed to 

determine whether CfEcp11-1 functions as a virulence factor of F. fulva through gene disruption 

analysis, using clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 

technology for the first time in this fungus. 
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and tested into tomato plants by infiltration with a needless 1 mL syringe (Terumo Corporation, 

Laguna, Philippines), or by inoculation with a toothpick. The age of the tomato plants was 

variable and is described in section 2.3.3. 
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Phylogenetic analysis of CfEcp11-1 and the CfEcp11-1 homologues was performed (Figure 2.3b). 

Homologues AvrLm3 and F. oxysporum protein BFJ63 clustered closely to each other and to 

CfEcp11-1. The two Z. ardabiliae proteins also clustered together, while AvrLm5-9 and F. 

oxysporum protein BFJ70 appeared to be the most phylogenetically distant to CfEcp11-1. In 

summary, these results showed that two new homologues of CfEcp11-1 were identified from F. 

oxysporum, one of which is closely related to CfEcp11-1 and AvrLm3. 
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Tagged sequences were also designed as these chimeric proteins will be screened for an HR on 

tomato with the Cf-Ecp11-1 receptor, and tagging is required to confirm successful production 

of protein in the plant. Previous work suggested that addition of a hemagglutinin (HA) tag to the 

C-terminus of AvrLm3 disrupted recognition by Rlm3 in B. napus (I. Fudal, personal comm.). 

Therefore, to investigate whether a tag could be added to CfEcp11-1 that would not disrupt 

recognition by the Cf-Ecp11-1 receptor, eight sequences were designed with 6xHIS or 3xFLAG 

tags in four different locations in the protein (Figure 2.4e). If a tagged sequence was identified 

that did not disrupt receptor recognition, chimeric proteins of interest could be redesigned with 

that specific tag. 

In summary, 20 chimeric protein sequences were designed, with the aim of screening them in 

tomato carrying Cf-Ecp11-1 and determining what regions or amino acids of CfEcp11-1 are 

required for receptor recognition. Sequences were also designed to determine if CfEcp11-1 can 

be tagged in a way that receptor recognition is not disrupted.  

 



Chapter 2 - Candidate effector CfEcp11-1 of Fulvia fulva 

49 
 

 

Figure 2.4. Schematic of chimeric protein sequence designs between CfEcp11-1 of Fulvia fulva and AvrLm3 

of Leptosphaeria maculans.  (a) Alignment of CfEcp11-1 and AvrLm3 protein sequences showing positions 

of regions swaps and amino acid substitutions. The signal peptide is shown by a black line below the 

alignment. All regions to be swapped and amino acids to be substituted in CfEcp11-1 are shaded blue and 

in AvrLm3 are shaded purple. An asterisk above the sequence alignment shows the position of a conserved 

cysteine residue. The CfEcp11-1 (purple bar) and AvrLm3 (blue bar) backbones are shown underneath the 
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repeated with tomato plants that were first grown in the temperature-, light- and humidity-

regulated plant growth room for four weeks, then moved for PVX inoculation, but the same 

results were observed. Several trials were also performed with the empty vector and CfEcp11-1 

sequences transformed into a different A. tumefaciens strain (1D1249, Materials and methods 

section 2.2.1) but the same results were found. Unsuccessful PVX-based transient expression 

performed at the same time and in the same plant growth room was also observed by Ellie 

Bradley (Massey University), who also trialled infiltrating A. tumefaciens at different OD levels 

but found no difference in the results. 

These results suggested that PVX-based transient expression was not possible at Massey 

University due to the lack of a suitable temperature-, light- and humidity-controlled PC2 plant 

growth room with the appropriate regulatory approvals. Therefore, the 20 chimeric protein 

sequences designed in section 2.3.2 were sent to collaborators at Wageningen University in the 

Netherlands (team led by Assoc. Prof. Matthieu Joosten at the Laboratory of Phytopathology). 

This laboratory has state-of-the-art plant growth facilities and is expected to have success 

performing PVX-based transient expression and screening these proteins in Cf-Ecp11-1 tomato. 

At the time of writing, this work had not yet been completed. 

 

 

Figure 2.6. Potato virus X (PVX)-based transient expression of pSfinx empty vector (EV) and wild type 

CfEcp11-1 in Solanum lycopersicum (CGN 15484).  Seven-day old seedlings were infiltrated with 

Agrobacterium tumefaciens GV3101 containing the two constructs, and photos were taken 14 days post-

inoculation. Three plants were tested; one with empty vector (expected to produce chlorotic mosaic 

symptoms from PVX viral infection, but no necrosis), and two with CfEcp11-1, expected to cause systemic 

cell death upon recognition by the Cf-Ecp11-1 receptor (as well as general PVX symptoms like the EV).  
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2.3.4 CfEcp11-1 gene knock-out attempts by homologous recombination 

Due to the homology CfEcp11-1 shares with other effector proteins, and the fact that CfEcp11-

1 has been found to be upregulated during infection, it is possible that CfEcp11-1 functions as a 

virulence factor in F. fulva. To investigate this, the next objective was to generate a CfEcp11-1 

knock-out mutant and test it for virulence on the tomato host. Several different F. fulva 

homologous recombination transformation methods were attempted before an CfEcp11-1 

mutant was successfully obtained.  

Development of homologous recombination constructs was first attempted using the One Step 

Construction of Agrobacterium-Recombination-ready-plasmids (OSCAR) system (Gold, Paz, 

Garcia-Pedrajas, & Glenn, 2017; Paz et al., 2011). This cloning process uses one BP clonase 

reaction to combine the two plasmids pOSCAR and pA-Hyg-OSCAR, and the flanking regions of 

the gene. However, after PCR screening of many E. coli transformants, none were found to 

contain the correct construct. Troubleshooting identified that the ccdB gene in the pOSCAR 

plasmid was no longer functional (possibly due to a random mutation), and selection was not 

being applied to the transformants. Therefore, a new method to develop an CfEcp11-1 

homologous recombination construct was attempted.  

The next method involved Gibson Assembly (Gibson et al., 2009) to develop the homologous 

recombination constructs. The backbone of plasmid pFBTS1 (Bolton et al., 2008), the 

hygromycin resistance gene hph cassette from plasmid pFBTS1, and flanks from either side of 

CfEcp11-1, were amplified by PCR and then successfully ligated together using Gibson Assembly 

(Materials and methods section 2.2.4.1). Two knock-out constructs were designed because 

CfEcp11-1 is located between two long stretches of repeat regions. One of the constructs was 

designed with flanks that stopped before the repeat regions, while the other was designed with 

1 kb flanks which contained repeat regions. However, during cloning, only the construct with 

the 1 kb flanks was obtained and, due to time constraints, the transformation was continued 

with this construct alone. The CfEcp11-1 knock-out construct was then transformed into A. 

tumefaciens AGL1 and used in A. tumefaciens-mediated transformation (ATMT) of F. fulva 

(Materials and methods section 2.2.4.2). While preparing the AGL1 A. tumefaciens strain (with 

the CfEcp11-1 knock-out construct) for ATMT, bacterial growth was slow, and the cultures had 

to be grown for longer than the protocol suggested (Materials and methods section 2.2.4.2). 

After three weeks, no transformants had grown on the transformation plates. This was believed 

to be due to the slow growth of the A. tumefaciens AGL1 strain, and thus insufficient inoculum 

to enable successful transformation. 
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Figure 2.7. PCR analysis of Fulvia fulva wild type (WT) and CfEcp11-1 homologous recombination 

transformants.  (a) Schematic of the CfEcp11-1 locus. The CfEcp11-1 gene is shown by a green bar, the 

black bars represent repetitive DNA regions, and blue bars show the plasmid DNA replacing CfEcp11-1 

after homologous recombination including the hygromycin gene (hph), the promoter (POliC), and 

terminator (TtubA). The 1 kb CfEcp11-1 flanks are shown by grey triangles. Primer positions are shown by 

grey flags with the primer name and PCR product sizes above. (b) PCR screen of F. fulva WT and CfEcp11-

1 transformants. PCR was performed with water as a negative control, WT gDNA as a positive control, and 

transformant gDNA (labelled with the transformant number). The transformant labelled 0WU#1 is from 

the F. fulva 0WU transformation, while all others are from the Race 5 transformation. Primers used are 

labelled above the gel pictures, HM105/HM106 amplified a 122 bp fragment from actin (JGI ID: 189818), 

as a control for gDNA amplification. The other primer pairs were expected to amplify the junction between 

CfEcp11-1 and hph in transformants if homologous recombination had occurred. Relevant DNA ladder 

sizes are shown on either side of the gel pictures. 
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2.3.5 Protoplast generation trials in F. fulva 

The success of CRISPR/Cas9 gene editing in other filamentous fungi (Schuster & Kahmann, 2019) 

suggested this method might be a viable option to obtain a CfEcp11-1-disrupted transformant. 

It is preferred to use an autonomously replicating plasmid for CRISPR/Cas9 transformation so 

that Cas9 will eventually be lost (therefore reducing the chance of off-target effects); another 

benefit of losing this plasmid is that the antibiotic resistance it confers will also be lost, enabling 

further transformations to be performed using the same selection. The objective was to use the 

autonomously replicating plasmid designed by Rocafort, Arshed, et al. (2022) in a PEG-mediated 

protoplast transformation. However, whilst a method was established for protoplast generation 

in F. fulva by Harling et al. (1988), the lysing enzyme used was Novozym 234, which is no longer 

available. An attempt to generate protoplasts from 0WU F. fulva using the Harling et al. (1988) 

method, but with Glucanex as the lysing enzyme, produced very few protoplasts. A second 

attempt, using a different method based on Yelton, Hamer, and Timberlake (1984), and used 

successfully for D. septosporum (Chettri et al., 2018), was performed with F. fulva 0WU ground 

mycelium and the Glucanex enzyme. This method was successful, with 1.7 x 106 protoplasts/mL 

obtained.  

The protoplast generation trials were performed with the 0WU strain of F. fulva, as this was the 

only strain for which a genome had been sequenced at that time. However, in the previous 

transformation attempt using this strain (section 2.3.4), only one transformant was obtained, 

and the low sporulation and slow growth rate of 0WU lengthened the incubation times. 

Therefore, the Race 5 strain was used for protoplast transformation instead as it is faster 

growing and high-sporulating. However, when the same protoplast generation method used 

successfully with 0WU was repeated with Race 5, no protoplasts were obtained. Further 

protoplast generation trials testing different inoculation methods, growth times, and MgSO4 

molarity in the OM buffer were all unsuccessful in producing F. fulva protoplasts. Therefore, it 

was decided to change the transformation method for CRISPR/Cas9 gene editing from 

protoplast transformation to ATMT.  

2.3.6 Successful disruption of CfEcp11-1 using CRISPR/Cas9 with Agrobacterium 

tumefaciens-mediated transformation 

Because of difficulties obtaining protoplasts from Race 5 F. fulva, an autonomously replicating 

plasmid could not be used for CRISPR/Cas9 gene editing. Instead, the A. tumefaciens-compatible 

plasmid pMAI105, developed by Chambers et al. (2021), was used for CRISPR/Cas9 with ATMT. 

This plasmid contains a bidirectional promoter from the histone gene cluster to drive expression 
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of Cas9 and produce the single guide RNA (sgRNA), which is then cleaved by a double ribozyme 

(Chambers et al., 2021). During transformation, the plasmid is inserted into the genome, then 

the Cas9 and the sgRNA are expressed and can edit the target gene. The only selection used in 

this study was hygromycin resistance, to screen for integration of the pMAI105 plasmid into the 

genome. Therefore, if the CRISPR/Cas9 mutation efficiency was low, many transformants would 

need to be screened and sequenced to identify a mutation in CfEcp11-1. A sgRNA was selected 

to target CfEcp11-1 and inserted into the pMAI105 plasmid by Gibson Assembly (Materials and 

methods section 2.2.5.1, (Gibson et al., 2009)). The pMAI105/CfEcp11-1 plasmid was 

transformed into A. tumefaciens AGL1 and an ATMT performed using F. fulva Race 5 spores 

(Materials and methods section 2.2.4.2). Transformation plates were spread with spore 

solutions of various concentrations, and after two weeks of incubation, ~300 colonies grew from 

the plates spread with 105 spores. 

Approximately 200 colonies were sub-cultured to selective media and, after incubation, all but 

two grew. Genomic DNA was extracted from a sub-set of 15 transformants and screened by PCR 

with primers that amplified CfEcp11-1 from ~50 bp either side. These PCR results showed that 

gDNA from all transformants screened amplified WT-sized CfEcp11-1, with no evidence of large 

indels (Appendix 5). To examine whether CRISPR/Cas9 transformation caused point mutations, 

the PCR products were sequenced. The sequencing results showed that, for most transformants, 

a mixed chromatogram with more than one sequence trace was visible after the PAM site, 

suggesting that the transformants were not pure. However, after two rounds of single spore 

purification, the same sequencing results were found (Appendix 6). Fortunately, shortly after 

this analysis, the F. fulva Race 5 genome sequence was published by Zaccaron et al. (2022), 

where two identical, tandem copies of CfEcp11-1 were identified. With this new information, 

the trace files were examined again, and it was found that the trace files could be teased apart 

to reveal the two copies of CfEcp11-1 (Appendix 7). 

Analysis of the two CfEcp11-1 copies using the trace files (Appendix 7) suggested that, of the 15 

transformants analysed, one had two WT copies of CfEcp11-1, ten were disrupted in a single 

copy, and four were disrupted in both copies (Table 2.4, Figure 2.8). Transformant #113 had 

only one sequencing trace visible, of the WT CfEcp11-1 sequence. Therefore, it appeared that 

this transformant was not disrupted in CfEcp11-1 or one copy was deleted. Of the ten 

transformants suggested to have a single disrupted copy of CfEcp11-1, eight had the same single 

nucleotide deletion at the double-strand break (DSB) site (nucleotide position 125, Table 2.4), 

which resulted in a frameshift mutation. The other two transformants (#128, and #167) each 
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Figure 2.8. Schematic of mutations observed in both copies of CfEcp11-1 from Fulvia fulva CRISPR/Cas9 

transformants.  A segment of CfEcp11-1 nucleotide sequence containing the double-strand break (DSB) 

site (shaded in brown), and the protospacer adjacent motif (PAM) site (shaded in grey) is shown with the 

amino acid translation underneath. Nucleotide sequence numbers are shown above the wild type (WT) 

sequence. Mutations in the nucleotide and amino acid sequences are shown in red, and nucleotide 

deletions are indicated by a dash. The WT CfEcp11-1 sequence is shown at the top of the figure, and 

transformant #113 was also suggested to have a WT sequence for both CfEcp11-1 copies (but only one is 

shown). For the other transformants, the sequences of the two identical copies of CfEcp11-1 (copy A and 

copy B) are shown (although as both WT copies are identical it is not known which is which). Some 

transformants had a mutation in only one CfEcp11-1 gene copy (labelled single-copy disruption), while 

others had mutations in both copies (labelled double-copy disruption). Nucleotide sequences of both 
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CfEcp11-1 copies were obtained from sequencing PCR products, and the trace files were examined to 

determine what mutations occurred (Appendix 7).  

 

Of the four transformants suggested to have both copies of CfEcp11-1 disrupted, two 

(transformant #92 and #127) had the same mutations - a single nucleotide deletion in one 

CfEcp11-1 copy and insertion in the other, resulting in frameshift mutations in both (Table 2.4, 

Figure 2.8). As they were both from the same transformation plate, these are possibly clones 

from the same transformation event. Another transformant (#55) had a single nucleotide 

deletion at the DSB (G127T) in one copy, resulting in a frameshift, and a single nucleotide 

substitution in the other copy, causing a single amino acid change. The last transformant (#25) 

had only one sequencing trace visible, where a nucleotide deletion was present at the DSB. As 

it is unlikely that both copies obtained the exact same mutation, one copy may have been 

completely deleted (across where the primers bind). To test this hypothesis, qPCR was 

performed to determine the CfEcp11-1 gene copy number in this transformant. The ratio of Ct 

values suggested that only one copy was present (Appendix 8), supporting the hypothesis that 

one copy had been deleted.  

In summary, these results show that CRISPR/Cas9 can target both copies of CfEcp11-1, and that 

the DSB site is the most likely nucleotide position for mutation. The aim of this research was to 

test these CfEcp11-1-disrupted mutants in the tomato (Cf-0, no Cf R genes) host and assess 

virulence, to determine whether CfEcp11-1 is a virulence factor. However, due to plant growth 

facilities being unavailable, these mutants could not be tested in planta at Massey University. 

Instead, the mutant strains were sent to our collaborators at Wageningen University in the 

Netherlands (laboratory of Assoc. Prof. Matthieu Joosten), to be tested in their state-of-the-art 

plant growth facilities. At the time of writing, this work had not yet been completed. 
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CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)/Cas9 is a highly specific 

gene editing technology that was modified from an adaptive immune system in prokaryotes 

(Barrangou et al., 2007; Mojica, Díez-Villaseñor, García-Martínez, & Soria, 2005). A sgRNA is 

designed to match a short (~20 bp) target sequence and PAM (Protospacer Adjacent Motif) site 

and will direct the Cas9 nuclease to the site to produce a double-strand break (DSB) (Shi et al., 

2017). In this study, no repair template was added, so DSB repair was expected to occur through 

non-homologous end-joining (NHEJ). Unfortunately, an autonomously replicating plasmid could 

not be used as there were difficulties obtaining protoplasts from F. fulva (section 2.3.5). Instead, 

an A. tumefaciens-compatible plasmid was utilised which, after transformation, will directly 

insert into the F. fulva genome (Chambers et al., 2021). A limitation of this method is that 

because the CRISPR/Cas9 plasmid will remain in the genome, Cas9 will be constitutively active 

and may cause off target effects. Therefore, when testing the mutants for virulence it will be 

important to include a complementation strain, to determine if an off-target effect occurred 

that might have disrupted virulence. Another limitation of this method is that when 

complementing the mutant, the PAM site in the CfEcp11-1 sequence must be modified, or else 

the still functional Cas9 may target it (Chambers et al., 2021). Despite these limitations, this 

method is still valuable for testing gene function in combination with a complemented strain. 

CRISPR/Cas9 gene editing through ATMT was successfully performed with the Race 5 strain. A 

sub-set of transformants were screened by PCR and PCR amplicon sequencing, and it appeared 

that disruption of CfEcp11-1 had occurred with 99.3% efficiency of screened transformants. This 

transformation efficiency is quite high compared to CRISPR/Cas9 disruption in other fungi 

(Rocafort, Arshed, et al., 2022; Wenderoth, Pinecker, Voß, & Fischer, 2017), and may suggest 

that CfEcp11-1 is in a part of the F. fulva genome that is more accessible for the Cas9 protein 

(Yarrington, Verma, Schwartz, Trautman, & Carroll, 2018). Sequencing the CfEcp11-1-disrupted 

transformants identified two traces which, after publication of the 98.9% complete F. fulva Race 

5 genome (Zaccaron et al., 2022), were suggested to be two identical copies of CfEcp11-1. Third 

generation sequencing technology and Hi-C chromatin conformation capture techniques 

enabled the identification of two identical copies of CfEcp11-1 (named copy A and B, (Zaccaron 

et al., 2022)), which due to the highly repetitive DNA content of the F. fulva genome, were not 

identified previously (de Wit et al., 2012). With this new information, the sequencing trace files 

were examined again, and it was found that the two traces could be teased apart and two 

distinct sequences, CfEcp11-1 copy A and B, identified (Figure 2.8). These results showed that 

some of the transformants were disrupted in one copy of CfEcp11-1, while others were 

disrupted in both copies (Table 2.4), giving efficiencies of 66.7% and 26.7% respectively. 
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Most of the transformants contained a single nucleotide indel, which was expected from NHEJ 

(Zhang, Meng, Wei, & Lu, 2016), while a smaller number contained two nucleotide indels, or a 

single nucleotide substitution (Table 2.4). The majority of these single nucleotide mutations 

occurred at the DSB site. All transformants appeared to have different mutations in each 

CfEcp11-1 gene copy (Table 2.4), except transformant #25 where only one copy was present 

(Table 2.4), suggesting that a large deletion, covering the region where the primers bind, had 

occurred in the other copy. This is not the first study to report CRISPR/Cas9 disruption of multiple 

gene copies, as it has been shown in the allotetraploid plant B. napus (Yang et al., 2018; Zhai et 

al., 2020), as well as in diploid and octoploid strawberry plants (Wilson, Harrison, Armitage, 

Simkin, & Harrison, 2019). Nevertheless, to the best of my knowledge, this study is the first to 

report CRISPR/Cas9 disruption of multiple gene copies in a fungus.  

The work described in this chapter led to the identification of two new members of the LARS 

effector family and contributed to the design of chimeric proteins which will be used to further 

analyse the functions of these proteins and how they are recognised in both host and non-host 

species. This chapter also presents the first CRISPR/Cas9 gene editing in F. fulva, which occurred 

with very high efficiency, and the first report in a fungus of CRISPR/Cas9 disruption of multiple 

copies of the same gene. These results have contributed to understanding the role of CfEcp11-

1 in F. fulva and provided a foundation for future work. The development of CfEcp11-1 mutants, 

in particular, will enable experiments that will reveal if CfEcp11-1 is a virulence factor. 
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sought after because they are easy to screen for a hypersensitive response (HR) on the host 

(Vleeshouwers & Oliver, 2014). Furthermore, identification of the host receptor that recognizes 

the effector can inform breeding efforts and result in the generation of new resistant host 

cultivars (Joosten & De Wit, 1999). However, transcription factors are also important for disease, 

and with the increased availability of gene manipulation methods such as CRISPR/Cas9 and RNA 

interference, functional characterization of transcription factors is becoming far more common 

(John et al., 2021). As more transcription factors are identified as essential for pathogenicity, it 

has become apparent that these genes would be ideal targets for disease control strategies (Cho, 

2015; John et al., 2021).  

Transcription factors are sequence-specific DNA-binding proteins that modulate gene 

expression by binding to gene promoter elements (John et al., 2021). Transcription factors that 

regulate virulence factors and are essential for virulence, are ideal targets for disease control by 

either spray-induced gene silencing (SIGS) involving double-stranded RNA (dsRNA) or host-

induced gene silencing (HIGS) (John et al., 2021). Several transcription factor genes have already 

been identified as ideal candidates (John et al., 2021); these include VdFft1 from Verticillium 

dahlia (Zhang et al., 2018), Ftf1 from Fusarium oxysporum (Niño-Sánchez et al., 2016), Pf2 from 

Parastagonospora nodorum (Jones et al., 2019) and Tri6 from Fusarium graminearum (Scherm 

et al., 2011; Shostak et al., 2020), which have all been shown to regulate expression of virulence 

factors. While the first three transcription factors regulate expression of virulence factors such 

as proteinaceous effectors, Tri6 regulates the production of secondary metabolites involved in 

virulence (Shostak et al., 2020), as well around 200 other genes (Nasmith et al., 2011; Seong et 

al., 2009). HIGS of fungal transcription factors important for disease has been performed 

previously (Song & Thomma, 2018) and found to successfully reduce virulence of Puccinia 

striiformis f. sp. tritici and Magnaporthe oryzae (Guo et al., 2019; Zhu et al., 2018).  

Several transcription factors have been characterised as playing a role in the necrotrophic 

switch, where fungi transition from biotrophic to necrotrophic growth. The necrotrophic switch 

occurs in all hemibiotrophic fungal phytopathogens, including D. septosporum, however little is 

known about this important transition stage and there are many unanswered questions. For 

example, is the necrotrophic switch regulated by a single gene or multiple genes and are these 

genes conserved among all hemibiotrophic fungi? Several transcription factors suggested to be 

involved in the necrotrophic switch include Zt107320 of Zymoseptoria tritici (Habig, Bahena-

Garrido, Barkmann, Haueisen, & Stukenbrock, 2020), PacCL of Colletotrichum lindemuthianum 

(Soares et al., 2014) and CoHox1 of Colletotrichum orbiculane (Yokoyama et al., 2019), as 

outlined in Chapter 1. However, deletion of these transcription factor genes also impacts 
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vegetative growth and other core functions, suggesting these genes may have functional 

orthologs in other fungal species. This would make these genes undesirable targets for gene 

silencing as a disease control strategy due to the potential for off-target effects in other fungi 

such as those that form a beneficial part of the host's microbiota. In contrast, CLTA1 and CLNR1 

of C. lindemuthianum have been identified with possible roles in the necrotrophic switch, where 

gene deletion mutations show a reduction in virulence but no alteration in vegetative growth. 

Mutants of CLTA1 induce an HR-like response early in infection but no secondary hyphae are 

produced to enable the transition to necrotrophic growth (Dufresne et al., 2000). Mutants of 

the nitrogen regulator CLNR1 are disrupted specifically at the transition to necrotrophy (Pellier 

et al., 2003). Therefore, transcription factor genes CLTA1 and CLNR1 could make ideal targets 

for SIGS or HIGS as a disease control strategy. 

As a Dothideomycete species, D. septosporum is related to many well-studied plant pathogenic 

fungi. These relationships can be utilized to identify candidate virulence factors of D. 

septosporum. In this study, I will compare D. septosporum candidate virulence factor genes with 

those characterised from other phylogenetically-related fungal plant pathogens, to suggest 

possible functions. A particular focus will be on comparing D. septosporum genes with those 

from its close relative, F. fulva. D. septosporum and F. fulva infect vastly different host plants 

(the gymnosperm pine and the angiosperm tomato, respectively) and, while both are considered 

hemibiotrophs, they differ in that plant cell death is required for sporulation by D. septosporum, 

but not by F. fulva (Kabir et al., 2015b; Mesarich et al., 2023). Despite the significant differences 

in their hosts, these two fungi have many genes in common, and share several functional 

effectors such as Ecp2-1 and Avr4 (de Wit et al., 2012; Mesarich et al., 2016). Identification and 

analysis of candidate virulence factors that are either common to both D. septosporum and F. 

fulva or are unique to one of those species could provide insights into gene function and their 

roles in the fungal lifestyle.  

This chapter presents the identification of D. septosporum candidate virulence factors using a 

prediction pipeline based on available genomic and transcriptomic analyses, homology to 

virulence factors from other species as well as F. fulva, and gene expression. The shortlisted 

candidates will be further analysed through bioinformatic prediction tools and literature 

searches to identify those with a possible role in virulence. Finally, several candidates will be 

selected to take through gene disruption analysis and virulence assessment in Chapter 5, to 

determine whether these genes are essential for virulence of D. septosporum. 
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3.2 Materials and methods 

3.2.1 Identification of candidate virulence factors of Dothistroma septosporum 

based on homology to characterised genes 

Candidate virulence factors of D. septosporum were identified using a prediction pipeline (Figure 

3.1). The pipeline employed used two strategies; searching the literature for characterised 

virulence factors, or analysing the previous research performed in D. septosporum. In the 

strategy where literature searches were performed, virulence factors characterised in other 

fungal plant pathogens as playing a role in virulence, specifically in the necrotrophic switch, were 

examined. Then, the likely D. septosporum homologue of the virulence factor was identified by 

performing BlastP analysis with the protein sequence of the virulence factor identified from the 

literature as the query, against the D. septosporum NZE10 v1.0 database (filtered gene models, 

BLOSUM62 scoring matrix, expect 1.0E-5, filtering low complexity regions), using the Joint 

Genome Institute (JGI) website (https://mycocosm.jgi.doe.gov/Dotse1/Dotse1.home.html). 

Finally, gene expression of the D. septosporum homologue was examined and, if the gene was 

upregulated in planta relative to in vitro, it was selected as a candidate virulence factor. The 

other strategy utilised in this pipeline involved examination of the research already performed 

on D. septosporum. This included comparative genome analysis with F. fulva (de Wit et al., 2012), 

transcriptome analysis over the course of D. septosporum infection of the host P. radiata 

(Bradshaw et al., 2016), and an effector prediction pipeline used to select candidate effectors 

and test their response in both the non-host species Nicotiana spp. (Hunziker, 2018), and the 

host species P. radiata (Hunziker et al., 2021). Genes identified from this search which were also 

upregulated in gene expression from in vitro to in planta were selected as candidate virulence 

factors. 
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Figure 3.1. Pipeline used to identify Dothistroma septosporum candidate virulence factors. 

 

3.2.2 Identification of Fulvia fulva homologues of Dothistroma septosporum 

candidate virulence factors 

F. fulva homologues of D. septosporum candidate virulence factors were identified, and their 

gene expression analysed, to determine if the activity of this F. fulva homologue could provide 

insight into possible roles of this candidate virulence factor in D. septosporum. The F. fulva 

genome (taxid:5499, non-redundant protein sequences database) was analysed by BlastP using 

the National Center for Biotechnology Information (NCBI) website 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) with a BLOSUM62 matrix and standard parameters, 

queried with D. septosporum candidate virulence factor protein sequences. The BlastP hit with 

the highest percentage identity and subject coverage was selected as the F. fulva homologue 

and expression of the gene it encodes was analysed using existing transcriptome data of F. fulva 

strain 0WU in vitro and in planta on H-Cf-0 tomato plants (Mesarich et al., 2014).  

3.2.3 Reciprocal BlastP analysis to determine orthology 

Reciprocal BlastP analysis was performed to determine whether genes encoding homologous 

proteins (inherited through a common ancestor) were also orthologues (retained a similar 

function when inherited). Reciprocal BlastP analysis was performed by identifying the top hit in 

proteins predicted from the proteome of one organism, then performing BlastP analysis with 

that top hit back against those of the organism of the original search. If the two proteins being 

analysed were the top hits from each reciprocal search, the proteins were considered possible 

orthologues.  

Reciprocal BlastP analysis was performed between three groups of proteins (Figure 3.2): the D. 

septosporum candidate virulence factors, virulence factors from other fungal species found to 
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be homologous to D. septosporum candidates, and the F. fulva homologue of the D. 

septosporum candidate. BlastP analysis was performed using the NCBI website and conditions 

described above. However, the proteome database used was specific to the organism whose 

gene was being analysed. For BlastP analysis of the D. septosporum candidate virulence factor 

protein, the search was specific to the Dothistroma septosporum (taxid:64363) proteome 

database, for the F. fulva homologue the Fulvia fulva (taxid:5499) database was used, and for 

the homologous virulence factor from another fungal species, the database was specific to that 

species.  

 

 

Figure 3.2. Schematic showing reciprocal BlastP analyses performed between proteins from different 

fungal species. 

 

3.2.4 Construction of phylogenetic trees of Dothistroma septosporum candidate 

virulence factors and top 30 BlastP hits in Dothideomycetes 

To provide further information about the transcription factor genes selected as D. septosporum 

candidate virulence factors, phylogenetic trees were constructed. The top 30 BlastP hits of the 

virulence factor protein sequence were first identified by performing BlastP analysis using the 

NCBI website against the non-redundant protein sequences database in Dothideomycetes 

(taxid: 147541) with a BLOSUM62 matrix and standard parameters. The protein sequences were 

compiled using Geneious software (v9.1.8) and a Geneious alignment constructed as a global 

alignment with free end gaps, with a BLOSUM62 cost matrix. From the protein alignment, 

Geneious Tree Builder was used to construct a phylogenetic tree using the Jukes-Cantor genetic 

distance model, built using the Neighbor-Joining method with 100 Bootstrap replicates, to 

construct a consensus tree. The lifestyle of each fungal species was then identified from the 

literature and each phylogenetic tree annotated with this information. 
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3.2.5 Alignment of protein sequences of the top BlastP hits of DsPf2 

To further investigate any relationship between the Pf2 transcription factor protein sequence 

and fungal lifestyle, an alignment of DsPf2 and the top three BlastP hits to DsPf2 from 

Dothideomycete species, was performed. The protein sequences were previously identified 

from the top 30 BlastP hits of D. septosporum Pf2 used to construct the phylogenetic tree 

(section 3.2.4). These sequences were then analysed using InterPro 

(http://www.ebi.ac.uk/interpro/) to identify the Zn2Cys6 binuclear cluster domain (Pfam 

domain: PF00172) and fungal-specific transcription factor domain (Pfam domain: PF04082). An 

alignment of the protein sequences was performed using Geneious (v9.1.8) as described in 

section 3.2.4.   
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Of the predicted proteins of these F. fulvia homologues, all except DsGH11 were also identified 

as orthologues through reciprocal BlastP analysis (Table 3.2). 
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3.3.2 Analysis of candidate D. septosporum virulence factor effectors 

All of the candidate virulence factors in the effector genes section in Table 3.1, except DsGH11, 

were previously identified as candidate effectors from a pipeline where selection relied on the 

protein having a signal peptide, no membrane or intracellular affiliation, and having adequate 

expression in planta (Hunziker, 2018). Some of these proteins were found to induce cell death 

in the non-host plants N. benthamiana and/or N. tabacum when delivered by Agrobacterium 

tumefaciens-mediated transient transformation (Hunziker, 2018). A cell death response could 

be due to phytotoxic properties of the protein, or recognition of the protein (directly or 

indirectly) by the plant in conjunction with the activation of a hypersensitive response (HR). In 

this section, available bioinformatic prediction tools, transcriptome data, literature, and 

homologues from F. fulva and other fungal species were analysed to suggest whether the 

protein might play a role in virulence, and specifically the necrotrophic switch. 

3.3.2.1 DsCE3 

DsCE3 was first identified by Hunziker (2018) as a candidate effector without any characterised 

homologues or Pfam domains. DsCE3 is highly expressed across all in planta stages, with 

expression peaking at late stage (6.8-fold increase from mid stage and 36.1-fold increase from 

in vitro, Table 3.1). Functional analysis of DsCE3 found that this protein triggered cell death in 

N. tabacum in 58% of infiltration spots, and in N. benthamiana in 50% of infiltration spots but 

the cell death was restricted to the perimeter of the infiltration zone (Hunziker et al., 2021). The 

F. fulva orthologue of DsCE3 is also an uncharacterised protein with 70% predicted amino acid 

identity and 89% query coverage compared to DsCE3. The gene encoding this F. fulva protein is 

not highly expressed at any stage but is slightly upregulated at 8- and 12-days post-inoculation 

(dpi) from in vitro (Table 3.2). 

In subsequent work, Hunziker et al. (2021) showed that DsCE3 has 44% amino acid identity (88% 

query coverage) with the proteinaceous pathogen-associated molecular pattern (PAMP) RcCDI1, 

of Rhynchosporium commune, the causal agent of scald disease on barley (Franco-Orozco et al., 

2017) (Table 2.1). DsCE3 and the F. fulva orthologue of DsCE3 were identified as orthologues of 

RcCDI1 through reciprocal BlastP analysis (Hunziker et al., 2021) ( Table 2.2). DsCE3 shares the 

same four cysteine residues conserved in RcCDI1 and other RcCDI1 homologues, which are 

suggested to form two intramolecular disulphide bonds (Franco-Orozco et al., 2017). Alignment 

of predicted secondary structures of DsCE3 and RcCDI1 suggested high similarity (Hunziker, 

2018).  
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In R. commune, RcCDI1 is expressed at 40-fold higher levels during early infection at 3 dpi than 

in vitro, which coincides with cuticle penetration and the start of apoplast colonization (Franco-

Orozco et al., 2017). Numerous homologues of RcCDI1 were identified from Ascomycete species 

with a range of different lifestyles. RcCDI1, as well as RcCDI1 homologues from pathogenic fungi 

and a saprophytic fungus, were found to trigger strong cell death in N. benthamiana (Franco-

Orozco et al., 2017). RcCDI1 was also shown to trigger strong cell death in the Solanaceae plants 

Nicotiana sylvestris, tomato, and potato, but not in Arabidopsis thaliana, bean, or several 

monocot species including the barley host (Franco-Orozco et al., 2017). Conservation of RcCDI1 

across Ascomycete species and the discovery that recognition in N. benthamiana is dependent 

on the two leucine-rich repeat (LRR) receptor-like kinase (RLK) receptors, BAK1 and SOBIRI, lead 

to the suggestion that RcCDI1 is a PAMP (Franco-Orozco et al., 2017).  

Despite DsCE3 and the F. fulva DsCE3 orthologue being orthologous to RcCDI1, these genes have 

different expression profiles. Moreover, the cell death induced in N. benthamiana by DsCE3 

(Hunziker, 2018; Hunziker et al., 2021) is not as strong as that induced by RcCDI1 (Franco-Orozco 

et al., 2017). RcCDI1 was also shown to be recognized by tomato (Franco-Orozco et al., 2017), 

therefore it is likely that the F. fulva orthologue is also recognized as a PAMP by its tomato host. 

The expression profile of the F. fulva DsCE3 and RcCDI1 orthologue could be consistent with that 

of a PAMP, as this gene is lowly expressed during the biotrophic stage (Table 2.2), when 

recognition by the host could contribute to host resistance. Low expression at the biotrophic 

stage is also expected for DsCE3 if this gene functions as a PAMP, but DsCE3 is highly expressed 

across all in planta stages (Table 2.1). It is possible that DsCE3 is not recognized by P. radiata as 

a PAMP, or that DsCE3 recognition is masked by another effector during the biotrophic stage. In 

summary, DsCE3 is a highly expressed gene in the late stage of infection by D. septosporum, the 

orthologue in F. fulva is not well expressed, but both are orthologous to well-characterised 

PAMPs in other fungal pathogens.   

3.3.2.2 DsCE15 

Like DsCE3, DsCE15 was first identified by Hunziker (2018) as a candidate effector with no 

characterised homologues or Pfam domains. Protein structure analysis of DsCE15 did not 

produce any hits to structures of characterised proteins, suggesting that DsCE15 may contain a 

novel structural fold (Hunziker, 2018). Expression of DsCE15 is highly induced at the mid and late 

stages in planta, where the increase from in vitro to mid is the highest of all candidates at 256-

fold (Table 3.1). Functional analysis showed that DsCE15 triggered strong and consistent cell 

death in at least 90% of infiltration zones in N. tabacum. However, in N. benthamiana leaves, 
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cell death was weak, restricted to the perimeter of the infiltration zone, and occurred in less 

than 50% of infiltrations (Hunziker et al., 2021). The F. fulva orthologue of DsCE15 is an 

uncharacterised protein with 83% amino acid identity (Table 3.2). The F. fulva gene encoding 

the DsCE15 orthologue is highly expressed in vitro, not expressed at 4 dpi in planta and peaks in 

expression at 12 dpi (Table 3.2). 

Subsequent bioinformatic analysis revealed that DsCE3 was similar to many hypothetical 

proteins with a total of 380 BlastP hits across Ascomycete and Basidiomycete fungal species 

(Hunziker et al., 2021). DsCE15 and its orthologue in F. fulva were both identified as orthologues 

of the cross-kingdom PAMP VmE02 of Valsa mali, the necrotrophic causal agent of apple Valsa 

canker (Hunziker et al., 2021; Nie et al., 2019). VmE02 is upregulated at an early stage of 

infection (6 hours post-inoculation) on apple twigs (Nie et al., 2019). DsCE15 has 60% amino acid 

identity and ten conserved cysteine residues with VmE02 (Table 2.1) (Hunziker et al., 2021). Like 

DsCE15, VmE02 is well conserved across fungal species, and homologues of VmE02 are also 

found in some oomycetes. VmE02 and some homologues can trigger cell death in N. 

benthamiana (Nie et al., 2019). VmE02-triggered cell death is mediated by the receptor-like 

protein RE02 in complex with SOBIR1 and BAK1. RE02 is a target for future disease resistance 

strategies, as overexpression of RE02 increases resistance in N. benthamiana to the 

phytopathogens Phytophthora capsici and Sclerotinia sclerotiorum (Nie et al., 2021). 

Interestingly, VmE02 was not suggested to be a virulence factor as deletion mutants were not 

affected in virulence. However, conidiation of these mutants was significantly reduced, 

suggesting that VmE02 acts as a positive regulator of conidiation (Nie et al., 2019). 

Both D. septosporum and F. fulva have biotrophic stages of growth, where activation of host 

immunity would be detrimental to virulence. Interestingly, expression of DsCE15 and the F. fulva 

DsCE15 orthologue are low during these biotrophic periods of growth, which is consistent with 

what is expected from a PAMP, such as VmE02. However, the significant induction of DsCE15 

expression during the mid stage of pine infection, which coincides with early lesion 

development, is consistent with a possible function of DsCE15 during the necrotrophic stage. It 

has been shown that necrotrophic phytopathogens can manipulate the host immune response 

to their own advantage, and use host-triggered cell death to facilitate feeding and infection 

(Friesen & Faris, 2021; Wolpert & Lorang, 2016). Therefore, it is possible that DsCE15 could 

function as a PAMP during the mid stage to activate host-triggered cell death and facilitate lesion 

development, perhaps even facilitating the necrotrophic switch. In summary, DsCE15 is a cell 

death elicitor highly expressed during the mid and late stages of infection of pine, with a possible 

role as a PAMP facilitating necrotrophic growth.  
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3.3.2.3 DsCPL1 

DsCPL1 was also selected as a candidate effector from the prediction pipeline developed by 

Hunziker (2018). DsCPL1 is suggested to encode a cerato-platanin protein (Table 3.1). DsCPL1 is 

highly expressed in vitro and a decrease in gene expression of 3.6-fold is found in the early stage 

in planta. Expression increases at mid stage (7.2-fold increase from early stage), and also at late 

stage (2.6-fold increase from mid stage and 5.1-fold increase from in vitro, Table 2.1). Functional 

analysis showed that DsCPL1 does not elicit cell death in N. benthamiana or N. tabacum 

(Hunziker, 2018). The F. fulva orthologue of DsCPL1 was identified as FfEcp45, with 91% amino 

acid identity (87% query coverage) compared to DsCPL1. FfEcp45 is upregulated in planta across 

all time points but expression peaks at 8 dpi where it is 30.5-fold higher than in vitro (Table 3.2). 

DsCPL1 is the only gene in the D. septosporum genome (de Wit et al., 2012) that encodes a 

protein with the cerato-platanin Pfam domain (El-Gebali et al., 2018). Many cerato-platanins are 

thought to play a role in the interaction between fungus and plant host because they are both 

secreted and localized in the fungal cell wall (Pazzagli et al., 2014). Cerato-platanins have been 

found to act as elicitors or virulence factors (Pazzagli et al., 2014), with a cerato-platanin protein 

from Fusarium oxysporum (FocCP1) shown to be essential for virulence (S. Li et al., 2019).  

DsCPL1 and Ecp45 of F. fulva are orthologues of HaCPL2 from the conifer pathogen 

Heterobasidion annosum sensu stricto (Table 3.1, Table 3.2) (Hunziker, 2018). DsCPL1 has 56% 

amino acid identity (82% query coverage) with HaCPL2 (Table 3.1). Recombinant expression of 

HaCPL2 in Pichia pastoris, followed by infiltration of the protein into both the host Pinus 

sylvestris (Scots pine) and the non-host N. tabacum was found to trigger a cell death response 

(Chen et al., 2015). A. tumefaciens-mediated transient transformation of HaCPL2 in N. 

benthamiana did not trigger cell death, but infiltration of the apoplastic washing fluid, 

containing HaCPL2, into susceptible genotypes of P. radiata induced a cell death response 

(Hunziker, 2018). It was hypothesised that HaCPL2 triggers cell death through recognition of a 

shared pattern recognition receptor (PRR) in P. sylvestris and P. radiata (Hunziker, 2018). As an 

orthologue of HaCPL2, it is possible that DsCPL1 is also recognised by the P. radiata host. 

Expression of DsCPL1 is low in the early biotrophic stage compared to other stages, however 

whether this level of expression is low enough to avoid detection by the host is uncertain. It is 

possible that in P. radiata, recognition of DsCPL1 could be masked by another effector, as has 

been shown for AvrLm3 and AvrLm4-7 in Leptosphaeria maculans (Plissonneau et al., 2016). 

Expression of DsCPL1 is upregulated from the mid stage onward (Table 3.1) when D. 

septosporum is growing necrotrophically. It is also possible that DsCPL1 could trigger cell death 
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3.3.2.5 DsGH11 

DsGH11 was the only shortlisted effector not selected from the pipeline developed by Hunziker 

(2018). Therefore, functional analysis to determine if DsGH11 triggers cell death in Nicotiana 

species has not been performed. DsGH11 was identified as a candidate virulence factor due to 

homology to SNOR_15270, a putative necrotrophic effector of P. nodorum regulated by PnPf2 

(Jones et al., 2019). DsGH11 has 58% amino acid identity with SNOR_15270 (Table 3.1). DsGH11 

is highly expressed with significant upregulation at all in planta stages, with the largest increase 

being at the mid stage (111-fold increase from in vitro, Table 3.1). The top BlastP hit to DsGH11 

from F. fulva was an endo-1,4-beta-xylanase B protein with 55% amino acid identity and 90% 

query coverage. The gene encoding this F. fulva protein is not expressed at any stage in vitro or 

in planta (Table 3.2).  

DsGH11 is a glycosyl hydrolase of family 11 (GH11) (Table 3.1). GHs are the largest class of 

carbohydrate-active enzymes (CAZymes), and are involved in the biosynthesis, modification, or 

breakdown of glycosidic bonds found in glycoconjugates and carbohydrates. CAZymes are 

important for fungal phytopathogens, especially necrotrophs and hemibiotrophs, as shown by 

the greater numbers of CAZyme-encoding genes generally found in these pathogens compared 

to biotrophs (Bradley et al., 2022). GH proteins specifically hydrolyse and/or rearrange the 

glycosidic bonds in glycoconjugates, oligo- and polysaccharides. Many GHs are suggested to act 

as microbe-associated molecular patterns (MAMPs) as they can trigger cell death in the host, 

independent of their enzymatic activity (Bradley et al., 2022). One example is GH11 protein 

Xyn11A from Botrytis cinerea (Brito et al., 2006). Xyn11A induces cell death as well as other 

immune responses in host plants, including tomato, and gene deletion mutants have reduced 

virulence (Brito et al., 2006). Enzymatic activity is not required for Xyn11A-induced cell death 

responses, or virulence, as it has been shown that mutants complemented with a gene encoding 

an enzymatically inactive Xyn11A protein restore full virulence, suggesting Xyn11A contributes 

to virulence by inducing necrosis (Noda, Brito, & González, 2010).  

SNOR_15270 and DsGH11 have similarity to Xyn11A (Jones et al., 2019) (Table 3.1), and the 

endo-1,4-beta-xylanase B protein from F. fulva is an orthologue (Table 3.2). Because tomato is 

one of the hosts of B. cinerea for grey mould disease (Brito et al., 2006), it seems likely that the 

F. fulva ortholog of Xyn11A would also trigger cell death in tomato. Therefore, expression of the 

gene encoding this protein might be significantly down-regulated during biotrophy to prevent 

activation of the host immune response. As a hemibiotroph, expression of DsGH11 in D. 

septosporum is expected to be low in the biotrophic stage, but high once cell death occurs in the 
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necrotrophic stage. However, DsGH11 is highly expressed at all stages in planta (Table 3.1), 

suggesting that either DsGH11 is not recognised by the host to activate an immune response, or 

that other effectors function during the biotrophic stage to suppress cell death. In summary, 

DsGH11 has homology to known cell death-eliciting effector proteins, is highly expressed 

throughout infection and could potentially function in the necrotrophic switch.  

3.3.3 Analysis of candidate transcription factors 

Among the transcription factor candidates listed in Table 3.1, DsPf2, Ds41021, and Ds68895 

were identified as potential homologues to characterised virulence factors from the literature, 

while Ds74812 and Ds69328 were previously described as potential necrotrophic switch 

factors from the transcriptional analysis of D. septosporum infection of P. radiata (Bradshaw et 

al., 2016). In this section, the candidate transcription factors in Table 3.1 were analysed in the 

same way as the candidate effectors in section 3.3.2, with the addition of phylogenetic 

analysis of the top BlastP hits and comparison with fungal lifestyle. This analysis was 

performed to investigate whether these proteins could play a role in virulence, specifically in 

the necrotrophic switch. 

3.3.3.1 DsPf2 

DsPf2 was identified as a candidate virulence factor because of its orthology to PnPf2 of P. 

nodorum, sharing 54% amino acid identity (79% query coverage) (Table 3.1). DsPf2 is a Zn2Cys6 

fungal transcription factor, as suggested by the presence of two Pfam domains of this type 

(Table 3.1). Gene expression of DsPf2 is relatively consistent across all stages, with only a small 

increase from early to mid stage of 2.4-fold (Table 3.1). The F. fulva orthologue of DsPf2 and 

PnPf2 is the putative sucrose utilization protein SUC1, with 89% amino acid identity to DsPf2 and 

the same two domains as DsPf2, suggesting it is also a Zn2Cys6 fungal transcription factor. The F. 

fulva gene that encodes this protein is highly expressed in vitro but is barely expressed at any 

stage in planta (Table 3.2).  

Analysis of the top 30 BlastP hits to DsPf2 from Dothideomycete species (Appendix 10) shows 

that DsPf2 is well conserved among Dothideomycetes. When compared to DsPf2, the top 30 hits 

all had amino acid identities higher than 68%, query coverage of greater than 78%, and an E 

value of 0 (Appendix 10). Phylogenetic analysis of these proteins (Figure 3.3) appears to show 

clustering due to phylogenetic relationships between species, rather than shared fungal lifestyle. 

About half of the proteins are from fungal species that are saprotrophic or non-pathogenic. 

DsPf2 clusters with a group of proteins from pathogenic fungi, the exception being the protein 

from saprophyte Zasmidium cellare. To compare the amino acid sequences from fungi with 
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different lifestyles, an alignment was performed between DsPf2, PnPf2 and the proteins from Z. 

cellare and F. fulva which clustered closest to DsPf2 (Figure 3.4). As expected from the 

phylogeny, the alignment showed that PnPf2 is the most different out of the four protein 

sequences, in sequence length and position of the fungal transcription factor domain. The fungal 

Zn2Cys6 binuclear cluster domain region is well conserved between the four sequences, with 

only four variable amino acids (marked with red asterisks, Figure 3.4). The amino acid at position 

69 is variable between all four sequences; amino acids at positions 58 and 64 are different in the 

PnPf2 sequence only, and the amino acid at position 77 is different in the Z. cellare sequence 

only. The variable amino acids in the PnPf2 sequence reflect the fact that this protein is the most 

phylogenetically distant among those in the alignment. 

The first Pf2 transcription factor identified was in Alternaria brassiciola, the causal agent of dark 

leaf spot of Brassica species (Cho, Ohm, Grigoriev, & Srivastava, 2013). Gene knock-out mutants 

were not affected in vegetative growth, when compared to the WT fungus, but unable to cause 

disease symptoms on the host. Expression of AbPf2 was highly induced during the early stages 

of infection but decreased dramatically once colonization of the host tissues occurred. A total of 

106 genes were found to be induced by AbPf2, eight of which encode putative effector proteins 

(Cho et al., 2013). The Pf2 orthologue in P. nodorum, causal agent of Septoria nodorum blotch 

of wheat, was subsequently investigated in a similar way (Jones et al., 2019; Rybak et al., 2017). 

Deletion of PnPf2 caused necrotrophic effector genes SnToxA and SnTox3 to be down-regulated 

and resulted in strongly reduced virulence on wheat cultivars with the corresponding receptors 

Tsn1 and Snn3, respectively (Rybak et al., 2017). Similar results were found from deletion of the 

Pf2 orthologue in Pyrenophora tritici-repentis, causal agent of tan spot of wheat (Rybak et al., 

2017). Transcriptional analysis of the P. nodorum PnPf2 deletion mutant compared with WT 

fungus showed that PnPf2 up-regulates expression of genes associated with proteolysis and cell 

wall degradation, as well as 12 putative effector genes (Jones et al., 2019). These results suggest 

that through regulation of genes involved in breaking down the plant cell wall, and assimilating 

nutrients, PnPf2 could be important for establishing the necrotrophic lifestyle of P. nodorum 

(Jones et al., 2019).  

The Pf2 genes from A. brassiciola, P. nodorum and P. tritici-repentis were all highly expressed 

during early infection and expression decreased once necrosis of the host tissue occurred (Cho 

et al., 2013; Rybak et al., 2017), while the Pf2 gene from D. septosporum is not highly expressed 

at any stages in vitro or in planta (Table 3.1). However, during transcriptional analysis of D. 

septosporum (Bradshaw et al., 2016), DsPf2 was mis-annotated, and a truncated version (~50% 

of full sequence) was analysed. Therefore, it is possible that the gene expression of DsPf2 
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recorded by Bradshaw et al. (2016) is not accurate. In summary, DsPf2 is a putative Zn2Cys6 

transcription factor that may regulate the necrotrophic lifestyle in D. septosporum due to 

homology with PnPf2 of P. nodorum, although the available transcriptomic data suggest it has 

only low expression in planta. 

 

 

Figure 3.3. Phylogenetic tree of protein sequences of the top 30 BlastP hits from Dothideomycetes species 

(taxid: 147541) to Dothistroma septosporum DsPf2 (Ds68376), as well as homologue PnPf2 from 

Parastagonospora nodorum used to identify DsPf2. The lifestyles of the Dothideomycete fungi were 

determined from literature and illustrated by a coloured dot; blue, saprophytic or non-pathogenic; red, 

necrotrophic; green, biotrophic; yellow, hemibiotrophic; black, endophytic; white, pathogenic but lifestyle 

undetermined. One species has two dots, Ramularia collo-cygni, because in the literature this fungus has 

been shown to change from endophytic growth to necrotrophic. The tree was made using the Neighbour-

Joining method and the Jukes-Cantor genetic distance model, with 100 bootstrap replicates. Consensus 

support is illustrated at each node as a percentage. The homologue of DsPf2, PnPf2, from P. nodorum was 

used as an outgroup. 
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Figure 3.4. Amino acid alignment of DsPf2 and the BlastP hit sequences from Parastagonospora nodorum 

(PnPf2), Zasmidium cellare, and Fulvia fulva. Two domains predicted by InterPro 

(https://www.ebi.ac.uk/interpro/) are illustrated by a coloured line underneath the amino acid 

sequences; turquoise, Fungal Zn2-Cys6 binuclear cluster domain (PF00172); and dark blue, Transcription 

factor domain, fungi (IPR007219). Polymorphic amino acids of interest within the zinc cluster domain are 

marked with a red asterisk. Alignment was made using Geneious software (v9.1.8.) as a global alignment 

with free end gaps, using a Blosum62 cost matrix.  

 

3.3.3.2 Ds74812 

Ds74812 does not have any known Pfam domains (Table 3.1) but is predicted to encode a bZIP 

transcription factor protein (Bradshaw et al., 2016). Gene expression of Ds74812 is high in vitro 

and decreases by 14.6-fold at the early stage. Expression increases dramatically from the early 

stage to be 22.4-fold higher in the mid stage and remains relatively high during the late stage 

(Table 3.1). This high induction of expression at the mid stage was not observed for any other 

D. septosporum bZIP transcription factor predicted from the genome, where the next highest 

difference from early to mid stage was 3.1-fold (Appendix 11). Ds74812 was identified as a 

candidate virulence factor from the D. septosporum transcriptome study, where high expression 

at the mid stage suggested this gene could play a role in the necrotrophic switch (Bradshaw et 

al., 2016). Ds74812 does not have homology to any characterised proteins, and the top BlastP 

hit is to a hypothetical protein from Pyrenophora teres f. teres with 44% amino acid identity 

(Table 3.1). BlastP analysis of Ds74812 against the F. fulva proteome did not produce any hits 

(Table 3.2), suggesting that F. fulva lost or pseudogenized the gene encoding this protein, or 

Ds74812 evolved in D. septosporum after the two fungi split from their common ancestor. 

Therefore, it is possible that Ds74812 functions in a role specific to D. septosporum, such as 

eliciting cell death to enable lesion expansion and sporulation. 

Analysis of the top 30 BlastP hits to Ds74812 (Appendix 12) showed that Ds74812 is not well 

conserved among Dothideomycete species. The top hits had less than 50% amino acid identity 

and, after the seventh top hit, query coverage dropped to less than 50% (Appendix 12). 

Phylogenetic analysis of the top 30 BlastP hits to Ds74812 from Dothideomycete species (Figure 

3.5) showed that Ds74812 groups in a clade with proteins from pathogenic fungi. Proteins from 

fungi with different pathogenic lifestyles are spread throughout the tree, although the 

proportion of proteins from saprophytic or non-pathogenic species is low compared with the 

phylogenetic tree of DsPf2. The proteins which clustered closest with Ds74812 are from 
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Pseudocercospora eumusae and Psedocercospora musae, both of which are hemibiotrophic 

pathogens.  

 

 

Figure 3.5. Phylogenetic tree of protein sequences of the top 30 BlastP hits from Dothideomycetes species 

(taxid: 147541) to Dothistroma septosporum protein Ds74812 (highlighted in grey).  The lifestyle of the 

Dothideomycete fungi was determined from literature and illustrated by a coloured dot; dark blue, 

saprophytic or non-pathogenic; red, necrotrophic; green, biotrophic; yellow, hemibiotrophic; black, 

endophytic; white, pathogenic but lifestyle undetermined; brown, human pathogen; light blue, insect 

pathogen. One species has two dots, Ramularia collo-cygni, because in the literature this fungus has been 

shown to change from endophytic growth to necrotrophic. Phylogenetic tree was made using the 

Neighbour-Joining method and the Jukes-Cantor genetic distance model, with 100 bootstrap replicates. 

Consensus support is illustrated at each node as a percentage. 
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bZIPs are one of the major transcription factor families in fungi and are also found in abundance 

across other eukaryotes. These transcription factors regulate a wide range of cellular processes, 

partly due to their ability to form dimers with other bZIPs (John et al., 2021). Several bZIP 

transcription factors have been shown to be important for fungal virulence. The bZIP 

transcription factor FpAda1 of Fusarium pseudograminearum, causal agent of Fusarium crown 

rot in wheat and barley, was shown to be important for virulence in a gene deletion study. 

Deletion of FpAda1 led to defects in vegetative growth of the pathogen, while pathogenicity 

assays of the mutants showed successful penetration and proliferation in the host, but a 

reduction in virulence compared to the WT fungus (Chen et al., 2019). Similarly, the bZIP 

transcription factor VdHapX of Verticillium dahliae, which causes vascular wilt in over 200 plant 

species, was shown to be a key regulator of iron homeostasis, and was required for full virulence 

in smoke tree seedlings (Wang et al., 2018). These studies show that bZIP transcription factors 

can play important roles in virulence, as well as other cellular processes. In summary, Ds74812 

is a predicted basic-leucine zipper transcription factor with a possible role in the necrotrophic 

switch due to induced gene expression at the mid stage, and absence of a homologous protein 

in F. fulva. 

3.3.3.3 Ds69328 

Ds69328 is suggested to encode a Zn2Cys6 fungal transcription factor based on the presence of 

two Pfam domains (Table 3.1). Expression of Ds69328 is low in vitro and during the early stage. 

Similar to Ds74812, expression of Ds69328 increases from early to mid stage by 21.8-fold, and 

at the mid stage gene expression is 14 times higher than in vitro. Gene expression then decreases 

at the late stage (Table 3.1). Like Ds74812, Ds69328 was identified as a candidate virulence 

factor from the D. septosporum transcriptomic study, where induced expression at the mid stage 

suggested this gene could play a role in the necrotrophic switch (Bradshaw et al., 2016). Ds69328 

does not have homology to any characterised proteins, and the F. fulva orthologue is an 

uncharacterised protein with 84% amino acid identity and 71% query coverage to Ds69328 

(Table 3.1). Expression of the gene encoding this F. fulva protein is low in vitro, zero at 4 and 8 

dpi, and low at 12 dpi (Table 3.2).  

Analysis of the top 30 BlastP hits to Ds69328 from Dothideomycete species (Appendix 13) 

showed that Ds69328 is not well conserved outside of the top hit from F. fulva. The second hit 

had less than 50% amino acid identity and by the 30th hit amino acid identity was only 23%. 

Query coverage remained consistently around 70% for all hits (Appendix 13). Phylogenetic 

analysis of the top 30 BlastP hits to Ds69328 in Dothideomycete species (Figure 3.6) suggested 
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that clustering was due to phylogenetic relationships between the fungi rather than shared 

lifestyle. Ds69328 clustered with proteins from the two close relatives of D. septosporum: F. 

fulva and Z. cellare. 

 

 

Figure 3.6. Phylogenetic tree of protein sequences of the top BlastP hits from Dothideomycetes species 

(taxid: 147541) to Dothistroma septosporum protein Ds69328 (highlighted in grey).  The lifestyle of the 

Dothideomycete fungi was determined from literature and illustrated by a coloured dot; dark blue, 

saprophytic or non-pathogenic; red, necrotrophic; green, biotrophic; yellow, hemibiotrophic; black, 

endophytic; white, pathogenic but lifestyle undetermined.; purple, fungal parasite. One species has two 

dots, Ramularia collo-cygni, because in the literature this fungus has been shown to change from 

endophytic growth to necrotrophic. Phylogenetic tree was made using the Neighbour-Joining method and 

the Jukes-Cantor genetic distance model, with 100 bootstrap replicates. Consensus support is illustrated 

at each node as a percentage. 
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Genes that degrade purine have recently been shown to be required for full virulence and 

prevention of nitrogen starvation (Perino, Glienke, de Oliveira Silva, & Deising, 2020). 

Application of a chemical inhibitor of a purine degradation gene was shown to reduce virulence 

of C. lindemuthianum and four other pathogens. This suggests that inhibiting the purine 

degradation pathway could be a viable disease control strategy (Perino et al., 2020). 

Phylogenetic analysis of the top 30 BlastP hits to Ds68895 in Dothideomycete species (Figure 

3.8) showed that proteins may cluster because of fungal lifestyle rather than phylogenetic 

relationship. Ds68895 clusters in a clade with other proteins from pathogenic fungal species, 

except for the protein from Z. cellare. However, consensus support for this clade is only 56%, 

and two proteins from pathogenic fungal species are found outside of the clade. Proteins from 

non-pathogenic fungal species make up approximately half of the total proteins. Ds68895 

clusters closest with the protein from F. fulva, then the protein from Z. cellare. The C. 

lindemuthianum protein CLTA1 is most distant from Ds68895 (Figure 3.8). 
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Figure 3.8. Phylogenetic tree of protein sequences of the top 30 BlastP hits from Dothideomycetes species 

(taxid: 147541) to Dothistroma septosporum protein Ds68895 (highlighted in grey) and homologue CLTA1 

from Colletotrichum lindemuthianum (used as an outgroup).  The lifestyles of the Dothideomycete fungi 

were determined from literature and illustrated by a coloured dot; dark blue, saprophytic or non-

pathogenic; red, necrotrophic; green, biotrophic; yellow, hemibiotrophic; black, endophytic; white, 

pathogenic but lifestyle undetermined. One species has two dots, Ramularia collo-cygni, because in the 

literature this fungus has been shown to change from endophytic growth to necrotrophic. Phylogenetic 

tree was made using the Neighbour-Joining method and the Jukes-Cantor genetic distance model, with 

100 bootstrap replicates. Consensus support is illustrated at each node as a percentage. 

 

Ds68895 and the F. fulva predicted positive regulator of purine utilization protein, are 

orthologues of CLTA1 of C. lindemuthianum (Table 3.1, Table 3.2). CLTA1 was identified from a 

random insertional mutagenesis experiment, where the mutant was non-pathogenic and 

induced HR-like necrotic spots on the host. The mutant was blocked at the transition to 

necrotrophy, as hyphal growth was inhibited at 3 dpi and no secondary hyphae were 
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fold-containing proteins (such as DsCE3) may function in the biotrophic stage to escape host 

recognition, or have a toxic effect through host membrane disruption, and function in the 

necrotrophic stage (Tarallo, 2022). This study also identified an orthologue of DsCE3 in the pine 

pathogen Cyclaneusma minus, which elicited chlorosis or weak cell death in N. benthamiana and 

N. tabacum (Tarallo, 2022). Gene deletion of DsCE3 will help elucidate what function this gene 

performs in D. septosporum and if it is required for full virulence on P. radiata. 

The transcription factor selected for gene deletion analysis was Ds69328. Ds69328 is a Zn2Cys6 

transcription factor highly expressed specifically at the mid stage of D. septosporum infection of 

P. radiata (Table 3.1). The mid stage is when early necrotic lesions form and is hypothesised to 

be when the transition to necrotrophic growth occurs. Ds69328 is not well conserved outside of 

the orthologue in F. fulva (Appendix 13), in which it is not expressed at all during early infection 

(Table 3.2), suggesting a role outside of biotrophic growth. Phylogenetic analysis showed that 

the top 30 hits of Ds69328 clustered due to phylogenetic relationships rather than fungal 

lifestyle (Figure 3.6), suggesting that this protein may play different roles in different fungi. 

These results point to a possible role of Ds69328 in the necrotrophic switch in D. septosporum, 

a process that has been understudied in hemibiotrophic pathogens. Analysis of gene deletion 

mutants of Ds69328 will determine whether this hypothesis is correct, and whether Ds69328 is 

required for virulence on P. radiata. 
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virulence factors is proteomic analysis of apoplastic washing fluid from a successful interaction 

between the pathogen and the plant host (de Wit, Buurlage, & Hammond, 1986). Indeed, 

proteomic and transcriptomic analysis of apoplastic washing fluid from a Fulvia fulva-tomato 

interaction identified over 60 new candidate effectors (Mesarich et al., 2018). Analysis of 

apoplastic washing fluid from a compatible D. septosporum-pine interaction has not been 

performed before, as the tough epidermis of pine needles makes infiltration exceedingly difficult 

(R. Bradshaw, per comm). However, the recent use of tissue culture-generated pine shoots to 

test the effects of recombinantly expressed proteins, found that this soft tissue could be 

vacuum-infiltrated with liquid (Hunziker, 2018; Hunziker et al., 2021; Tarallo et al., 2022). 

Indeed, apoplastic washing fluid harvest was found to be successful in a preliminary trial with 

uninfected pine shoots (Appendix 17). Unfortunately, the pine shoots did not perform well in a 

D. septosporum infection trial, where many died before the infection cycle was completed 

(Appendix 18). Although proteomic analysis of apoplastic washing fluid is the ideal method for 

identifying secreted virulence factors, analysis of the in vitro proteome can also provide insights 

into the fungal secretome (Bradley et al., 2022; He et al., 2021; Pierre, Griffith, Morphew, Mur, 

& Scott, 2017; Yang et al., 2021). 

In this study, proteomic analysis was performed on the culture filtrates of D. septosporum and 

F. fulva grown in different conditions, and comparisons were made between the two fungal 

secretomes. For both fungi, samples were grown in a nutrient-rich medium, as well as a nutrient-

poor medium which is suggested to mimic in planta conditions (Fernando et al., 2019). Unlike F. 

fulva (Mesarich et al., 2018), in planta proteomic analysis of D. septosporum has not, as 

mentioned above, been performed previously. Therefore, to provide additional in planta-like 

conditions, some D. septosporum samples were cultured in medium with plant extract (pine 

extract, as pine needle-soaked water), a technique that has been utilized in other systems to 

more closely mimic in planta conditions (He et al., 2021). Samples from both fungi were 

harvested at different time points for each medium, based on prior work with D. septosporum 

in which these media had been used. For nutrient-poor medium, the time points were chosen 

to correspond with those from a D. septosporum transcriptome study (Ozturk et al., 2019). For 

nutrient-rich medium, two time points (day 4 and 9) were chosen to correspond with samples 

from a study of dothistromin biosynthesis in D. septosporum (Chettri et al., 2018). That study 

showed that, when grown in low Dothistroma medium (LDM; Appendix 19), 4 dpi was an early 

exponential phase of D. septosporum growth in which dothistromin gene expression and the 

rate of dothistromin production were rapidly increasing. At 9 dpi, the rate of dothistromin 

biosynthesis had started to decline, although dothistromin still accumulated to high levels as the 
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biomass increased (Figure 4.1) (Chettri et al., 2018). These samples might loosely correlate with 

the mid (early lesion) and late (sporulating lesion) in planta stages (Bradshaw et al., 2016; Kabir 

et al., 2015b), and analysis may lead to identification of proteins with a role in the necrotrophic 

switch. 

 

 

Figure 4.1. Rate of dothistromin production and expression of key biosynthesis genes in Dothistroma 

septosporum.  (a) Rate of dothistromin production (ng dothistromin per mg dry weight (DW) of mycelium) 

is shown by a black line, while D. septosporum biomass accumulation (mg of dry weight of mycelium) is 

shown by a grey line, over a time course. (b) Expression of key dothistromin biosynthesis genes DsAflR 

and DsPksA relative to the geometric mean of two control genes (DsTub1 and DsTef1), over the same time 

course. Taken from Chettri et al. (2018). 

 

This chapter presents the first culture filtrate proteomes of D. septosporum and F. fulva. The 

comparative analysis presented here identified trends in both fungal secretomes, provided 

evidence to support a hemibiotrophic lifestyle of F. fulva, and identified proteins of interest 

which may play a role in virulence.   
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