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Summary 

The fungus Zymoseptoria tritici is the causal agent of Septoria tritici blotch (STB), one 

of the most economically devastating diseases of wheat (Triticum aestivum) 

particularly in the humid countries of Northern-Western Europe, including Ireland. The 

management of STB is a problem due to the ability of the pathogen to adapt to 

environmental changes, to overcome resistant varieties and fungicide insensitivity. 

Little is known about the molecular and cellular strategies used by the pathogen to 

cause disease. This study aimed to identify candidate virulence genes and search for 

differences in gene expression and polymorphic variants between two Irish isolates 

(IPO553 and IPO560), and the Dutch isolate IPO323, that may impact on the 

progression of STB. We sequenced the transcriptome of the Z. tritici isolates IPO323, 

IPO553 and IPO560 obtained from infected wheat seedlings at 7 dpi. The RNA 

sequencing allowed the identification of 9556 genes expressed in all the fungal isolates. 

This includes 820 genes encode proteins predicted to be secreted during wheat 

pathogenesis, while 363 of them are Small Secreted Peptides (SSPs), some of which 

are highly expressed at 7 days post infection (dpi), suggesting that these genes may 

play a role in wheat pathogenesis. Twelve genes encoding SSPs were significantly 

differentially expressed between Z. tritici isolates, which may be involved in 

intraspecific variation in STB. This includes several genes encoding SSPs, interestingly, 

with no functional annotation. We also performed a genomic approach to search for 

Single Nucleotide Polymorphisms (SNPs) in the Irish isolates IPO553 and IPO560, 

compared to the reference genome isolate IPO323. Focusing on SSPs exhibiting 

significant differences in gene expression, eleven of these exhibit Single Nucleotide 

Polymorphisms (SNPs) in the Irish isolates IPO553 and IPO560, in comparison to the 

reference genome isolate IPO323. We also evaluated variations in disease severity and 

progression in the Z. tritici isolates IPO323, IPO553, IPO560. The Irish isolate IPO553 

was found to be the most virulent, exhibiting a higher percentage of pycnidia coverage 

at 21 dpi and causing early disease symptoms compared to the isolates IPO323 and 

IPO560. Six candidate virulence genes were cloned and their expression profile was 

analysed during the progression of disease. All six genes were expressed in all Z. tritici 

isolates at 7 dpi, but most of them were highly expressed in the Irish isolate IPO553 

compared to the other isolates. 
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Introduction 

Wheat is third most produced cereal crop in the world and the most important within 

the EU, providing food for humans and animal feed (O'Driscoll et al., 2014; Fones and 

Gurr, 2015). Over the past 10 years, wheat production has increased by 23%. Since 

the world population is projected to rise up to 9 million, the demand on wheat is 

expected to rise by 60% (faostat3.fao.org/; Wheat Initiative, 2015). One of the main 

goals of agricultural research is the increase in crop production to meet human needs 

and to find solutions to reduce the negative impact of biotic and abiotic stresses. 

Septoria tritici blotch (STB) is one of the most devastating foliar diseases of wheat 

grown in temperate climates throughout the world (Dean et al., 2012) (Figure 1). The 

causal agent is the ascomycota fungus Zymoseptoria tritici (formerly Mycosphaerella 

graminicola or Septoria tritici). Since humid climates are favourable for the growth of 

this pathogen, the most affected countries are in "Maritime Zones" (Bouma, 2005; 

European and Mediterranean Plant Protection Organisation (EPPO) bulletin 35) in 

Northern-Western Europe, including Ireland. In the 1970s-80s, Z. tritici was able to 

cause losses of up to 50% of crop yield in fields planted with susceptible wheat cultivars 

(Eyal et al., 1987, Burke and Dunne, 2008, Dooley et al., 2016).   

 

Figure 1. Wheat leaf infected by Z. tritici: necrotic tissues and pycnidia are visible during the late stage of the 
infection process. 
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70% of the annual fungicide usage in Europe is used to control STB (Fones and Gurr, 

2015). However, the application of chemical treatments has a limited effect because of 

the ability of the pathogen to increase on one hand fungicide resistance, as reported 

for the methyl benzimidazole carbamates (MBCs) and the quinone outside inhibitors 

(QoIs) (Fraaije et al., 2012), and fungicide insensitivity on the other, which was the 

case for demethylase inhibitors (DMIs) (O'Driscoll et al., 2014). Within Europe, the 

Regulation (EC) No 1107/2009 is likely to prohibit the most active DMI-based 

fungicides (Hillocks, 2012). Consequently, the application of fungicides belonging to 

azoles such as the succinate dehydrogenase inhibitor (SDHI) are expected to increase. 

However, European populations of Z. tritici have produced a progressive reduction in 

sensitivity to fungicides belonging to the azole family (Stammler & Semar, 2011; Fraaije 

et al., 2012; Scalliet et al., 2012; Dooley et al., 2016). 

Wheat cultivars grown commercially in Ireland exhibit variation in resistance to 

Septoria spp. (Winter Wheat Recommended List 2017, DAFM). Most of these are 

moderately susceptible (Costello, JB Diego and KWS Lumos) or moderately resistant 

(KWS Lili and Garrus) to the pathogen. Rockefeller cv. is the most resistant wheat 

cultivar to Septoria spp., while Avatar is the most susceptible (Winter Whear 

Recommended list 2016, DAFM). Other wheat cultivars, such as Leeds cv., may not be 

cultivated in the future because of their high level of susceptibility to the pathogen. 

Thus, to ensure the production of wheat in Ireland, it is crucial to select wheat cultivars 

able to maintain durable resistance to Septoria spp. 

Cell biology of Z. tritici 

Z. tritici is able to infect wheat through both sexual and asexual spores (ascospores 

and macropycnidiospores, respectively) (Figure 2). The primary source of inoculum in 

STB depends on the environmental conditions and agricultural practices (Sanderson et 

al., 1985, Eriksen and Munk, 2003; Suffert et al., 2011, Steinberg, 2015). The primary 

infection of wheat leaves is usually caused by ascospores (Ponomarenko et al., 2011), 

which are formed in the pseudothecia on necrotic leaves following the meeting of 

strains of opposite mating types (Kema et al., 1996b), and have a role in the over-

wintering of the disease. They are dispersed by wind and can spread the disease on 

large scale (Eyal et al., 1987).  
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Figure 2. Life cycle of Z. tritici: airborne ascospores are usually the primary source of infection, responsible for the 
overwintering of disease and spread on long distance; pycnidiospores are instead dispersed by progressing up the 
plants by rain (Ponomarenko et al., 2011). 

Macropycnidiospore are composed of 4-8 elongate cells with high morphological 

variability among fields isolates (Figure 3A) and are formed in the asexual fruiting 

bodies (pycnidia) on infected leaves and are dispersed by rain splash within a short 

distance from the host plant (Sanderson et al., 1985). When macropycnidiospores 

infect host leaves, they germinate to form hyphae by polar tip growth (Figure 3B). Z. 

tritici also produces micropycnidiospores, the yeast-like growth form, formed by lateral 

budding from hyphae or macropycnidiospores (Wiese, 1987) (Figure 3C). Pycnidia 

develop beneath the stomata of infected leaves and appear as dark elliptical spots on 

the necrotic leaves (Kema et al., 1996a; Suffert et al., 2011) (Figure 3D). 
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Figure 3. Z. tritici macropycnidiospores (A), hyphal growth (B), micropycnidiospores (C) (Steinberg, 2015). Pycnidia 

of Z. tritici appear as dark spots on the surface of wheat necrotic leaves (D) (Ponomarenko et al., 2011).  

Cell biology of the infection process of Z. tritici in wheat 

The first stage of STB consists of a latent phase (biotrophic phase) (Steinberg, 2015). 

Fungal spores land on the leaf surface and switch to hyphal growth upon leaf contact 

(Duncan and Howard, 2000; Kema et al., 1996a) (Figure 4A). Hyphae enter the foliar 

epidermis through stomatal openings, colonise the substomatal cavity invading the 

foliar apoplast (Cohen and Eyal, 1993; Kema et al., 1996a; Shetty et al., 2003) (Figure 

4B). Subsequently, the fungus produces the asexual fruiting bodies, the pre-pycnidia 

(Cohen and Eyal, 1993; Kema et al., 1996a; Duncan and Howard, 2000; Shetty et al., 

2003) (Figure 4C). During the biotrophic phase no symptoms in the plant host are 

observed. Although an increase in fungal biomass occurs (Keon et al., 2007; Shetty et 

al., 2007), it is not clear how the fungus obtains plant nutrients since it does not 

produce a haustoria (feeding structure) (Cohen and Eyal, 1993; Sanchez-Vallet, 2015): 

it is suggested that the pathogen utilises internal stores such as neutral lipids and fatty 
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acid stores at this stage (Keon et al., 2007; Rudd et al., 2015). The duration of the 

biotrophic phase depends on weather conditions and on the cultivar-pathogen 

combination (Lee et al., 2014; Steinberg, 2015).  

As pre-pycnida are produced, chlorotic lesions appear on the leaves surface.  After 8-

12 days, the host shows foliar necrosis, corresponding to the onset of the necrotrophic 

phase (Duncan and Howard, 2000; Kema et al., 1996a), which may be related to 

programmed cell death (PCD) (Keon et al., 2007; Rudd et al., 2008). At the same time, 

fungal biomass increases significantly and the fungus develops pycnidia (Kema et al., 

1996a) (Figure 4D), probably supported by the release of plant nutrients in the 

apoplast, such as amino acids and sugars, because of the loss of host cell membrane 

integrity (Keon et al., 2007; Shetty et al., 2007; Rudd et al., 2015). The pycnidiospores 

are dispersed through the leaf canopy at the late stage of the infection process by rain 

splash (Suffert et al., 2011).  

 

 

Figure 4. Infection of host cells by Z. tritici during wheat infection: A) fungal spores land on leaf surface and switch 

to hyphal growth; B) hyphae enter inside leaf tissues and colonise the mesophyll cell layer; C) hyphae form pre-
pycnidia and leaves exhibit chlorosis; D) leaves show necrotic lesions, the fungus produces pycnidia and spreads 
pycnidiospores to neighbouring plants. 
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The genome of Z. tritici 

The sequenced genome of the Z. tritici Dutch isolate IPO323 was completed in 2011 

and consists of 21 chromosomes (Goodwin et al., 2011). Thirteen of them (1-13) are 

core chromosomes, which are always contained in field isolates since they carry genes 

which play a crucial role in survival. The other eight chromosomes (14-21) are 

dispensable, or accessory, since they are lost frequently in meiosis without affecting 

the ability of the pathogen to survive and cause disease. In other pathogenic fungi, 

such as Fusarium species, the dispensable chromosomes have an important role in 

ecological adaption and pathogenicity (Wang et al., 2003). It was found that 

chromosome 18 has been lost in IPO323 (Kellner et al., 2014). In this respect, the 

dispensable chromosomes are significantly different in structure and gene content from 

the core chromosomes. The Z. tritici genome contains 11035 genes (Morais do Amaral 

et al., 2012) but only 6% of them are mapped on the dispensable chromosomes, 

despite containing 12% of Z. tritici genomic DNA. The dispensable chromosomes 

contain a high number of repetitive elements (Dhillon et al., 2014) showing a fast rate 

of evolutionary change (Stukenbrock et al., 2010), a rapid adaption to environmental 

changes and this may lead to the development of fungicide resistance or insensitivity 

(Torriani et al., 2009).  

The number of plant cell-wall degrading enzymes (PCWDEs) genes in the Z. tritici 

genome is limited in comparison to several other plant pathogens. (Morais do Amaral 

et al., 2012). Goodwin et al. 2011 found a reduced number of genes encoding PCWDEs 

including glycoside hydrolases, xylan-degrading enzymes, carbohydrate esterases and 

carbohydrate binding modules (CBMs) compared to the plant pathogens Stagonospora 

nodorum and Magnaporthe grisea, suggesting that Z. tritici has a different strategy for 

the degradation of the plant cell wall (Goodwin et al., 2011). The low level of PCWDEs 

gene expression during the biotrophic phase of infection, suggests stealth 

pathogenesis. In this respect, Z. tritici carries several genes encoding peptidases, 

suggesting that the degradation of host cell proteins available in the apoplast might be 

an important nutrition source during the biotrophic and transition phases, however the 

role of these enzymes remains elusive (Goodwin et al., 2011).  
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The transcriptome of Z. tritici  

The transcriptome of Z. tritici is extensively reprogrammed during the pathogenesis 

process in wheat (Yang et al., 2013; Kellner et al., 2014). Rudd et al. 2015 used RNA 

sequencing and metabolomics to investigate the interaction at the molecular and 

biochemical level between the Z. tritici isolate IPO323 and wheat leaves (Riband cv.). 

Palma-Guerrero et al. 2015 carried out a transcriptomic study to elucidate the 

expression of fungal genes at different steps during wheat infection (Drifter cv.) in the 

Swiss isolate 3D7. It was found that the number of expressed genes show a general 

increase though the whole pathogenesis process, with 80% of the total number of 

genes expressed during all the stages of infection (Rudd et al., 2015; Palma-Guerrero 

et al., 2015). 

Changes in gene expression occur at different time points during plant infection. At the 

early stage of plant infection (1-4 dpi), two genes encoding hydrophobins are highly-

expressed, suggesting that they may be involved in spore adhesion to the leaf surface 

(Tucker and Talbolt, 2011). Following this, genes encoding proteins involved in lipid 

metabolism, such as fatty acid desaturases and sterol desaturases, are up-regulated 

suggesting that the fungus uses lipid reserves during spore germination and leaf 

colonisation. Genes encoding enzymes such as a lipid transfer proteins, fatty acid 

hydrolases, Acyl-CoA dehydrogenases, AMP-dep synthetase/ligase, Enoyl CoA 

hydratase and lipases are expressed at the early stage of the biotrophic phase. These 

enzymes may be involved in the transport and β-oxidation of fatty acids and lipids 

stored in fungal spores. Then, several predicted secreted cutinases are highly-

expressed at this stage, suggesting a possible degradation of host lipids during spore 

germination. A malate synthase and iso-citrate lyase (key enzymes of the glyoxylate 

cycle), also show a peak expression during the early stage of infection, providing 

carbon skeletons for anabolic processes from acetate, compounds deriving from fatty 

acid β-oxidation. Genes encoding proteins involved in alcohol metabolism, such as 

alcohol dehydrogenases, aldehyde dehydrogenases and aldehyde reductase are also 

highly expressed at this stage, as observed in the Swiss isolate 3D7 (Palma-Guerrero 

et al., 2015).  Six chloroperoxidases exhibit a peak expression at the early stage of the 

pathogenesis process, suggesting that they may act upon harmful reactive oxygen 

species (ROS) produced by wheat as a defence response to pathogen attack (Rudd et 
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al., 2015; Palma-Guerrero et al., 2015).  

Genes encoding oxidoreductases are highly-expressed at 7 dpi, as observed in the 

Swiss isolate 3D7 (Palma-Guerrero et al., 2015). Similarly, they may be involved in the 

protection from ROS as well as the production and degradation of secondary 

metabolites (Kellner et al., 2005). Genes involved in lipids and alcohol metabolism are 

also up-regulated, suggesting that the fungus may use its lipids reserve throughout 

the whole of the biotrophic phase.  

During the transition phase (7-11 dpi) there is a decrease in genes involved in lipid 

and fatty acids metabolism and a peak in expression for several proteases such as 

three carboxypeptidases and one aspartyl protease. Then, a broad range of cysteine-

rich small secreted proteins (SSPs) and secondary metabolites are highly-secreted at 

this stage, probably involved in facilitating fungal colonisation and reproduction (Rudd 

et al., 2015; Palma-Guerrero et al., 2015). They include a homolog of Cladosporium 

fulvum effector 2 (Hce2), the two Lysin Motif (LysM) homologs Zt1LysM and Zt3LysM, 

the Tandem Repeat Proteins ZtTrp18 and ZtTrp21 (Rudd et. al., 2010). Heat shock 

proteins and chaperones are highly-expressed, suggesting that they may be involved 

in the protection from antifungal compounds produced by the plant host (Panaretou 

and Zhai, 2008). Several genes associated with fungal growth and cell proliferation, 

ribosomal proteins and an elongation factor are also up regulated at this time point 

(Palma-Guerrero et al., 2015). Genes encoding proteins involved in ROS detoxification 

such as cytochrome p450, superoxide dismutase, cytochrome mitochondrial 

precursors, peroxidases and a catalase are highly-expressed at this stage. Genes 

encoding sugar, amino acid, ammonium, oligopeptide and major facilitator superfamily 

(MFS) are also up-regulated, suggesting an increase in nutrient uptake by the fungus 

(Palma-Guerrero et al., 2015).  

During the advanced stage of the necrotrophic phase (14-21 dpi), a progressive down-

regulation of secreted proteases and the peak expression of several genes involved in 

carbohydrates degradation such as glycoside hydrolases, sugar transporters, 

reductases and dehydrogenases (such as Zn2+-containing alcohol dehydrogenases and 

mannitol dehydrogenases) occurs. This suggests that carbohydrates deriving from the 

cell-wall of the host dead cells are the main nutrition source of the pathogen at this 

stage (Rudd et al., 2015; Palma-Guerrero et al., 2015).  



 

10 

 

The trend in gene expression in Z. tritici induces a reprogramming in plant 

transcriptome during the infection process (Rudd et al., 2015), with the suppression of 

genes encoding proteins involved in plant defence such as pathogen-related (PR) 

proteins including jasmonic acid, salicylic acid and Ca2+ signalling pathways, lignin and 

fructan biosynthetic pathways during the biotrophic phase. These genes are further 

up-regulated from the transition stage, corresponding to the appearance of the first 

necrotic lesions, with a peak expression at the late stage of the necrotrophic phase.  

Comparative transcriptomics between the Dutch reference Z. tritici isolate 

IPO323 and the Swiss isolate 3D7 

Palma-Guerrero et al. 2015 performed a comparative transcriptomics sequencing 

between the highly-virulent Swiss isolate 3D7 and the published transcriptome of the 

Dutch reference isolate IPO323 (Rudd et al., 2015) during a time course of infection. 

Although it was found that the two isolates present a similar transcription profile during 

the whole infection process, genes encoding some SSPs, proteases and PCWDEs 

showed significant differences in expression profile between the two isolates. The SSP-

encoding gene Mycgr3G104383 (No hits) is highly-expressed in IPO323 at 9 dpi, but 

weakly-expressed in the Swiss isolate 3D7, while Mycgr3G100649 (No hits) and 

Mycgr3G107286 (No hits) were strongly up-regulated in IPO323 at 9 dpi, but no 

expression was found in 3D7. The hemicellulases-encoding genes Mycgr3G96505 and 

Mycgr3G111130 are up-regulated in IPO323, but missing or down-regulated, 

respectively, in 3D7. Instead, the subtilisin-like protease-encoding gene Mycgr72659 is 

highly-expressed in 3D7 in comparison to IPO323. This suggests that different Z. tritici 

isolates may exhibit differences in gene expression during the infection process in 

wheat, with consequent differences in disease severity and progression between the 

isolates which may be related to different evolutionary processes in the host-pathogen 

interaction. 

The plant immune response  

Plants have evolved a defence strategy against pathogen attack that involves different 

phases which has been described in the proposed “zig-zag” model (Jones and Dangl, 

2006) (Figure 5). The first phase consists of basal defence, which is based on the 

recognition of fungal molecules defined as a pathogen-associated molecular patterns 
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(PAMPs) for example conserved pathogen molecules such as flagellin in bacteria, and 

β-glucans or chitin in the cell wall of fungi. These are recognized by PAMP-recognition 

receptors (PRRs), which activate the innate plant defence system called PAMP-

triggered immunity (PTI) (Nunberger et al., 2004). In Arabidopsis thaliana, chitin 

recognition is mediated by CERK1 (chitin elicitor receptor kinase I), which contains 

three lysin motifs (LysM) binding, chitin-derived oligosaccharides (Miya et al., 2007). 

In rice, the LysM-containing protein CEBiP (chitin elicitor binding protein) is required in 

addition to CERK1 to trigger the chitin-induced plant immune response (Kaku et al., 

2006; Shimuzu et al., 2010). In the second phase, pathogens produce specific virulence 

proteins (effectors), to overcome the ability of PRRs to detect the presence of the 

pathogen, leading to effector-triggered susceptibility (ETS). For example, in M. grisea 

the Secreted LysM Protein1 (SLP1) binds chitin fragments, compromising their 

recognition by CERK1 and CEBiP (Mentlak et al., 2012). In the third phase, plants 

respond through a more specialised recognition system based on the perception of 

fungal proteins by resistance (R) proteins, most of them containing a nucleotide 

binding domain (NB) and leucine rich repeat (LRR) domains. These R-genes evolved 

to encode proteins that recognise secreted pathogen avirulence (Avr) proteins 

(effectors) activating effector-triggered immunity (ETI). This generally leads to the 

hypersensitive response (HR) and programmed cell death (PCD) in infected cells 

(Stergiopoulos and deWit, 2009). Since a coevolutionary arms race between plant and 

pathogen exists, the pathogen mutates, loses or evolves novel effectors to overcome 

or suppress plant defences and avoid detection by resistance proteins, whereas plants 

evolve novel R proteins to target pathogen effectors (Jones and Dangl, 2006; deWit, 

2007).  
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Figure 5. Ziz-zag model for the plant-pathogen interactions (Jones and Dangl, 2006): PAMPs produced by the 
pathogen induce PTI in plants; pathogens overcome PTI by producing pathogen effectors, leading to ETS; plants 
evolve specific R-genes, encoding proteins containing a nucleotide binding domain (NB) and leucine rich repeat 
(LRR) domains, which recognise specific pathogen effectors (Avr), resulting in ETI; ETI is characterised by a 
constant evolution of both pathogen virulence genes and Avr-R genes. 

R-genes involved in resistance against fungal pathogens can be distinguished between 

those which interact with haustoria-producing pathogens, described above, and those 

against apoplastic fungal leaf pathogens. In the first case, the effector recognition 

occurs at an intracellular level by NBS-LRR receptors that trigger ETI, leading to the 

HR. In the case of apoplastic pathogens, fungal effectors are recognised by 

extracellular receptor-like proteins (RLPs), resulting in a cell wall-related defence, 

without the pathogen elimination. This process is defined as effector-triggered defence 

(ETD) (Stotz et al., 2014) and it is typical of pathogens which trigger host cell death 

after an elapsed time of asymptomatic fungal colonisation. In Z. tritici, ETD is activated 

after the hyphal colonisation of the mesophyll layer, when the fungus switches from 

the biotrophic to the necrotrophic phase, and it is not associated with host cell death 

(Yang, 2013; Stotz et al., 2014).   

Pathogen virulence proteins (effectors) 

Effectors are low molecular weight proteins that are secreted by bacteria, oomycetes, 

and fungi to colonise their hosts and cause disease (Hogenhout et al. 2009: 

Stergiopoulos et al., 2012). Microorganisms secrete effectors by different mechanisms 

during the plant-microbe interaction. Some biotrophic fungi and oomycetes deliver 

effectors into the host cells by the development of specialised structures called 

haustoria, which also have an important role in nutrient uptake (Dodds et al., 2004; 

Kemen et al., 2005; Catanzariti et al., 2006; Whisson et al., 2007). As described above, 
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some fungal pathogens such as Z. tritici and Cladosporium fulvum (the causal agent 

of the tomato leaf mould) do not develop specific structures involved in protein 

translocation, but secrete proteins into the plant apoplast. The barley pathogen 

Rhynchosporium commune produces the necrosis-inducing proteins NIP1 and NIP3, 

which cause the release of host nutrients in the apoplast by the stimulation of the 

plasma membrane H+-ATPase (Kirsten et al., 2012). Effectors secreted by C. fulvum 

and other fungal and oomycete pathogens have the ability to inhibit and protect 

against plant hydrolytic enzymes, such as proteases, glucanases, and chitinases 

(Misas-Villamil and van der Hoorn, 2008). It often occurs that effectors can interact 

with more than one host target. For example, C. fulvum secretes the cysteine protease 

inhibitor Avr2, which targets the apoplastic cysteine proteases Rcr3 and PIP1 of tomato 

(Rooney et al. 2005; Shabab et al. 2008; van Esse et al. 2008). It was found that 

several oomycetes RXLR (Arg-Xaa-Leu-Arg) effectors are able to suppress host 

immunity. Phytophthora infestans inhibits the hypersensitive cell death induced by INF1 

elicitin through the secretion of the virulence factor Avr3a (Bos et al., 2006). Some 

fungal pathogens evade plant immunity by the evolution of effectors that suppress R-

gene-mediated resistance. Fusarium oxysporum f. sp. lycopersici secretes Avr1, 

involved in the suppression of host defence conferred by the R-genes Immunity-2 and 

Immunity-3 (Houterman et al., 2008). Other pathogens do not suppress host immunity, 

but are able to alter plant behaviour and development, for example by the production 

of analogous and mimics of plant hormones. The fungus Gibberella fujikuroi (formerly 

Fusarium moniliforme), causing the bakanae disease in rice, induce excessive plant 

elongation by the production of modified gibberellin, facilitating the spread of airborne 

spores by the wind (Tudzynski, 1999; Kawaide, 2006).  

Fungal effectors of Z. tritici 

Morais do Amaral et al. 2012 predicted the secretome of the Z. tritici isolate IPO323, 

consisting of 970 proteins, 24 of which are encoded by genes mapped on the accessory 

chromosomes (14-21). This was refined to a secretome of 492 proteins which have a 

high probability of being secreted. Of these proteins, 321 have a functional annotation, 

while 171 are unknown. These proteins are distributed throughout the essential core 

chromosomes (1-13), while interestingly no genes encoding secreted proteins were 

found on the dispensable chromosomes (14-21) in this study. Among the proteins with 
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annotated function, 103 are suggested to be involved in the degradation of 

polysaccharides (64) and proteins (39) and 29 in lipid modification. The pathogen also 

carries sequence homologs of proteins identified in C. fulvum with a suggested role in 

plant pathogenesis. They include two in planta expressed LysM genes (Zt3LysM and 

Zt1LysM) (Marshall et al., 2011), which are Homologs of the Cladosporium fulvum 

Effector ECP6 (Hce6) (Bolton et al., 2008; de Jonge et al., 2010). The mechanism by 

which fungal effectors secreted by Z. tritici are involved in pathogenesis and virulence 

in wheat is not clear and needs further investigation (Figure 6). Little information is 

available about the establishment of a compatible interaction in the host plant and the 

mechanism developed by the pathogen to trigger the transition between the biotrophic 

and the necrotrophic phase (Steinberg, 2015). A LysM homolog (Zt3LysM) was found 

to sequester chitin fragments from the PRRs CERK1 (chitin elicitor receptor kinase 1) 

and CEBiP (chitin elicitor binding protein) to elude the plant defence system at the 

early stage of the infection process in wheat (Marshall et al., 2011; Lee et al., 2014). 

The "necrosis and ethylene-inducing peptide 1" (Nep1)-like proteins (NLPs) were 

suggested as secreted virulence factors since these induce the HR and PCD in many 

dicotyledon plants when infected by pathogens such as Fuxarium oxysporum, 

Phytophthora infestans and P. parasitica (Jennings et al., 2001; Fellbrich et al., 2002; 

Gijzen and Nurnberger, 2006). However, the Z. tritici NLP was found to trigger necrotic 

cell death when introduced to Arabidopsis thaliana, but is dispensable during the 

infection process in wheat (Motteram et al., 2009).  

Population genomics: a new approach to plant pathology 

Population genomics is an extension of population genetics, which allow to identify a 

large number of Single Nucleotide Polymorphisms (SNPs) distributed throughout the 

genome (Stinchcombe and Hoekstra, 2008). This approach expands the types of 

question that can be addressed to the understanding of genome-wide demographic 

processes, the search for locus-specific effects in genes under selection and involved 

in adaption to different environments, and the determination of genetic architecture 

underlying known phenotypes (Grünwald et al., 2016). In plant pathology, a population 

genomics approach can be used to identify candidate genes involved in pathogenicity, 

virulence, host specialization and fungicide resistance (Stuckenbrock and Bataillon, 

2012). This is likely to provide with further information about pathogen biology, as well 
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as informing strategies for disease management and resistance breeding, providing 

insight into deployment of genetic resistance (Grünwald and Goss, 2011; McDonald, 

2015; McDonald and Mundt, 2016).  

Several studies aimed to the identification of genes affecting important pathogen traits 

in Z. tritici. Genome scans of different Zymoseptoria spp. was performed to identify 

genes involved in host specialization, confirming that Z. tritici became specialized to 

infect wheat (Stuckenbrock et al., 2011). Three candidate genes for host specialization 

were found to be involved in infection and reproduction in wheat (Poppe et al., 2015), 

suggesting that these are diverged genes for the host specialization in wheat. Then, a 

complementary candidate gene approach was performed on 48 plant cell wall-

degrading enzymes (PCWDEs) involved in host specialization, three of these encoding 

a cutinase, a cellulase and a hemicellulose exhibited an evolutionary pattern related to 

the ability to overcome recognition by host receptors (Brunner et al., 2013). 

Controlled crosses among four Swiss strains of Z. tritici, followed by a Quantitative Trait 

Loci mapping (QTLs) allowed to identify non-synonymous substitutions, which are 

likely to affect protein function, in genes with a putative role in melanization (PKS1), 

fungicide sensitivity (CYP51), thermal adaption (MgPBS2) and hyphal growth (a 

guanine nucleotide exchange factor) (Lendenmann et al., 2014, 2015, 2016). Then, it 

was possible to separate genes belonging to different functional classes, such as those 

involved in foliar necrosis and pathogen reproduction. This information could represent 

genetic variation related to natural selection in field populations. 
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Project Aims 

This study focuses on the analysis of differences in the transcriptome and disease 

progression between the two Irish isolates IPO553 and IPO560 and the Dutch 

reference isolate IPO323 of the wheat pathogen Z. tritici. The fungal isolates IPO553 

and IPO560 were isolated in 2014 from wheat fields in Oak Park Carlow. The isolates 

IPO560 was reported to be particularly aggressive in the field (Kildea, pers. comm.) 

The three isolates may use different molecular strategies to trigger virulence, resulting 

in variation of disease severity in wheat. It is possible that different pathogen 

populations may vary genetically, which may be related to geographic barriers and 

different environmental conditions as well as the establishment of specific host-

pathogen interactions. 

• To perform RNAseq analysis to elucidate the different molecular nature of 

aggressiveness among the fungal isolates (IPO323, IPO553 and IPO560). To 

identify and select candidate effectors (Small Secreted Proteins, SSPs) which 

may play a central role in wheat pathogenesis and virulence. Comparsison 

between the isolates will allow the identification of Single Nucleotide 

Polymorphisms (SNPs).  These may reveal changes in isolate effectors involved 

in Z. tritici adaption and infection of wheat, as result of natural selection of 

different field populations.  

• To elucidate potential differences in aggressiveness among the three fungal 

isolates (IPO323, IPO553 and IPO560) through the investigation of disease 

progression, including cell death and disease severity, at different time points 

of wheat infection.  

• To investigate the gene expression of six candidate virulence genes belonging 

to three families (hydrophobin 2, cerato-platanin, homologs of Cladosporium 

fulvum effector ECP2 (Hce2)) to elucidate their role during wheat pathogenesis. 
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Materials and methods 

Plant and fungal material 

Wheat seeds (Longbow cv.) were sterilised with 0.9% bleach for 15 min and washed 

with sterile distilled water (dH2O). After that, seeds were placed on sterile Whatman 

filter paper 1 into sterile Petri plates and incubated for 4 days at 4 ºC for seed 

stratification and, then, these were incubated for 3 days at room temperature without 

illumination and watered every day for seed germination. Seedlings were then potted 

on John Innes No.2 soil, incubated at 21 ºC, 16 h illumination per day for 10 days prior 

to infection and watered daily.  

Fungal cultures were prepared using 3 different Z. tritici isolates: the Dutch isolate 

IPO323 and the two Irish isolates (kindly provided by Steven Kildea, Teagasc, Oak Park 

Carlow) IPO553 and IPO560. Fungal spores were collected from a glycerol 70% stock 

solution (previously stored at -80 ºC), streaked onto Yeast Malt Dextrose agar (YMDA) 

treated with kanamycin (100 μg/ml) and incubated at 21 ºC under UV light without 

illumination for 4 days. 

Longbow seedlings were inoculated by spray infection of the leaf surface with 15 ml 

sterile 0.05% Tween 20 solution prepared with each isolate to a final concentration of 

106 CFU/ml. Infected seedlings were left to dry and were covered separately with clear 

polythene bags, incubated at 21 ºC with 16 h illumination per day and watered daily. 

After 72 h, polythene bags were removed. 100 mg of infected leaves per sample were 

collected at different "days post infection" (dpi), frozen in RNase free liquid nitrogen 

and stored at -80 ºC. 

RNA sequencing 

Leaves infected with the Z. tritici isolates IPO323, IPO553 and IPO560 from four 

independent replicates were collected at 7 days post infection (dpi). RNA from each 

sample was extracted at room temperature using the RNeasy Plant Mini Kit (QIAGEN), 

purified from DNA contamination using DNAse I (Sigma-Aldrich) and stored at -20 ºC. 

RNA quality control was assessed by RNA gel electrophoresis. 1 μg of each RNA sample 

was treated with 2 μl 6X loading dye and sterile dH2O to obtain a final 12 μl solution. 

Each sample was incubated for 1 min at 70 ºC for heat denaturation and analysed by 
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1% agarose gel electrophoresis (1X TBE buffer) prepared with sterile 0,1 % 

diethylpyrocarbonate (DEPC) solution and run at 50 V for 90 min. Then, 1 μl of each 

RNA sample was tested using 2100 Bioanalyzer (Agilent). Finally, RNA from each isolate 

were pooled into a single sample (weight ≥ 20 μg; concentration ≥ 250 ng/μl) to be 

sent for RNA sequencing to the Bejing Genome Institute (BGI) (Hong Kong). 

RNA sequencing analysis 

RNA sequencing reads were sent to General Bioinformatics (Reading, UK) for gene 

identification and analysis of transcript levels in the three Z. tritici isolates, as described 

below. The reference genome for Z. tritici was from the MG2 assembly from ENSEMBL 

Fungi release 31. The reference genome for Triticum aestivum was from the 

IWGSC1+popseq assembly from ENSEMBL Plants release 31. 

The quality control of raw reads was assessed with FastQC v0.11.5 (Andrews, 2010). 

Reads were trimmed to remove contaminating adapter sequences and poor quality 

bases at the beginning of the reads using Trimommatic (Bolger et al., 2014).  

Unfiltered reads were aligned to the Z. tritici genome using Tophat v2.1.1 aligner (Kim 

et al., 2013). BAM files for reads mapped to the Z. tritici genome were converted to 

SAM files and sorted for further analysis using Samtools v 1.3 (Li et al., 2009). Then, 

reads were counted using the htseq-count script of the HTSeq v 0.6.0 (Anders et al., 

2015). Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values 

for each sample were calculated using Cufflink package (Trapnell et al., 2010). Genes 

with significantly different expression profiles were identified using the Bioconductor 

package EdgeR (Robinson et al., 2010a). Genes with a total read count lower than 1 

were filtered out. Counts were normalised using TMM (Robinson et al., 2010b) and the 

common dispersion BCV (square-root-dispersion) was set at 0.4. Pairwise comparison 

between datasets were made using the exact test (Robinson et al., 2008).  

Filtered reads were aligned to the T. aestivum genome using Tophat v2.1.1. The BAM 

file containing the unmapped reads was converted back to FastQ format using the 

bam2fastx utility of Tophat (Kim et al., 2013). Then, the alignment to the Z. tritici 

genome and subsequent analysis were performed as described for the unfiltered reads.  

Identification of Single Nucleotide Polymorphisms from RNA sequencing  

Single Nucleotide Polymorphisms (SNPs) were identified among the three Z. tritici 
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isolates. Duplicated reads were in the BAM files using MarkDuplicate which is part of 

PicardTools v 2.5. Variants were called versus the Z. tritici reference genome (IPO323) 

using the Samtools mpileup package and the BCFtools call package (Li et al., 2009), 

and filtered for a quality score >20 using vanFilter which is bundled into the Samtools 

package. Variant effects were detected using SNPEff (Cingolani et al., 2012). This was 

performed by General Bioinformatics (Reading, UK).  

Annotation of Small Secreted Peptides 

The amino acid sequence for all the identified genes from RNA sequencing was 

obtained using JGI MycoCosm (http://genome.jgi-psf.org/Mycgr3/Mycgr3.home.html) 

and tested with signalP v 4.1 (http://www.cbs.dtu.dk/services/SignalP-4.0). The 

conserved domains, protein family and PFAM of Small Secreted Peptides (SSPs) (≤300 

aa) were searched for using NCBI CCD database, InterPro (EMBL-EBI) and MOTIF 

(Genome) respectively.  

Primer design for Z. tritici genes 

Table 1 shows six Z. tritici proteins selected to clone. The amino acid sequence was 

obtained using JGI MycoCosm. Primers for the below genes were designed and 

checked with the Oligo Properties Calculator 

(http://biotools.nubic.northwestern.edu/OligoCalc.html). BamHI (GGATCC) restriction 

sites, were added to the 5' extremity of forward primer sequences. EcoRI (GAA TTC) 

restriction sites, were added to the 5' extremity of reverse primer sequences. After 

that, a CGC nucleotide sequence was added to the 5' extremity of each primer (Table 

2).  The housekeeping wheat gene α-tubulin (GenBank [GB] No.: U76558.1; Xiang et 

al., 2011) was used as reference for the analysis of gene expression of Z. tritici genes.  

Gene ID Annotation Mature peptide length Cysteine content Chromosome 

Mycgr3G48129 Hydrophobin 2 74 8 9 

Mycgr3G96543 Hydrophobin 2 129 8 11 

Mycgr3G39947 Cerato-platanin 132 2 4 

Mycgr3G104404 Hce2 160 4 5 

Mycgr3G107904 Hce2 149 6 2 

Mycgr3G111636 Hce2 138 4 13 

Table 1. Selected Z. tritici effector candidates cloned and their respective gene ID (JGI MycoCosm). All the six genes 
encode predicted secreted proteins with a functional annotation. These exhibit a mature peptide length less than 
200 amino acids, contain at least 2 cysteine residues and are all mapped on core chromosomes (1-13). 

http://www.cbs.dtu.dk/services/SignalP-4.0/
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Gene ID Primer sequence GC % Tm 

Mycgr3G48129 F     CGC GGA TCC GGC AAG TAC GAG CCC TGC G 68 63.6 

R     CGC GAA TTC CTA GTT GGT GCC CTC TGG CTC 62 65.3 

Mycgr3G96543 F     CGC GGA TCC GCT CCT GGC GGC GCT CC 82 64.3 

R     CGC GAA TTC CTA GTT GGA CTT GAC CTC CTC GC 57 66.6 

Mycgr3G39947 F     CGC GGA TCC ACG ACC GTT AGC TAC GAC CCC 62 65.3 

R     CGC GAA TTC TCA AGC AAG GAA CTC CAC AGC CC 57 66.6 

Mycgr3G104404 F     CGC GGA TCC GTC CAC TAC CTC ACT CCT G  67 59.5 

R     CGC GAA TTC TTA GTT GTG AGG AGG AAG CGT 58 59.5 

Mycgr3G107904 F     CGC GGA TCC CTG CCG GAA GAT GGC GGT 58 60.8 

R     CGC GAA TTC TCA ATT GCC CTG GTG GTA GTA 48 59.5 

Mycgr3G111636 F     CGC GGA TCC CTC CCT CAG AAC CCA GCC 67 60.8 

R     CGC GAA TTC CTA AGA GCT CAC TTG CCA GG 48 60.5 

α-tubulin F     ATC TCC AAC TCC ACC AGT GTC 52 64 

 R    TCA TCG CCC TCA TCA CCG TC  60 63 

Table 2. Primers profile for Z. tritici effector candidates: the restriction site sequences for BamHI (GGATTC) and 
EcoRI (GAATTC) were added to the 5’ extremity of each forward and reverse primer respectively. Then, a CGC 
sequence was added to each primer. Gene ID (JGI MycoCosm), GC content and melting temperature (Tm) are 
represented. Forward and reverse primers used for the amplification of the wheat housekeeping gene α-tubulin, 
GC content and Tm are represented. 

Cloning Z. tritici effector candidate genes 

Leaves infected with the isolates IPO323 and IPO560 and uninfected leaves were 

collected at 7 dpi and 14 dpi. RNA from each sample was extracted at room 

temperature using RNeasy Plant Mini Kit (QUIAGEN) and stored at -20 ºC. Then, first-

strand reverse transcription to cDNA using Omniscript Reverse Transcription Kit 

(QIAGEN) was performed. Samples were incubated for 1 h at 37 ºC and stored at -20 

ºC. 200 ng for each cDNA sample were treated by adding 5 μl 5X Phusion HF buffer 

(NEB), 0.5 μl  10 mM dNTPs, 1.25 μl forward primer (10 μM), 1.25 μl reverse primers 

(10 μM), 0.25 μl Phusion Taq Polymerase (NEB) and sterile dH2O obtaining a final 

solution of 25 μl. PCR was performed for each sample under the following condition: 

1) initial denaturation (30 s; 98 °C), 2) 35 cycles including denaturation (7 s; 98 °C), 

annealing (30 s; 3 ºC below the Tm .of the shorter primer) and extension (20-40 s; 72 

°C), 3) final extension (5-7 min; 72 °C). PCR products were analysed by 1% agarose 

gel electrophoresis (1X TBE buffer) at 100 V for 25-40 min. Then, 50 μl of PCR products 
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were purified using PureLink PCR Purification kit (invitrogen). 

1-5 μl of PCR purified products were used to prepare a ligation reaction using Zero 

Blunt Cloning Kit (invitrogen) including 2 μl 5X ligation buffer, 1 μl pBblunt vector, 1 μl 

T4 DNA Ligase and 5 μl sterile dH2O. 2 μl of each ligation was transferred into 1.5 ml 

vials containing 50 μl E. Coli One Shot TOP10 chemically competent cells (invitrogen). 

Cells were incubated in ice for 30 min, treated by heat shock at 42 ºC for 45 s and re-

incubated in ice for 2 min. After that, 250 μl of SOC medium (previously warmed at 

room temperature) was added to the transformed cells, which were incubated at 37 

ºC and 225 rpm for 1 h. Each sample was spread on LB agar treated with kanamycin 

(50 μg/ml) and incubated overnight at 37 ºC. 10 bacterial colonies for each ligation 

reaction were randomly selected for colony PCR and treated with 10 μl GoTaq Green 

Master Mix 2X (Promega), 1 μl primers M13 Forward (-20) (5´-GTAAAACGACGGCCAG-

3´) (10 μM), 1 μl M13 Reverse (5´-CAGGAAACAGCTATGAC-3´) (10 μM) and 8 μl sterile 

dH2O. PCR was performed under the following condition: 1) initial denaturation (2 min; 

94 °C), 2) 35 cycles including denaturation (30 s; 94 °C), annealing (30 s; 5 ºC below 

the average of Tm of forward and reverse primers) and extension (60 s; 72 °C), 3) final 

extension (5-7 min; 72 °C). PCR products were analysed by 1% agarose gel 

electrophoresis (1X TBE buffer) at 100 V for 25-40 min. 

3 bacterial colonies for each ligation reaction were inoculated in 3 ml of LB broth 

treated with kanamycin (50 μg/ml) and incubated at 37 °C and 200 rpm overnight. 

After that, plasmid DNA was extracted using GenElute Plasmid Miniprep Kit (Sigma 

Aldrich). 1 μg of each sample was treated with 0.5 μl EcoRI-HF (NEB), 2.5 μl 10X 

CutSmart buffer (NEB) and sterile water obtaining a final solution of 25 μl. The final 

reaction was incubated at 37 ºC for 15 min and treated at 65 ºC for 20 min for heat 

denaturation. Samples were analysed by 1% agarose gel electrophoresis at 100 V for 

30 min. 5 μl of each plasmid DNA (80-100 ng/ μl) were separately treated with 5 μl of 

primers M13 Forward (-20) (5´-GTAAAACGACGGCCAG-3´) (5 μM) and M13 Reverse 

(5´-CAGGAAACAGCTATGAC-3´) (5 μM) and sent for Sanger sequencing to GATC 

Biotech (Konstanz, Germany) to confirm the correct sequence.  
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Expression of Z. tritici candidate virulence genes 

Wheat seedlings were infected with the Z. tritici isolate IPO323, IPO553 and IPO560 

using a 0.05% Tween 20 solution (2*10^6 CFU/ml) and incubated at 21°C, 16 h 

illumination per day. Uninfected leaves and infected leaves were collected at 1, 4, 8, 

10, 14 and 21 dpi and stored at -80 °C. RNA was extracted from leaf samples using 

Spectrum Plant Total RNA kit (Sigma-Aldrich) and stored at -20°C. Then, first-strand 

cDNA was synthesised using Omniscript Reverse Transcription Kit (QIAGEN) and stored 

at -20 ºC. Finally, 1 μl of each sample (100-200 ng) was treated using 17 μl DNase-

free water, 20 μl GoTaq Green Master Mix 2X (PROMEGA), 1 μl forward primer (10 μM) 

and 1 μl reverse primer (10 μM). PCR was performed under the following conditions: 

1) initial denaturation (2 min; 94 °C), 2) 35 cycles including denaturation (30 s; 94 

°C), annealing (45 s; 5 ºC below the average of Tm of forward and reverse primers) 

and extension (30-40 s; 72°C), 3) final extension (5 min; 72°C).  

Z. tritici isolates disease severity assays  

Wheat leaves were infected with sterile 0.05% Tween 20 solution prepared with the 

isolates IPO323, IPO553 and IPO560 to a final concentration of 2*10^6 CFU/ml. 

Pycnidia coverage was estimated at 21 dpi using the Ziv-Eyal rough scale, conferring 

a value of 5, 20, 50, 70 or 100 (Eyal et al., 1987).  

Disease progression in Z. tritici isolates 

Leaves were infected with sterile 0.05% Tween 20 solution prepared with the isolates 

IPO323, IPO553 and IPO560 to a final concentration of  2*10^6 CFU/ml. Infected 

leaves at 1, 4, 8, 10, 14 and 21 dpi and uninfected leaves were collected and stained 

with Trypan blue solution (10 g phenol, 10 ml glycerol, 10 ml lactic acid, 10 ml distilled 

water and 0.02 g trypan blue) (Koch and Slusarenko, 1990) in 15 ml centrifuge tubes, 

placed in heated water for 1 hour and kept at room temperature for 6-8 hours. Then, 

leaves samples were rinsed with distilled water and conserved in chloral hydrate (2.5 

g/ml) overnight. Finally, leaves were rinsed with dH2O, mounted in slides with 80% 

glycerol and examined under the light microscope Olympus BX40. Images of leaves 

(both stained and non-stained) were obtained using Moticam3 (Motic).
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Results 

1. Transcriptome analysis of Z. tritici isolates 

Identification of small secreted peptides in Z. tritici isolates 

Z. tritici exhibits a hemibiotrophic life style during the infection process in wheat, 

consisting of a latent (biotrophic) phase with no plant symptoms occurring, and a 

necrotrophic phase, during which plant evolves foliar necrosis, the pathogen develops 

pycnidia and disseminates fungal spores to near plants (Steinberg, 2015; Rudd et al., 

2015). Z. tritici exhibit several genes which encode proteins, defined as effectors, with 

a putative role during wheat pathogenesis (Hogenhout et al. 2009: Stergiopoulos et 

al., 2012; Morais do Amaral et al., 2012). These genes belong to different functional 

classes, including those encoding proteins with a role in fungal metabolism during the 

infection process in wheat, which are involved in the metabolism of carbohydrates, in 

the degradation of wheat proteins and fungal storage lipids. The pathogen also 

produce several proteins which confer resistance against stress induced by Reactive 

Oxygen Species (ROS) and secondary metabolites produced by the plant host to 

defend against pathogen attack. Several proteins may play a role in cell adhesion 

during fungal colonisation at the early stage of the infection process. Some genes 

encode proteins which have a putative function in virulence, triggering the transition 

from the biotrophic to the necrotrophic phase as well as a hypersensitive response 

(HR) and programmed cell death (PCD), leading to necrotic lesion in the plant host: 

these include the LysM motif protein Zt3LysM, found to sequestering chitin fragments, 

overcoming recognition by the plant receptors CERK1 and CEBiP (Marshall et al., 2011; 

Le et al., 2014). 

In this study, we examined the molecular profile through a bioinformatic analysis of 

the transcriptome of the two Irish isolates IPO553 and IPO560 and the Dutch isolate 

IPO323 of the wheat pathogen Z. tritici at 7 dpi to search for candidate virulence genes 

expressed prior to the transition to the necrotrophic phase. It will provide useful 

information for further investigation of the role of candidate virulence proteins in the 

stealth pathogenesis process by the pathogen during the biotrophic phase as well as 

to correlate differences in gene expression to variation in disease severity and 

progression among fungal isolates. 

The analysis of the transcriptome sequencing of wheat leaves infected at 7 dpi with 
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the Dutch Z. tritici isolate IPO323 and the two Irish isolates IPO553 and IPO560 

allowed the identification of 9556 genes expressed common to all three isolates. 820 

genes encode for proteins which are predicted to be secreted during the infection 

process in wheat, 363 of which are Small Secreted Peptides (SSPs), exhibiting a peptide 

length of ≤300 amino acids (Figure 8). SSPs were processed for the identification of 

any conserved domains using the NCBI CDD database, InterPro (EMBL-EBI) and MOTIF 

(Genome). Following this analysis to search for any conserved domain, 174 proteins 

present functional annotation (Appendix 1), four of them exhibit significant differences 

in gene expression between the fungal isolates, and 189 proteins do not exhibit a 

known function or annotation (Appendix 2), eight of them exhibit significant 

differences in gene expression between isolates (Figure 6). 

 

Figure 6. Identification of virulence proteins (SSPs) expressed in the Z. tritici isolates IPO323, IPO553 and IPO560 
during wheat infection at 7 dpi. RNA was sequenced by Beijing Genomics Institute (BGI); reads were aligned with 
the reference genome isolate IPO323 (JGI MycoCosm); signal peptide predicted (SignalP 4.1); Small Secreted 
Peptides (SSPs) (≤300 aa) and respective conserved domains were identified (NCBI CDD; EMBL-EBI; Genome); a 
Discovery Value Adjusted P value (P<0.05) was used to identify significant differences in gene expression (FPKM 
value). 

Table 3 shows the functional classification of the 174 SSPs with a conserved domain. 

52 genes encode proteins with a putative role in fungal metabolism during the infection 

process in wheat. 23 of these may be involved in the metabolism of carbohydrates, 

most of them related to the degradation and the remodelling of the fungal cell wall, 

while 11 genes may be involved in the degradation of wheat proteins and 16 genes in 

the degradation of fungal storage lipids. 17 proteins may help the pathogen in the 
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protection against plant ROS and secondary metabolities. Seven proteins present a 

hydrophobin-like or a fasciclin-like domain, which suggests involvement in cell 

adhesion during hyphal colonisation. 12 proteins may be involved in triggering 

virulence, with a putative role in causing foliar necrosis o the onset of the necrotrophic 

phase.: they include a cerato-platanin, three LysM domain proteins, three Homologs 

of Cladosporium fulvum effector 2 (Hce2), a necrotic inducing factor (NPP1), and four 

CFEM domains. 36 genes encode proteins with an unclear function during the 

pathogenesis process in wheat. 

Number of SSPs Biological process 

52 Fungal metabolism 

17 Stress and defence 

29 Transport 

12 Signalling 

7 Cell adhesion 

7 Gene expression 

2 RNA degradation 

12 Virulence 

36 Unclear function in wheat pathogenesis 

174 

Table 3. Putative biological process of the 174, Z. tritici SSPs (≤300 aa) exhibiting a functional annotation: these 
include proteins involved in fungal metabolism (52), stress and defence (17), transport (29), signalling (12), 
adhesion (7), gene expression (7), RNA degradation (2) and virulence (12). The role in wheat pathogenesis is not 
clear for 36 proteins. 

Information about the distribution of the SSPs across the Z. tritici genome was obtained 

from the Mycosphaerella graminicola database (JGI MycoCosm). SSPs were assigned 

to the majority of the Z. tritici chromosomes, except for the chromosomes 17, 18 and 

21 where no SSPs were present on these chromosomes. 98.3% of the SSPs are found 

on the core chromosomes (1-13), whilst only 1.7% are located on the accessory 

chromosomes (14-21). Chromosome 1 carries the largest number of SSPs (54), most 

of them exhibiting a functional annotation (34). Of the SSPs found on the accessory 

chromosomes, none of them has a conserved domain (Figure 7). 
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Figure 7. SSPs distribution on Z. tritici core (1-13) and accessory (14-21) chromosomes with a distinction between 
proteins with a functional annotation (blue) and unknown function (orange), determined through the search for 
conserved domains (NCBI CDD, EMBL-EBI, Genome) and the chromosome identification in JGI MycoCosm. 

Highly expressed genes in IPO323 and two Irish field isolates  

The gene expression profile (FPKM value) was evaluated for all the genes expressed 

in both the Dutch isolate IPO323 and the two Irish isolates IPO553 and IPO560. Firstly, 

we identified the genes encoding secreted proteins which exhibit the highest level of 

gene expression (FPKM>1000) in the fungal isolates at 7 dpi, to investigate on the 

biological processes occurring in the late stage of the biotrophic phase (Table 4). Genes 

encoding a hydrophobin 2, a SCP (Sperm-Coating Protein)-like protein, a ferritin-like 

and two yeast PIR (Protein with Internal Repeats) were strongly up-regulated within 

all the three isolates. Genes encoding a beta 1,3-glucanase and a GPI-anchored were 

up-regulated in both IPO323 and IPO553. Genes encoding a cerato-platanin, a 

ribonuclease and an amino acid permease were highly-expressed in IPO323, while 

genes encoding a hydrophobin 2, a yeast PIR protein, a Hce2 and the LysM effector 

homologs Mg1LysM and Mg3LysM were highly-expressed in IPO553. A superantigene-

like-encoding gene was up-regulated in both IPO553 and IPO560. Genes encoding a 

chloroperoxidase, a secretory lipase, a hydrophobic surface binding protein and a 

plastocyanin-like protein were highly expressed in IPO560.  
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   Filtered FPKM 

Gene ID Annotation Biological Function IPO323  IPO553 IPO560  

Mycgr3G102849 glycoside hydrolase family 64 
(beta 1,3-glucanase) 

Cell wall degradation 1610.18 2704.04 602.64 

Mycgr3G102341 GPI-anchored Cell wall degradation 1692.81 1805.86 695.5 

Mycgr3G77055 Hydrophobic surface binding 
protein A 

Lipid degradation 690.59 576.52 4548.06 

Mycgr3G52069 Secretory lipase Lipid degradation 314.349 90.23 2104.07 

Mycgr3G90001 Yeast PIR protein repeat Stress and defence 3469.58 3681.76 1972.46 

Mycgr3G99917 Yeast PIR protein repeat Stress and defence 2823.7 1828.06 1647.77 

Mycgr3G102481 Yeast PIR protein repeat Stress and defence 621.13 2150.51 564.5 

Mycgr3G103393 SCP-like domain; Allergen 
V5/Tpx-1 related 

Stress and defence 1507.29 2677.54 2365.37 

Mycgr3G74298 Chloroperoxidase Stress and defence 27.28 633.53 1014.19 

Mycgr3G82936 Plastocyanin-like Transport 312.79 736.31 1178.74 

Mycgr3G103950 Amino acid permease Transport 1103.03 964.56 786.86 

Mycgr3G103460 Ferritin-like Transport 1077.06 1345.65 1793.24 

Mycgr3G96543 Hydrophobin 2 Cell adhesion 3267.33 1218.4 4648.6 

Mycgr3G48129 Hydrophobin 2 Cell adhesion 0 1143.45 260.488 

Mycgr3G38105 Fungal type ribonuclease RNA degradation 1743.26 577.68 387.31 

Mycgr3G39947 Cerato-platanin Virulence 1437.79 268.944 19.3603 

Mycgr3G111221 LysM domain Virulence 149.56 1457.69 754.48 

Mycgr3G104404 Hce2 Virulence 131.32 1335.77 367.17 

Mycgr3G105487 LysM doman Virulence 142.42 1028.27 642.47 

Mycgr3G80321 Nucleopolyhedrovirus capsid 
protein P87 

Unclear 1362.4 2507.83 621.33 

Mycgr3G103900 Pestivirus envelope 
glycoprotein E2 

Unclear 66.71 1989.51 527.877 

Mycgr3G105677 Flagellin protein Unclear 251.28 414.04 2770.63 

Mycgr3G103427 Retinal pigment epithelial 
membrane protein 

Unclear 281.43 1473.36 1300.49 

Mycgr3G106452 Superantigen-like protein Unclear 841.46 2273.89 2242.33 

Mycgr3G104697 No Hits Unknown 2262.95 581.74 3022.34 

Mycgr3G105182 No Hits Unknown 1662.55 648.17 1890.71 

Mycgr3G90017 No hits Unknown 1173.15 206.2 56.36 

Mycgr3G102792 No Hits Unknown 0 10217.5 6132.59 

Mycgr3G91471 No Hits Unknown 283.48 5909.35 560.87 

Mycgr3G104444 No Hits Unknown 161.14 5341.73 1482.74 

Mycgr3G108482 No Hits Unknown 93.89 1844.62 331.26 

Mycgr3G103091 No Hits Unknown 189.1 1707.97 39.53 

Mycgr3G105825 No Hits Unknown 126.27 1419.03 420.28 

Mycgr3G90776 No Hits Unknown 154.82 1400.35 2169.23 

Mycgr3G83064 No Hits Unknown 209.86 1211.22 681.04 

Mycgr3G106329 No Hits Unknown 170.35 107.18 3480.83 

Mycgr3G104794 No Hits Unknown 362.5 548.67 3300.97 

Table 4. Biological function of genes encoding secreted proteins (FPKM>1000) with their respective gene ID (JGI 
MycoCosm) in IPO323, IPO553 and IPO560 sorted by biological process, respective annotation and FPKM value. 24 
of these proteins exhibit a conserved domain, five of which have an unclear role in wheat pathogenesis. 13 do not 
have a functional annotation. Green shading indicates SSPs. 
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Differences in gene expression between IPO323 and two Irish field isolates 

In order to investigate any significant differences in gene expression between the three 

isolates, a binary comparison between the isolates was performed by the calculation 

of Logarithm of Fold Changes (LogFD) and the Discoverate Value Adjusted P-value 

(FDR) (P<0.05). This quantifies the gene expression and any statistically significant 

differences between isolates, respectively. The transcriptomic analysis allowed the 

identification of 58 genes significantly differentially expressed between the fungal 

isolates (Figure 8A) and 19 of these are secreted (Figure 8B). Twelve genes encode 

SSPs differentially expressed and eight of them, interestingly, do not show any 

functional annotation. The Irish isolate IPO553 exhibited 16 genes significantly 

differently expressed from the Dutch isolate IPO323. Furthermore, the Irish isolate 

IPO560 exhibited 16 genes differently expressed from the Dutch isolate IPO323, 8 of 

which are common to IPO553. Surprisingly the two Irish isolates showed 40 genes 

with a significant difference in expression profile between IPO560 and IPO553. IPO553 

and IPO560 show seven and five genes encoding secreted peptides respectively which 

were significantly differently expressed from IPO323, two of them are common to the 

two Irish isolates. The Irish isolates exhibited 12 secreted proteins differently 

expressed from each other. 

 

Figure 8. A) Significant differences in gene expression between fungal isolates, including 16 genes significantly 
differently expressed (p<0.05) between IPO553 and IPO323 (orange), 16 between IPO560 and IPO323 (yellow) 
and 40 between IPO560 and IPO553 (blue). B) 19 significant differences for genes encoding secreted proteins 
between fungal isolates including 7 genes significantly differently (p<0.05) expressed between IPO553 and IPO323 
(orange), 5 between IPO560 and IPO323 (yellow) and 12 between IPO560 and IPO553 (blue). 
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The Z. tritici isolates IPO553 and IPO560 exhibit differences in genes encoding proteins 

involved in transport and signalling in comparison to IPO323, while the differences 

between the two Irish isolates were mostly related to proteins with a putative role in 

the protection against ROS produced by the plant host. A Pestivirus envelope 

glycoprotein E2-like encoding gene was up-regulated in IPO553 in comparison to 

IPO323 (Table 5), while a gene encoding a carbohydrate kinase was up-regulated in 

IPO323 and down-regulated in both IPO553 and IPO560 (Table 5 and 6). A gene 

encoding a multicopper oxidase was up-regulated in IPO323 in comparison to IPO553 

(Table 5), while a ferritin-like-encoding gene was up-regulated in both IPO323 and 

IPO553 and down-regulated in IPO560 (Table 6 and 7). A myticin-preprotein-like-

encoding gene was up-regulated in IPO553 in comparison to IPO560 (Figure 7). In 

contrast, IPO560 exhibits genes encoding three chloroperoxidases, a SCP-like domain, 

a secretory lipase and a bacteriophage P21 holing S-like which were up-regulated in 

comparison to IPO553 (Table 7).  

Gene ID Annotation Biological process IPO553 vs IPO323 

Mycgr3G102792 No Hits  

Up regulated in IPO553 
 

Mycgr3G104444 No Hits  

Mycgr3G91471 No Hits  

Mycgr3G108482 No Hits  

Mycgr3G103900 Pestivirus envelope glycoprotein E2 Unclear 

Mycgr3G35451 Multicopper oxidase Transport 
Up regulated in IPO323 

Mycgr3G46866 Carbohydrate kinase, PfkB Signalling 

Table 5. Genes encoding secreted proteins with their respective gene ID (JGI MycoCosm), annotation and biological 
function, exhibiting significant differences in gene expression (P<0.05) between the Z. tritici isolates IPO553 and 
IPO323. Green shading indicates SSPs. 

Gene ID Annotation Biological process IPO560vs IPO323 

Mycgr3G102792 No Hits  

Up regulated in IPO560 Mycgr3G71216 No Hits  

Mycgr3G106329 No Hits  

Mycgr3G103564 Ferritin-like Transport 
Up regulated in IPO323 

Mycgr3G46866 Carbohydrate kinase, PfkB Signalling 

Table 6. Genes encoding secreted proteins with their respective gene ID (JGI MycoCosm), annotation and biological 
function, exhibiting significant differences in gene expression (P<0.05) between the Z. tritici isolates IPO553 and 
IPO323. Green shading indicates SSPs. 

Gene ID Annotation Biological process IPO560 vs IPO553 

Mycgr3G92220 Bacteriophage P21 holin S  

Up regulated in IPO560 

Mycgr3G106329 No Hits  

Mycgr3G94017 No Hits  

Mycgr3G109710 SCP-like domain; Allergen V5/Tpx-1 
related 

Stress and defence 

Mycgr3G101235 Chloroperoxidase Stress and defence 

Mycgr3G94368 Chloroperoxidase Stress and defence 

Mycgr3G74298 Chloroperoxidase Stress and defence 

Mycgr3G52069 Secretory lipase Lipid degradation 

Mycgr3G91471 No Hits  

Up regulated in IPO553 
Mycgr3G103091 No Hits  

Mycgr3G103555 Myticin pre-protein  

Mycgr3G103564 Ferritin 2 Transport 

Table 7. Genes encoding secreted proteins with their respective gene ID (JGI MycoCosm), annotation and biological 
function, exhibiting significant differences in gene expression (P<0.05) between the Z. tritici isolates IPO553 and 
IPO323. Green shading indicates SSPs. 
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Identification of SNPs in SSP-encoding genes that are significantly 

differentially expressed between IPO560, IPO553 and IPO323.  

Pathogens are subjected to evolutionary process leading to the selection of specific 

traits which may lead to the increase in the ability to infect and colonise the plant host, 

as well as the adaption to different environments. Different types of selection may 

either shift and increase the genetic variance of a natural population. These involve 

the selection against extreme variations, favouring intermediate phenotypes, with a 

decrease in population variance (stabilising selection); the shift towards a new 

phenotype as adaption to environmental changes (directional selection); the increase 

of genetic variance favoring extreme phenotypes with specific advantages (diversifying 

or distruptive selection).  

To provide with further information about the genetic variations occurring at population 

level, we focused on the search for variation in gene transcripts through the 

identification of Single Nucleotide Polymorphisms (SNPs) in the Irish isolates IPO553 

and IPO560 by comparison to the reference genome isolate IPO323. The identification 

of SNPs was to find differences in the amino acid composition of the respective proteins 

in the fungal isolates which may be suggestive of isolate evolution. We also looked at 

SNPs outside the coding sequence (CDS) to evaluate if changes in the gene sequence 

may affect variations in gene expression among isolates. We focused our attention on 

SSPs containing SNPs, which were found to be significantly differently expressed 

between isolates, including those ones without a functional annotation, which may be 

unique to the pathogen and therefore rapidly evolving, as result of adaption and 

infection of wheat. Of 363 genes encoding SSPs, 146 exhibit at least one nucleotide 

substitution in IPO553 or IPO553. 72 of these genes encode proteins with a functional 

annotation, four of which exhibit significant differences in gene expression between 

isolates, and 74 genes encode proteins with unknown function, seven of which were 

significantly differentially expressed between isolates (Figure 9).  
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Figure 9. Diagram illustrating the number of SSPs presenting one or more SNPs variants in the Z tritici isolates 
IPO553 and IPO560. SNPs were identified through the alignment aligned with the reference genome isolate IPO323 
(JGI MycoCosm); conserved domains of SSPs were identified using NCBI CCD, EMBL-EBI and Genome databases; 
a Discovery Value Adjusted P value (P<0.05) was used to identify significant differences in gene expression (FPKM 
value). 

40 nucleotide substitutions were found in SSPs-encoding genes exhibiting significant 

differences between isolates (Figure 10). These included 20 non-synonymous, 12 

synonymous, two 3-prime untranslated region (UTR), two 5-prime UTR, three 

upstream gene and one splice region/non-coding region (Figure 10). 11 SSPs exhibit 

significant difference in gene expression between Z. tritici isolates resulted to have one 

or more SNPs variants in comparison to IPO323 (Table 8). Four genes exhibit 

synonymous variants (Table 9), (no change in the amino acid composition of the final 

protein) while seven genes showed non-synonymous variants, leading to changes in 

the amino acid composition of the respective protein (Table 10 and Figure 11). Two 

genes exhibit a single nucleotide variation in the 3-prime UTR, one gene shows two 

variants in the 5-prime UTR, one gene exhibits three nucleotide substitutions in the 

upstream region of the gene, one gene shows a single variant in the splice region 

(non-coding exon) (Table 9). These variants were differently distributed within the two 

Irish isolates: 25 nucleotide substitution were found in IPO553 and 25 in IPO560, 11 

of them were common to both the isolates (Table 9 and 10).   
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Figure 10. SNPs found in genes encoding SSPs exhibiting significant differences in gene expression between Z. tritici isolates: these include 12 synonymous, 20 non-synonymous, 
two 3-prime UTR, two 5-prime UTR, three upstream regions and one splice region & non-coding exon.    
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Chromosome Gene ID Annotation Synonymous Non-synonymous 3 prime UTR 5 prime UTR Upstream gene Splice exon & 
non-coding 

region 

1 Mycgr3G102792 No Hits 0 2 0 2 0 0 

2 Mycgr3G103091 No Hits 0 0 1 0 0 0 

3 Mycgr3G103555 Myticin pre-protein 0 0 0 0 0 1 

3 Mycgr3G103900 Pestivirus envelope 
glycoprotein E2 

3 3 0 0 0 0 

3 Mycgr3G108482 No Hits 0 4 1 0 0 0 

3 Mycgr3G91471 No Hits 0 4 0 0 0 0 

3 Mycgr3G92220 Bacteriophage P21 
holin S 

0 1 0 0 3 0 

4 Mycgr3G71216 No Hits 3 0 0 0 0 0 

5 Mycgr3G104444 No Hits 0 4 0 0 0 0 

6 Mycgr3G109710 SCP-like domain; 

Allergen V5/Tpx-1 
related 

4 0 0 0 0 0 

12 Mycgr3G106329 No Hits 2 2 0 0 0 0 

TOTAL 12 20 2 2 3 1 

Table 8. List of genes encoding SSPs with significant differences in gene expression between Z. tritici isolates IPO323, IPO560 and IPO553 with their respective gene ID (JGI Mycocosm) 
and SNPs. These include four proteins with a functional annotation and seven with an unknown function. Variants include synonymous (12), non-synonymous (20), 3-prime UTR (2); 5-
prime UTR (2), upstream gene (3), splice exon & non-coding region (1).
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Gene ID Chromosome Position Reference Alteration Annotation Variant IPO553 IPO560 

Mycgr3G103900 3 2844570 G A Pestivirus 
envelope 

glycoprotein E2 

Synonymous Y Y 

Mycgr3G103900 3 2844582 C T Synonymous Y  

Mycgr3G103900 3 2844621 A G Synonymous Y Y 

Mycgr3G71216 4 1706323 T A 

No Hits 

Synonymous  Y 

Mycgr3G71216 4 1706371 T A Synonymous Y Y 

Mycgr3G71216 4 1706680 C T Synonymous  Y 

Mycgr3G109710 6 184977 C T 
SCP-like domain; 
Allergen V5/Tpx-1 

related 

Synonymous  Y 

Mycgr3G109710 6 185254 A G Synonymous  Y 

Mycgr3G109710 6 185405 G A Synonymous  Y 

Mycgr3G109710 6 185558 G A Synonymous  Y 

Mycgr3G106329 12 572550 C G 
No Hits 

Synonymous  Y 

Mycgr3G106329 12 572556 A C Synonymous  Y 

Mycgr3G103091 2 828310 A T No Hits 3-prime UTR Y  

Mycgr3G108482 3 781042 A G No Hits 3-prime UTR Y  

Mycgr3G102792 1 4512989 C A 
No Hits 

5-prime UTR  Y 

Mycgr3G102792 1 4512995 G A 5-prime UTR  Y 

Mycgr3G92220 3 3498883 T C 
Bacteriophage 

P21 holin S 

Upstream gene  Y 

Mycgr3G92220 3 3499298 A G Upstream gene Y Y 

Mycgr3G92220 3 3499302 T C Upstream gene Y Y 

Mycgr3G103555 3 378327 T C Myticin pre-
protein 

Splice region & non-
coding exon 

Y  

Table 9. SNPs variants in genes encoding SSPs with significant differences (P<0.05) in gene expression between Z. tritici isolates. The table show respective gene ID (JGI 
MycoCosm), chromosome number and respective position on the chromosome, nucleotide identified in the reference genome and respective alteration, functional annotation, 
SNPs primary effect. Y (YES), indicates if the two fungal isolates exhibit the respective SNPs variant. 
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Gene ID Chromosome Position Reference Alteration Annotation Amino acid change IPO553 IPO560 

Mycgr3G102792 1 4512601 A C 
No Hits 

p.Ser99Ala   Y 

Mycgr3G102792 1 4512805 C A p.Ala31Ser   Y 

Mycgr3G103900 3 2844301 G C Pestivirus 

envelop 
glycoprotein E2 

p.Thr92Ser Y Y 

Mycgr3G103900 3 2844417 T C p.Thr73Ala Y Y 

Mycgr3G103900 3 2844491 A C p.Leu48Trp Y Y 

Mycgr3G91471 3 777547 A T 

No Hits 

p.Phe152Tyr Y   

Mycgr3G91471 3 777548 A G p.Phe152Leu Y   

Mycgr3G91471 3 777649 G A p.Ala118Val Y   

Mycgr3G91471 3 777650 C G p.Ala118Pro Y   

Mycgr3G108482 3 780645 G A 

No Hits 

p.Arg27Gln Y   

Mycgr3G108482 3 780662 G A p.Asp33Asn Y   

Mycgr3G108482 3 780701 C G p.Gln46Glu Y   

Mycgr3G108482 3 780731 G A p.Asp56Asn Y   

Mycgr3G92220 3 3501534 C T 
Bacteriophage 

P21 holin S 
p.Arg170Cys   Y 

Mycgr3G104444 5 990285 T C 

No Hits 

p.Thr74Ala   Y 

Mycgr3G104444 5 990330 C A p.Ala59Ser Y   

Mycgr3G104444 5 990339 T G p.Ile56Leu Y   

Mycgr3G104444 5 990416 G C p.Ala30Gly Y Y 

Mycgr3G106329 12 572099 C A 
No Hits 

p.Lys111Asn Y Y 

Mycgr3G106329 12 572249 T C p.Thr79Ala Y Y 

Table 10. Non-synonymous variants in genes encoding SSPs with significant differences in gene expression between Z. tritici isolates. The table show respective gene ID (JGI 
MycoCosm), chromosome number and respective position on the chromosome, nucleotide identified in the reference genome and respective alteration, functional annotation, 
respective amino acid change including the position in the protein sequence. Y (YES) indicates if the two fungal isolates exhibit the respective SNPs variant. 
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Figure 11. Changes in amino acid composition derived from non-synonymous variants in genes encoding SSPs with 
significant differences in gene expression found in the Irish isolates IPO553 and IPO560 in comparison with IPO323. 
Gene ID (JGI MycoCosm). The numbers on the blue bar indicate the position of the substitution in the protein 
sequence. Lines indicate if the variants are mapped on the transcriptome of IPO553 (yellow), IPO560 (orange) or 
both (yellow and orange).   
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Summary 

The transcriptomic analysis of the Z. tritici isolates IPO323, IPO553 and IPO560 

allowed the identification of a large number of Small Secreted Proteins (SSPs), with 

different predicted functions during wheat infection, and variations in gene expression 

among the fungal isolates at 7 dpi. Twelve SSPs were found to be significantly 

differently expressed between the fungal isolates at 7 dpi, and eight of these do not 

exhibit any conserved domain. Interestingly, most of these proteins do not exhibit any 

functional annotation, and their role in wheat pathogenesis is unknown. The majority 

of the SSP-encoding genes were mapped on the core chromosomes (1-13), while only 

six of these were found on accessories chromosomes (14-21). A broad number of SSPs 

show nucleotide variations (SNPs) between the Irish isolates and the reference genome 

isolate IPO323. Eleven of these SSPs exhibited statistically significant differences in 

gene expression between the fungal isolates, most of them containing non-

synonymous nucleotide substitutions, leading to changes in the amino acid 

composition of the final protein. 
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2. Investigation of disease progression in different Z. tritici isolates 

Disease severity of Z. tritici isolates 

Longbow seedlings were infected with the isolates IPO323, IPO553 and IPO560 and 

this was repeated over four independent experiments in order to investigate any 

differences in disease severity by evaluating the pycnidia coverage on necrotic 

leaves at 21 days post infection (dpi). The fungal isolates IPO553 and IPO560 were 

previously isolated in the field in Oak Park Carlow, Ireland in 2014 and have not 

been characterised previously. IPO560 was reported to be particularly virulent in 

field (Kildea, pers. comm.). Figure 12 shows the average values of disease severity 

obtained through visual inspection of pycnidia coverage using the Ziv-Eyal rough 

scale (Eyal et al., 1987). All seedlings showed the typical features of the late 

necrotrophic phase of Septoria tritici blotch, including necrotic lesions and pycnidia 

maturation at the collection point (21 dpi) (Figure 13). Over the four experiments, 

IPO553 resulted to be the most aggressive fungal isolate, in contrast to that reported 

in the field, producing the highest level of disease severity, corresponding to a final 

average score of 97.5%, resulting in a statistically significant difference (t-test, 

P<0.05) in pycnidia coverage in comparison to both IPO323 and IPO560. IPO560 

exhibited a pycnidia coverage of 58.3%, compared to IPO323 (38.3%), although no 

significant differences were found. 

 

Figure 12. Average pycnidia coverage at 21 dpi (Ziv-Eyal index) (Eyal et al., 1987) on wheat leaves (Longbow 
cv.) infected with the Z. tritici isolates IPO323, IPO553 and IPO560. IPO553 pycnidia score significantly high in 
comparison to IPO323 and IPO560 (t-test; P<0.05). The results are representative of four independent 
experiments where n=4.
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Figure 13. Wheat leaves (Longbow cv.) at 21 dpi infected with either the Z. tritici isolate IPO323, IPO553 and IPO560 and the uninfected control, sprayed with 0.05% Tween 20 
solution only. Necrotic lesions are visible on all the leaves infected with either fungal isolates.
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Disease progression of Z. tritici isolates 

Since IPO553 shows a significantly different disease score at 21 dpi (Figure 12) any 

difference in the timing of disease progression was investigated between the three 

isolates. Longbow wheat leaves infected with the Z. tritici isolates IPO323, IPO553 and 

IPO560, were collected at six time points corresponding to different fungal growth 

stages such as: spore germination on the leaf surface (1 dpi), hyphal colonisation of 

the leaf epidermis (4 dpi), the transition between the biotrophic and necrotrophic 

phase (8 dpi and 10 dpi) and finally foliar necrosis and pycnidia development (14 dpi-

21 dpi) (Figure 14).  None of the infected leaves with the fungal isolates exhibit visible 

chlorotic or necrotic lesion at 1 dpi and 4 dpi. At 8 dpi IPO553 already shows chlorosis, 

while IPO323 and IPO560 do not exhibit any visible symptoms at that time. Plants 

infected with IPO323 show foliar chlorosis at 10 dpi and necrosis at 14 dpi whereas 

leaves infected with either IPO553 or IPO560 show both foliar chlorosis and necrosis 

from 10 dpi. There was a progressive increase of necrotic leaf area towards the late 

necrotrophic phase (21 dpi).  

Infected Longbow wheat leaves were stained with trypan blue in order to investigate 

in more detail the switch to necrosis and fungal growth over time, following infection 

with the three different isolates. Trypan blue stains cell death and fungal structures 

(Koch and Slusarenko, 1990). No symptoms were observed at 1 dpi and 4 dpi following 

challenge with any of the isolates (Figure 15 and 16A), confirming that the fungus was 

still in its biotrophic life style, while cell death was clearly visible from 8 dpi. This was 

very accentuated in leaves infected with IPO553, while less cell death was visible in 

leaves infected with IPO323 and IPO560 (Figure 15 and 16B). Leaves exhibited an 

increase in the number of dead cells at 10 dpi for all the fungal isolates (Figure 15). 

Pycnidia appeared as dark elliptical spots and developed from stomatal cavities of 

leaves infected with all the fungal isolates at 14 dpi and these were particularly 

abundant in the Irish isolate IPO553 followed by IPO560 (Figure 15 and 16C). Leaves 

exhibited an increase in pycnidia size and number in all isolates at 21 dpi, although 

isolate IPO323 exhibited a lower number compared to the Irish isolates (Figure 15). At 

this stage, hyphae had clustered in the substomatal chambers to form pycnidia (Figure 

15 and 16D). 
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Figure 14.  Wheat leaves (Longbow cv.) from plants infected with either the isolate IPO323, IPO553 or IPO560, 
collected at 1, 4, 8, 10, 14 and 21 dpi. No necrotic lesions can be observed at 1 dpi, 4 dpi and only IPO553 
exhibits visible symptoms at 8 dpi. The results are representative of two independent experiments where n=2. 
Scale bar: 1 cm. 
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Figure 15. Wheat leaves (Longbow cv.) stained with trypan blue infected with the isolates IPO323, IPO553 and 
IPO560 collected at 1, 4, 8, 10, 14 and 21 dpi and uninfected control spayed with 0.05% Tween 20. Arrows indicates 
areas of plant cell death; asterisks indicate pycnidia. The results are representative of two independent experiments 
where n=2. Scale bar=200 µm. 
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Figure 16. Wheat leaves (Longbow cv.) stained with trypan blue infected with IPO323, IPO553 and IPO560: A) no 
symptoms in IPO323 at 1 dpi; B) cell death (arrows) in IPO553 at 14 dpi C) pycnidium emerging from stomata 
(asterisk) in IPO553 at 14 dpi; D) hyphae form pycnidium after colonising the apoplast (arrow heads) in IPO323 at 
21 dpi. The results are representative of two independent experiments where n=2. Scale bar=200 µm.  

Expression of candidate virulence genes over the disease progression of Z. 

tritici infection  

Previously Z. tritici effector candidates were found to be expressed at different stages 

of infection (Yang et al., 2013; Rudd et al., 2015). Six Z. tritici candidate virulence 

genes were selected from publically available data (do Amaral et al., 2012) and may 

play a central role in wheat pathogenesis: they include two hydrophobin-2 

(Mycr3G48129 and Mycgr3G96543), one cerato-platanin (Mycgr3G39947) and three 

Hce2 (Mycgr3G104404, Mycgr3G107904 and Mycgr3G111636).  

Hydrophobins are a group of unique proteins in the fungal kingdom and restricted to 

filamentous fungi of the Ascomycota and Basidiomycota. These proteins present eight 

conserved cysteine residues and their function is related to their high level of 

hydrophobicity, resulting in the assembly amphipathic monolayers at hydrophilic-

hydrophobic interfaces (Bayry et al., 2012). Hydrophobin 2-like proteins were found to 

be involved in cell adhesion and leaf colonisation in several host-pathogen interactions 

(Whiteford et al., 2004; Bayry et al., 2012). The M. grisea hydrophobin 1 Mhp1 
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produces an increase in the infection, colonisation and growth in host cells (Kim et al., 

2015). Whiteford et al. 2004 found that the C. fulvum hydrophobin 2-like protein HCf-

6 is secreted during hyphal colonisation of plant tissues, suggesting a relevant role in 

adhesion to the leaf surface during hyphal infection. The Z. tritici genome carries eight 

genes encoding for hydrophobin-like proteins, with a suggested role to facilitate the 

adhesion to hydrophobic surfaces (Goodwin et al., 2011): six of them encode protein 

which are predicted to be secreted (Mycgr3G48129, Mycgr3G95491, Mycgr3G96536, 

Mycgr3G96543, Mycgr3G108349 and Mycgr3G88691) (Morais do Amaral et al., 2012). 

Cerato-platanin is a group of cysteine-rich small secreted proteins ubiquitous to the 

Ascomycota and Basidiomycota fungi. The first cerato-platanin protein was identified 

from the ascomycete Ceratocystis fimbriata, the causal agent of the canker stain in 

European plane trees (Pazzagli et al., 1999). Cerato-platanin homologs were found to 

be phytotoxic in several host-pathogen interactions, for example BcSpl1 in Botrytis 

cinerea (Frias et al., 2011, 2013) and Msp1 in Magnaporthe grisea (Jeong et al., 2007).  

Z. tritici exhibits one gene encoding a cerato-platanin (Mycgr3G39947).  Most 

ascomycete fungi have one cerato-platanin protein, except for Botrytis cinerea and 

Fusarium graminearum, which secrete two.  

Homologs of Cladosporium fulvum Ecp2 (Hce2) belongs to a superfamily including 153 

genes in the kingdom of fungi (52 species: 46 of Ascomycota, 6 of Basidiomycota) 

(Stergiopoulos et al., 2012). Nearly all the homologs exhibita N-terminal signal peptide 

and at least four cysteine residues. The role of most of Hce2 in the fungal-plant 

interaction is still unknown. In C. fulvum, Ecp2 is asecreted protein with a crucial role 

in triggering virulence in tomato plants, resulting in necrotic lesions and release of 

nutrients from the host cells (Lauge et al., 1997; Stergiopoulos et al., 2010). Z. tritici 

exhibits three genes which encode Hce2-like proteins belonging to the Class I proteins 

(Mycgr3G104404, Mycgr3G107904, and Mycgr3G111636), proposed as putative 

necrosis-inducing factors in wheat (Stergiopoulos et al., 2012; Morais do Amaral et al., 

2012). 

The six candidate genes chosen for this study were successfully cloned into pBLUNT 

vector (invitrogen) for future analysis and future characterisation of these effector 

candidates. Mycgr3G96543 and Mycgr3G39947 were cloned from IPO323 (Dutch), 

while Mycr3G48129, Mycgr3G104404, Mycgr3G107904 and Mycgr3G111636 were 
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cloned from IPO560 (Irish).  

In order to investigate when the six candidate virulence genes are expressed during 

the progression of disease infection, and if there are difference in the timing of gene 

expression among the fungal isolates IPO323, IPO553 and IPO560, these genes were 

analysed through RT-PCR of cDNA obtained from wheat leaves infected with the three 

Z. tritici isolates, collected at different time points (1-21 dpi). Interestingly, the 

expression profile at different time points of infection allowed to identify variation in 

expression among the three isolates (Figure 17). 

 

Figure 17. Expression profile of six Z. tritici genes in IPO323, IPO553 and IPO560 in wheat leaves at different time 
points of infection (1, 4, 8, 10, 14, 21 dpi), uninfected leaves (C) and negative control (H2O). These include: 
Mycgr3G48129 (Hydrophobin 2), Mycgr3G96543 (Hydrophobin 2), Mycgr3G39947 (Cerato-platanin), 
Mycgr3G104404 (Hce2), Mycgr3G107904 (Hce2), Mycgr3G111636 (Hce2). The housekeeping wheat gene α-tubulin 
is used as a reference. The results are representative of two independent experiments where n=2.  

   Filtered FPKM  

Gene ID Annotation IPO323 IPO553 IPO560 

Mycgr3G48129 Hydrophobin 2 0 1143.45 260.49 

Mycgr3G96543 Hydrophobin 2 3267.33 1218.4 4648.6 

Mycgr3G39947 Cerato-platanin 1437.79 268.94 30.99 

Mycgr3G104404 Hce2 131.32 1335.77 367.17 

Mycgr3G107904 Hce2 40.58 180.25 138.61 

Mycgr3G111636 Hce2 0 914.73 684.75 

Table 11. FPKM value obtained for six candidate virulence genes (gene ID obtained from JGI MycoCosm database) 
from the transcriptome of the fungal isolates IPO323, IPO553 and IPO560 at 7 dpi. These include: Mycgr3G48129 
(Hydrophobin 2), Mycgr3G96543 (Hydrophobin 2), Mycgr3G39947 (Cerato-platanin), Mycgr3G104404 (Hce2), 
Mycgr3G107904 (Hce2), Mycgr3G111636 (Hce2). 
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The transcript levels of Mycgr3G48129 (Hydrophobin 2) was high at 14 and 21 dpi in 

all fungal isolates, however, transcripts were also present at 8 dpi in IPO553.  

The expression of Mycgr3G96543 (Hydrophobin 2) was weak in all the isolates, IPO553 

exhibited transcripts at 8 dpi in comparison to IPO323 and IPO560, where transcripts 

were present at 21 dpi.  

Mycgr3G39947 (Cerato-platanin) was also expressed at 14 and 21 dpi in all isolates. 

Whereas, IPO553 also exhibited expression of Mycgr3G39947 (Cerato-platanin) at 1 to 

8 dpi.   

Mycgr3G104404 (Hce2) was highly expressed at 21 dpi in IPO323 and IPO560, but not 

in IPO553. Contrary to this, it was expressed earlier at 8-14 dpi in IPO553. Both IPO553 

and IPO560 exhibited the expression of Mycgr3G104404 (Hce2) at 14 dpi.  

Mycgr3G107904 (Hce2) and Mycgr3G111636 (Hce2) were expressed at 8 -21 dpi in 

IPO553. Whereas, Mycgr3G107904 was expressed at 10 and 21 dpi in IPO323 and 14-

21 dpi in IPO560. Mycgr3G111636 was expressed at 10-21 dpi in both IPO323 and 

IPO560.  

Comparison of Z. tritici gene expression with RNA sequencing 

Table 11 shows the level of expression of the six candidate virulence genes described, 

obtained from the RNAseq experiment at 7 dpi. These results were compared with the 

expression profile obtained from the RT-PCR experiment at 8 dpi (Figure 17). 

Mycgr3G48129 was highly expressed in IPO553, but not expressed in IPO323 at 7 dpi, 

while it is expressed at a low level in IPO560. A similar expression profile was detected 

in all the fungal isolates using RT-PCR at 8 dpi.  

Mycgr3G96543 was highly expressed in all the fungal isolates at 7 dpi during the 

RNAseq study, but IPO553 appeared to have a low level of expression at 8 dpi using 

RT-PCR, while no expression was detected in IPO323 and IPO560.  

Mycgr3G39947 was highly expressed in IPO323, low expression and no expression 

were detected in IPO553 and IPO560, respectively, from the RNAseq study at 7 dpi. 

This gene was not expressed in IPO323 in the RT-PCR experiment at 8 dpi, in contrast 

to what was found during the RNAseq experiment. 

Mycgr3G104404 was found to be highly expressed in IPO553 in the RNAseq at 7 dpi, 
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while a lower level of gene expression was detected in IPO323 and IPO560. These 

data are slightly different from those obtained from the RT-PCR study at 8 dpi, but no 

expression was detected in IPO323 and IPO560.  

Mycgr3G107904 exhibited no expression in IPO323 and low expression for IPO553 and 

IPO560 during both the RNAseq study at 7 dpi and the RT-PCR experiment at 8 dpi. 

Mycgr3G111636 was not expressed in IPO323, but was expressed in IPO553 and 

IPO560 at 7 dpi in the RNAseq study. This is not completely the same as the data 

obtained from the RT-PCR experiment, since IPO560 was not expressed at 8 dpi.  

Summary 

The Irish isolates IPO553 and IPO560 were found to be more aggressive than the 

reference Dutch isolate IPO323. In particular, IPO553 showed a significant increase in 

levels of disease severity at 21 dpi compared to the isolates IPO560 and IPO323. This 

also caused abundant plant cell death from 8 dpi, and an earlier appearance of leaf 

necrosis (8dpi) in comparison to IPO323 and IPO560 (10 dpi). Six Z. tritici candidate 

virulence genes were found to be predominantly expressed at the later stages of wheat 

pathogenesis. This suggest that hydrophobin-2 like proteins (Mycgr3G48129 and 

Mycgr3G96543) may play a role in cell adhesion during the entire wheat pathogenesis, 

while the cerato-platanin like protein (Mycgr3G39947) and the three Hce2 

(Mycgr3G104404, Mycgr3G107904 and Mycgr3G111636) could be involved in foliar 

necrosis or pycnidia production. In IPO553, these genes exhibited an earlier expression 

from 8 dpi, in accordance with the earlier appearance of plant cell death and leaf 

necrosis (Figure 14 and 15).  
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Discussion 

Septoria tritici blotch (STB) is nowadays one of the most devastating diseases of wheat 

in the humid countries Northen Europe (Fones and Gurr, 2015). Recent data show that 

the level of susceptibility of some wheat cultivars, such as Avatar and Leeds cv., have 

increased in the last years in the Irish fields (Winter Wheat Recommended List 2016, 

2017, DAFM). The spread of Z. tritici, supported by the ability of the pathogen to rapidly 

adapt to environmental changes, develop fungicide insensitivity and overcome plant 

resistance, could be a threat for the wheat crop production in Ireland (O’Driscoll et al., 

2014; Steinberg, 2015). This makes important to aim wheat research to the 

development of strategies for the management of STB and the identification of genetic 

traits in wheat in order to ensure a stable resistance to the pathogen.  

The aim of this work was the identification of candidate virulence genes encoding Small 

Secreted Peptides (SSPs) and any differences in expression of these among three 

Zymoseptoria tritici isolates: the two Irish field isolates IPO553 and IPO560, and the 

Dutch reference isolate IPO323. The transcriptome was obtained from infected leaves 

from a susceptible wheat cultivar (Longbow cv.) at 7 dpi. This time point was used to 

investigate the expression profile of the Z. tritici isolates at the late stages of the 

biotrophic phase, prior to the activation of plant cell death and the appearance of 

disease symptoms in the necrotic phase. Following the identification of these candidate 

virulence genes, genetic variations (SNPs) were investigated in the transcripts of the 

Irish isolates in comparison to the reference genome isolate IPO323 (Goodwin et al., 

2011). These differences may lead to further knowledge of the specific genes which 

play a role in wheat pathogenesis and elucidate the underlying mechanism for 

differences in disease severity and progression among isolates.  

The transcriptome of the Z. tritici isolates IPO323, IPO553 and IPO560 at 7 dpi was 

sequenced and allowed the identification of a core set of shared genes which may have 

a function in promoting the hyphal colonisation of Z. tritici in the mesophyll cell layer, 

protection against stress induced by plant defence mechanisms as well as in triggering 

the transition between the biotrophic and the necrotrophic phase (Steinberg, 2015; 

Rudd et al., 2015; Palma-Guerrero et al., 2015). In this study, 363 genes encoding 

Small Secreted Peptides (SSPs), which exhibit a short amino acid chain (≤300 aa), 
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were found to be expressed in the Z. tritici isolates IPO323, IPO553 and IPO560 at 7 

dpi (Appendix 1 and 2). The majority of fungal pathogen effectors, which have a role 

in causing plant infection and triggering virulence, are thought to be SSPs: they are 

typically short and cysteine-rich, resulting in an increase in protein stability during plant 

pathogenesis (Rep, 2005; Stergiopoulos and deWitt, 2009; Morais do Amaral et al., 

2012; Gohari et al., 2015).  

The transcriptome of Z. tritici exhibits variation during the pathogenesis process in 

wheat, with differences in gene expression at different time points of infection, 

consisting of the up- and down-regulation of specific genes depending on the biological 

process in which the pathogen has targeted for manipulation (Rudd et al., 2015; Palma-

Guerrero et al., 2015). In this work, we observed a wide variability in the expression 

of Z. tritici genes at 7 dpi, from genes exhibiting up-regulation to those showing down-

regulation in the fungal isolates IPO323, IPO553 and IPO560. We also found genes 

with statistically significant differences in gene expression between the fungal isolates, 

most of them exhibiting polymorphic variants (SNPs) between the Irish isolates and 

the reference genome isolate IPO323. Thus, this study provides further information 

about intraspecific differences in Z. tritici isolates, in terms of both genetic variations 

and disease severity, which may be the result of different evolutionary processes, 

related to the adaption of Z. tritici isolates to different environmental conditions and 

the specialisation of the host-pathogen interaction. These differences may be related 

to the establishment of variation in disease severity and progression between different 

isolates (Steinberg, 2015; Palma-Guerrero et al, 2015). For these reasons, it is crucial 

to test these candidate virulence genes in order evaluate their role in wheat 

pathogenesis. Then, to understand the effect of SNPs in change of protein structure 

and function, as well as to evaluate if these gene are under natural selection. These 

will allow to find R-genes involved in plant defence against pathogen attack, and to act 

strategies for resistance breeding and disease management. 

Distribution of SSPs throughout the Z. tritici genome 

In this work, the distribution of the SSPs over the Z. tritici genome is in line with that 

published by Morais do Amaral et al. 2012, since the majority of proteins, including all 

the proteins with a functional annotation, are located on the core chromosomes (1-

13), which are indispensable for the fitness and survival of the pathogen (Goodwin et 
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al., 2011). No SSPs were found on the accessory chromosomes (14-21) 17, 18 and 21 

in our study (Figure 7). The absence of SSPs on chromosome 18 may be due to a loss 

of this chromosome in IPO323, as previously found in Kellner et al., 2014. In contrast, 

Morais do Amaral et al., 2012 identified a gene encoding a secreted protein 

(Mycgr3G97854) on chromosome 18 in IPO323, which was not identified in the whole 

transcriptome of the isolates IPO323, IPO553 and IPO560 at 7 dpi in this study. It 

suggests that this gene may have been lost or not expressed in one or both the Irish 

isolates IPO553 and IPO560. The absence of genes encoding SSPs on chromosome 21 

is in accordance with Morais do Amaral 2012, since no secreted proteins were found 

on this chromosome previously. This suggests that chromosome 21 may not exhibit 

genes encoding secreted proteins, or that these genes may not be expressed during 

wheat pathogenesis in the Z. tritici isolates IPO323, IPO553 and IPO560. Four genes 

encoding secreted proteins (Mycgr3G97792, Mycgr3G97829, Mycgr3G97823, 

Mycgr3G51733) were found on chromosome 17 in IPO323 by Morais do Amaral 2012, 

but again these were not present in the transcriptome of the three fungal isolates 

investigated in this study. It is possible that these proteins were not detected in the 

transcriptome since they may not have been expressed in the Z. tritici isolates at 7 dpi, 

or they may be absent in one or both the Irish isolates IPO553 and IPO560. 

Despite the presence of six genes encoding SSPs (Mycgr3G106588, Mycgr3G97649, 

Mycgr3G111761, Mycgr3G83239, Mycgr3G106691, Mycgr3G98016) on the accessory 

chromosomes (14-21), they are expressed at low levels in all the fungal isolates at 7 

dpi (Appendix 2). Low levels of expression for these genes were previously detected 

at different time points in IPO323 (Rudd et al. 2015), and none of them were expressed 

in the Swiss isolate 3D7 (Palma-Guerrero et al., 2015). Considering that the accessory 

chromosomes are dispensable for the pathogen fitness and survival, since these can 

be frequently lost during meiosis (Goodwin et al., 2011), they may not be absolutely 

required for the infection process in wheat. However, these genes may aid infection or 

virulence, and may be involved in adaption to different varieties (Welch et al., 2016 

unpublished). Therefore, Z. tritici may produce specific proteins depending on the 

fungal isolate-wheat cultivar interaction (Steinberg, 2015). 

 

 



 

51 

 

Expression profile of Z. tritici isolates 

Z. tritici produces proteins with a broad range of potential functions at different stages 

of wheat pathogenesis, including fungal metabolism, stress response, transport, 

signalling, cell adhesion and virulence. These proteins exhibit variation in the level of 

expression at different time points of expression, depending on the cellular process in 

which they are involved (Morais do Amaral et al., 2012; Yang et al., 2013; Rudd et al., 

2015; Palma-Guerrero et al., 2015).  

Z. tritici produces several proteins which may play a role in the degradation or 

remodelling of the fungal cell wall during the fungal growth and colonisation of the 

mesophyll cell layer, including several members of different glycoside hydrolase 

families, such as 1,3-beta glucanases and laminin, and fungal chitosanases. These also 

include proteins exhibiting a glycosylphosphatidylinositol (GPI)-anchored domain, 

found to be involved in the organisation of the fungal cell wall in Aspergillus fumigatus 

(Bruneau et al., 2001; Costachel et al., 2005) and the formation of fruiting bodies in 

Lentinula edodes (Szeto et al., 2007).  

A limited number of proteins with a possible role in the degradation of carbohydrates 

of the plant cell wall (PCWDEs) were identified, in comparison to the study of Goodwin 

et al., 2011, where the Z. tritici isolate IPO323 exhibited a low number of PCWDEs in 

comparison to other plant pathogens, such as Stagonospora nodorum and 

Magnaporthe grisea. Z. tritici may use plant cell wall components as a nutrition source 

in a limited amount during the early stage or wheat infection and increase the 

production of these proteins during the necrotrophic phase, obtaining nutrition source 

from dead tissues (Rudd et al., 2015; Palma-Guerrero et al., 2015).  

In this study, several genes encoding peptidases were identified in all the Z. tritici 

isolates at 7 dpi, confirming that Z. tritici produce enzymes which may be involved in 

the degradation of plant host proteins as a source of nutrition, attacking the host cells 

directly, or obtaining them from dying cells, during wheat pathogenesis (Rudd et al., 

2015). Most of the proteins involved in protein degradation exhibit a low level of gene 

expression at 7 dpi in this study. It was found in previous studies that an increase in 

expression of these proteins occurs during the progression to the necrotrophic phase 

(7-11 dpi) (Rudd et al., 2015; Palma-Guerrero et al., 2015). It suggests that the Z. 
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tritici isolates IPO323, IPO553 and IPO560 may still exhibit a biotrophic life style at 7 

dpi in this study. 

Several genes encoding proteins involved in lipid degradation including esterases, 

(phospho) lipases and alpha/beta hydrolases were expressed at 7 dpi in all Z. tritici 

isolates. This provides a further validation of the hypothesis that Z. tritici may use its 

own storage lipids as a source of energy to reduce the probability to activate the plant 

defence system during leaf colonisation in the biotrophic phase (Steinberg, 2015; Rudd 

et al., 2015; Palma-Guerrero et al., 2015). Most of genes encoding proteins involved in 

lipid degradation do not exhibit high levels of gene expression at 7 dpi in this study. 

This suggests that the use of lipids as a nutrition source decreases in the transition to 

the necrotrophic phase.  

Z. tritici expresses several genes encoding proteins which may be involved in the 

recognition and adhesion to the leaf surface and to allow the invasion and colonisation 

of the mesophyll cell layer during different stages of wheat pathogenesis (Rudd et al, 

2015; Palma-Guerrero et al., 2015). These include hydrophobin 2-like proteins, 

previously suggested to be indispensable during plant infection in several host-

pathogen interactions, including Hcf-6 and Mhp1, confirmed to play a role in cell 

adhesion during hyphal colonisation of leaf epidermis by the tomato leaf mould, 

Cladosporium fulvum (Spanu, 1997; Nielsen et al., 2001; Whiteford et al., 2004), and 

the rice blast fungus, Magnaporthe grisea (Kim et al., 2005) respectively. The 

hydrophobin 2-like protein Mycgr3G96543 was strongly expressed in all isolates at 7 

dpi (Table 4), suggesting that it may play a role during the colonisation of the 

mesophyll cell layer at the late stage of the biotrophic phase. In contrast, 

Mycgr3G96543 was highly expressed at the early stage of wheat infection (3-4 dpi), 

with a decrease in gene expression progressing to the necrotrophic phase in both 

IPO323 and the Swiss isolate 3D7 (Rudd e al., 2015; Palma-Guerrero et al., 2015). This 

suggests that hydrophobin 2-like proteins may also play a role in cell adhesion at later 

stages of the biotrophic phase. Differences in the timing of expression may also depend 

on different wheat cultivars used for wheat infection (Riband cv. in Rudd et al. 2015, 

Drifter cv. in Palma-Guerrero et al. 2015).  

Three SSPs exhibit a fasciclin-like domain (FAS1), which represents a cell adhesion 

domain in plants, animals, yeast and bacteria (Huber and Sumper, 1994; Kawamoto et 
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al., 1998). It could be possible that Z. tritici uses different classes of proteins for the 

adhesion to leaf surface and for the colonisation of leaf epidermis. However, there is 

no evidence yet that fasciclin-like proteins are involved in plant pathogenesis.  

Several proteins may be involved in protecting Z. tritici against stress factors induced 

by the plant defence system. These include proteins with a possible role in the 

detoxification from Reactive Oxygen Species (ROS) and secondary metabolities, for 

example chloroperoxidases, superoxide dismutases, oxidases, isomerases, 

dehydrogenases (Rudd et al., 2015; Palma-Guerrero et al., 2015). In this study, the 

majority of genes involved in fungal protection against oxidative stress exhibit a low 

level of expression during the wheat infection at 7 dpi. This suggests that these may 

have a peak of gene expression at the early stage of wheat pathogenesis and decrease 

in the transition to the necrotrophic phase.  

Z. tritici produces proteins with a putative role in resistance to heat shock and involved 

in protein folding, including four SSPs exhibiting a yeast PIR like-domain, component 

of glycoproteins in the yeast cell wall, which were previously found to play a role in 

tolerance against heat shock (Toh-e et al., 1993). Two yeast PIR protein 

(Mycgr3G90001 and Mycgr3G99917) were strongly expressed in all the Z. tritici isolates 

at 7 dpi (Table 4), suggesting that this class of proteins may have a role in resistance 

against plant defences, with a putative role in protein folding, at the late stage of the 

biotrophic phase. These genes were not found to be highly expressed in the Swiss 

isolates 3D7 at the late stage of the biotrophic phase (7 dpi) or the transition to the 

necrotrophic phase (7-11 dpi). This suggests that differences in gene expression may 

occur in different Z. tritici isolates during wheat infection, and they may also be related 

to the infected wheat cultivar (Steinberg, 2015). It is possible that this variation 

impacts upon the progression and the outcome of STB (Steinberg, 2015; Palma-

Guerrero et al., 2015). 

Different classes of genes which encode SSPs with a suggested role in virulence were 

expressed in all the fungal isolates in this study at 7 dpi. This suggests that Z. tritici 

may start producing specific virulence proteins to prepare for the transition to the 

necrotrophic phase at 7 dpi. They include the two Lysine motif effector candidate genes 

Zt1LysM (Mycgr3G105487) and Zt3LysM (Mycgr3G111221), exhibiting a high level of 

expression in IPO553 and IPO560 at 7 dpi, while a low level of expression was found 
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in IPO323, in this study, and the Swiss isolate 3D7 at 7 dpi (Palma-Guerrero et al., 

2015). Zt3LysM was confirmed to be involved in the sequestering of chitin fragments 

avoiding the recognition of the wheat homologs CERK1 and CEBiP, eluding the plant 

defence system during wheat pathogenesis (Marshal et al., 2011; Lee et al., 2014). 

LysM-containing proteins were also found to overcome the chitin-triggered immunity 

in other host-pathogen interactions, as occurs for the M. grisea SLP1 in rice (Mentlak 

et al., 2012), and C. fulvum effector Avr4 during tomato pathogenesis (van den Burg, 

2006). 

A cerato platanin (Mycgr3G39947) was expressed at 7 dpi in this study, suggesting 

that this could be involved in foliar necrosis or systemic acquired resistance (SAR) in 

wheat at the late stage of the biotrophic phase. Proteins belonging to the cerato-

platanin family were found to trigger virulence in the plant host. For example, the 

Botrytis cinerea protein BcSpl1 was found to elicit the hypersentitive response (HR) 

and systemic acquired resistance (SAR) in tobacco (Frias et al. 2011, 2013), while the 

Magnaporthe grisea protein Msp1 induced cell death and PAMP-triggered immunity in 

rice plants (Jeong t al., 2007; Wang et al., 2016).   

Three Homologs of C. fulvum effector Ecp2 (Hce2) were suggested as candidate 

necrosis inducing factors since the C. fulvum effector Ecp2 was found to be 

determinant in cause necrotic lesions in tomato plants (Lauge et al., 1997; 

Stergiopoulos et al., 2010). The Hce2 Mycgr3G104404 was highly expressed in IPO553 

(Table 4) at 7 dpi, which is similar to what previously found for the Swiss isolate 3D7 

during the transition to necrotrophic phase (7-11 dpi) (Palma-Guerrero et al., 2015). 

This suggests that IPO553 could switch to a necrotrophic life style more rapidly than 

IPO323 and IPO560. The Hce2 Mycgr3G107904 exhibited low expression in all the Z. 

tritici isolates at 7 dpi, and it was not strongly expressed at any stage of wheat infection 

in both IPO323 and the Swiss isolate 3D7 (Rudd et al., 2015; Palma-Guerrero et al., 

2015).  

Four SSPs exhibiting a CFEM-like domain were expressed during wheat infection at 7 

dpi. These proteins exhibit eight cysteine residues, some of them were proposed to 

have a role in fungal pathogenesis (Kulkarni et al., 2003): the Magnaporthe oryzae 

plasma membrane protein Pth11p was found to be required for leaf surface recognition 

and appressorium differentiation during rice pathogenesis (deZwaan et al, 1999). 
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These proteins may play a role in the recognition of the leaf surface and hyphal 

penetration in wheat, but since Z. tritici does not elaborate appressoria, the role of 

CFEM-like domains in wheat pathogenesis need further elucidation.  

Significant differences in expression of genes encoding SSPs between Z. 

tritici isolates 

The transcriptome of the Z. tritici isolates IPO323, IPO553 and IPO560 were compared 

in order to find statistically significant differences in gene expression between isolates. 

This may help to identify specific genes leading to differences in aggression between 

the fungal isolates during the wheat-pathogen interaction.  

No genes encoding SSPs involved in fungal metabolism, cell adhesion and virulence 

were found to be significantly differently expressed between isolates at 7 dpi. It 

suggests that these genes may represent a core set of effectors candidates in the Z. 

tritici isolates IPO323, IPO553 and IPO560 during the progression of wheat infection. 

Therefore, they may not be relevant in causing differences in the outcome of the host-

pathogen interaction among specific isolates. This is similar to previous studies where 

it was found that only six genes encoding secreted proteins, including two 

hemicellulases (Mycgr3G96505 and Mycgr3G111130), one peptidase (Mycgr3G72659) 

and three SSPs with no functional annotation (Mycgr3G104383, Mycgr3G100649 and 

Mycgr3G107286), exhibited significant differences in gene expression between the 

Swiss isolate 3D7 and the Dutch isolate IPO323 at 3 dpi and 21 dpi (Rudd et al., 2015; 

Palma-Guerrero et al., 2015). This information supports the fact that differences in the 

interaction of specific isolates with wheat may depend on a restricted number of fungal 

effectors. Most of the fungal effectors of Z. tritici could be a core set of conserved 

proteins with a common role in wheat pathogenesis in the majority of Z. tritici isolates. 

These core effectors may not be under natural selection, and do not exhibit any 

variation in gene expression among Z. tritici isolates. 

In this study, 12 genes encoding SSPs during wheat pathogenesis, were significantly 

differentially expressed between isolates. Surprisingly, most of these SSPs have an 

unknown role in wheat pathogenesis (Morais do Amaral et al., 2012). The Dutch isolate 

IPO323 did not exhibit any SSPs up-regulated in comparison to the Irish isolates 

IPO553 and IPO560 (Table 5 and 6), while most of the SSPs up-regulated by IPO553 
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and IPO560 do not have a functional annotation or exhibit a conserved domain with 

an unclear function in wheat pathogenesis. For example, Mycgr3G103900 (Table 5 and 

6) encodes a protein exhibiting a domain found in the Pestivirus envelop glycoprotein 

E2, required for cell entry by the bovine viral diarrhea virus (Li et al., 2013). It may be 

possible that the Z. tritici isolate IPO553 may use this glycoprotein protein in order to 

facilitate the translocation of effectors to aid infection into host cells as found in the 

viral-animal pathogsystem. A gene encoding a SSP (Mycgr3G92220) exhibits a domain 

found in bacteriophage proteins secreted by lambda S, demonstrated to cause cell lysis 

in Escherichia coli. (Rietsch and Blasi, 1993). The Z. tritici isolate IPO560 may start 

producing this protein in order to cause lysis in dying host cells, allowing the acquisition 

of plant nutrients by the pathogen. A myticin-preprotein-like protein (Mycgr3G103555) 

may be a homolog of the precursor of myticin, protein functioning as an antibacterial 

and antifungal agent in mussel (Mitta et al., 1999). This may be produced by the Z. 

tritici isolate IPO553 for fungal protection during plant attack, but its role in wheat 

pathogenesis is difficult to predict. 

Interestingly, one gene encoding a SSP which exhibits a SCP-like domain 

(Mycgr3G109710) was significantly up-regulated in IPO560 in comparison to IPO553 

(Table 7). In this work, we also identified a gene encoding one SCP-like protein 

(Mycgr3G103393) which was strongly expressed in all the isolates at 7 dpi (Table 4), 

suggesting that it may be a candidate effector during wheat infection. This provides a 

further validation of the possible importance of this class of protein in wheat 

pathogenesis. The SCP-like family includes pathogen-related (PR-1) proteins produced 

during plant infection, or other stress-related responses, with a role as anti-fungal 

agents or in plant cell wall loosening (Dixon t al., 1991). This domain was also found 

in the allergen 5 from vespid wasps, and the allergen 3 from fire ants (Lu et al, 1993). 

This protein may be involved in fungal protection during plant attack, but a precise 

role of this protein in wheat pathogenesis is difficult to predict and it needs further 

functional investigation. 

In this study, a broad number of SSPs-encoding genes, found to be highly expressed 

in the Z. tritici isolates at 7 dpi, do not exhibit any functional annotation (NCBI CCD; 

EMBL-EBI; Genome) and their role in plant pathogenesis is unknown (Morais do Amaral 

et al., 2012). Z. tritici may produce novel proteins not found in other living organisms, 



 

57 

 

as a result of a rapid evolutionary process related to the interaction between pathogen 

virulence genes and defence-related genes (Jones and Dangl, 2006; deWitt, 2007; 

Stergiopoulos and deWitt, 2009). This could have involved the loss of some pathogen 

effectors, and the acquisition of novel ones to overcome plant defence, or to adapt to 

specific wheat host cultivars. For this reason, these proteins may play a role during the 

fungal-plant interaction in causing disease for specific Z. tritici isolates. 

This study suggests that these SSPs may be on the basis of specific strategies 

determining the establishment and progression of plant disease, related to both the 

fungal isolate and the susceptibility of the wheat cultivar (Steinberg, 2015; Palma-

Guerrero et al., 2015). Since several SSPs with no functional annotation were up-

regulated in specific Z. tritici isolates during wheat infection, and exhibit significant 

differences in gene expression in the Irish isolates IPO553 and IPO560 in comparison 

to the Dutch isolate IPO323, and between themselves, these proteins may be novel 

candidate effectors, which may provide differences in disease severity and progression 

between isolates, thus their role during wheat pathogenesis needs further 

investigation.  

Polymorphisms in SSP-encoding genes differently expressed between Z. 

tritici isolates  

In this study, we searched for genetic variations through the identification of Single 

Nucleotide Polymorphisms (SNPs) in the Irish isolates IPO553 and IPO560 in 

comparison to the reference genome isolate IPO323. Pathogens such as Z. tritici, C. 

fulvum and R. communis exhibit genes encoding specific avirulence (Avr) proteins, 

defined as effectors, which are secreted in the apoplast, without the need for fungal 

structures, such as haustoria (Stotz et al., 2014). This has been obsereved for several 

plant pathogens, such as M. grisea and F. oxysporum. Consequently, plants respond to 

pathogen attack through the activation of extracellular receptor-like kinases (RLPs), 

which activate the plant defence system without triggering ETI. This results in an 

effector-triggered defence (ETD), which does not involve the activation of the HR and 

the elimination of the pathogen (Stotz et al., 2014). The host-pathogen interaction is 

the result of a co-evolutionary race: Avr genes may exhibit mutation or loss of 

functionality, resulting in the evolution of novel pathogen effectors, overcoming the 

plant defence, and plants may evolve novel R-genes for the recognition of pathogen 
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effectors (Jones and Dangl, 2006).  

This work concentrated on the search of SNPs in genes encoding SSPs showing 

significant differences between isolates in order to establish if genetic variation may 

be a determinant in the role of these proteins for specific isolates. There is some 

evidence related to the presence of SNPs in candidate virulence genes in different 

pathogen isolates. For example, non-synonymous substitutions were found for five 

candidate effectors, highly expressed in two UK isolates (PST-87/7 and PST-08/21) of 

the wheat pathogen Puccinia striiformis, which exhibited variation in virulence to two 

wheat cultivars (Cantu et al., 2013). Most of the SSPs showing significant differences 

in gene expression between isolates exhibit SNPs in one or both the Irish isolates 

(IPO553 and IPO560) (Table 8). Seven genes encoding SSPs exhibit one or more non-

synonymous variants in the Irish isolate IPO553 and/or IPO560 (Table 10), leading to 

variation in the amino acid composition of the final protein. Interestingly, most of these 

mutations are in genes up-regulated in the Irish isolates IPO553 or IPO560 in 

comparison to the Dutch isolate IPO323 (Table 5 and 6) and genes significantly 

differentially expressed between the two Irish isolates (Table 7): for example, 

Mycgr3G92220, up-regulated in IPO560, and Mycgr3G106329, up-regulated in 

IPO553. It suggests that the Irish isolates IPO553 and IPO560 may have evolved 

changes in the amino acid sequence increasing the stability of the final protein or 

resulting in the change or acquisition of functionality. These features could be relevant 

in wheat infection and triggering virulence for that specific isolate, also leading to 

variation in disease severity and progression (Cabral et al., 2010; Chen et al., 2013; 

Cantu et al., 2013). These variations may also be related to adaption to specific 

cultivars, in order to overcome the recognition by R-genes and trigger virulence in 

those cultivars, resulting in variations in disease severity in the field (Cabral et al., 

2013). 

Four gene encoding SSPs exhibit synonymous variants in the Irish isolate IPO553 

and/or IPO560: these mutations are found in the coding region of the gene and do not 

involve any changes in the amino acid composition of the final protein. Thus, there is 

no correlation between the mutation and changes in functionality of the protein in 

wheat pathogenesis.  

Five genes encoding SSPs exhibit SNPs variants in non-coding regions including the 3’-
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prime and 5’-prime untranslated region (UTR), and the upstream region of gene. 

Mutations in this gene region may lead to an alteration of the expression of the gene 

transcript (Lewandoski, 2001; Mazumder et al., 2003; Vilela and McCarthy, 2003; Lin 

and Li, 2012). This may explain differences in expression levels in a specific isolate in 

comparison to the other isolates.  

This study provides with further information about genetic differences and changes in 

gene expression among field populations, supporting the importance of a wider view 

of host-pathogen interactions in terms of pupulaton genomics. There are multiple 

factors which may lead to specific evolutionary processes in different pathogen 

populations, such as geographic barriers, the adaption to different environmental 

conditions as well as the establishment of specific host-pathogen interactions and 

acquisition of fungicide resistance (Steinberg 2015; Grünwald et al., 2016). In Z. tritici, 

these variations may also result in intraspecific differences in disease severity among 

different isolates, and in the specialisation of the interaction of pathogen isolates with 

specific plant cultivars, related to selection processes of specific genes involved in plant 

pathogenesis (Cabral et al., 2010; Chen et al., 2013; Cantu et al., 2013): the 

specialisation of the wheat-pathogen interaction distinguish Z. tritici from othe wild 

Zymoseptoria spp., which can infect multiple host species (Stuckenbrock et al., 2011).  

The relevance of SNPs variants among fungal pathogens was shown in previous works. 

The 13 A2 lineage, in the British population of the Potato light blight P. infestans, 

resulted to be the most aggressive in potatoes fields (Cooke et al., 2012). A genomic 

analysis showed that the high level of aggressiveness may be related to high rate of 

polymorphic variations as well as changes in gene expression patterns of fungal 

effectors involved in plant disease. Interestingly, these effectors are recognised by 

specific resistance genes, and this could lead to optimal strategies for the deployment 

of host resistance (Grünwald et al., 2016).   

Variation in the progression of STB in Z. tritici isolates  

Variation in disease severity among the two Irish isolates IPO553 and IPO560, and the 

Dutch isolate IPO323 was investigated to evaluate differences in the progression of 

disease symptoms among the Z. tritici isolates through the observation of necrosis and 

the formation of fungal structures on infected Longbow wheat leaves. This experiment 

also included the analysis of gene expression of six candidate virulence genes, 
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including two hydrophobin 2 (Mycgr3G48129 and Mycrgr3G96543), one cerato-

platanin (Mycgr3G39947) and three Hce2 (Mycgr3G104404, Mycgr3G107904 and 

Mycgr3G111636), during the progression of Septoria tritici blotch (STB) in wheat. 

These candidate genes were selected since all encode cysteine-rich Small Secreted 

Peptides (SSPs), homologs of proteins exhibiting an indispensable role in several host-

pathogen interactions, as occurred for M. grisea and C. fulvum (Bayry et al., 2012; 

Stergiopoulos et al., 2012; Chen et al., 2013). As described in the previous sections, 

their properties may be related to the adhesion to leaf surface and the facilitation of 

leaf colonisation (hydrophobin 2), and the induction of the hypersensitive response 

(HR) and/or plant cell death (PCD) in the host plant (cerato-platanin and Hce2). 

Interestingly, most of the six genes selected were highly expressed in at least one Z. 

tritici isolate during wheat infection at 7 dpi, excepting Mycgr3G107904 (Table 11). 

These genes were not found to be significantly differentially expressed between the 

fungal isolates in the RNAseq experiment (Table 5-7), suggesting that these may be 

conserved effectors among Z. tritici isolates. This information provides a further 

validation of the hypothesis that these proteins may be important during wheat 

pathogenesis. 

During this experiment, we observed typical symptoms of Septoria tritici blotch (STB) 

including foliar necrosis and pycnidia maturation on leaf surface of infected wheat 

seedlings. Since the increase in the fungal biomass production was revealed to be a 

valid indicator of disease severity for Z. tritici, we decided to estimate the percentage 

of pycnidia coverage on infected leaves at the late stage of the necrotrophic phase (21 

dpi) (Eyal et al., 1987). This is an appropriate time point to evaluate the effect of STB 

since necrotic lesions and pycnidia developed in all the isolates (Eyal et al., 1987; 

Steinberg, 2015; Rudd et al., 2015; Palma-Guerrero et al., 2015). Interestingly, the two 

Irish isolates were found to be more aggressive than the Dutch isolate IPO323, both 

in term of fungal asexual reproduction (pycnidia development) (Figure 12) and of 

timing of the appearance of plant symptoms (Figure 14). Especially, IPO553 was found 

to be the most virulent isolate in this study, exhibiting a significant increase in disease 

severity in comparison to IPO323 and IPO560 (Figure 12). IPO553 also exhibits an 

earlier appearance of visible plant symptoms (Figure 14) and a more PCD at 8 dpi 

(Figure 15) than IPO323 and IPO560.  
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These results are somewhat different from expected, since IPO560 was found to be 

the most aggressive isolate in the field (Kildea, pers. comm.). This may enforce the 

hypothesis of the influence of the wheat cultivar on the outcome of STB (Steinberg, 

2015). Previous works focused on the observation of differences in the aggression of 

a selected group of isolates in different wheat cultivars, obtaining a broad range of 

variations in disease severity among cultivars. For example, Gohari et al. 2015 found 

different percentage of pycnidia coverage on leaves infected with the Z. tritici isolates 

IPO323 and IPO95052 in different durum and bread wheat cultivars. Ouf findings could 

also be related to different environmental conditions between plant growth in the field 

and growth chamber, suggesting that IP560 could exhibit a better performance at 

lower temperatures in the field, as occurs for the P. infestans isolate 13_A2 (Cooke et 

al., 2012), or it could also have fungicide resistance. Thus, it would be interesting to 

test the level of aggression for the Irish isolates IPO553 and IPO560, and the Dutch 

isolate IPO323, in both field and controlled environmental conditions, and in a major 

number of wheat cultivars, exhibiting differences in susceptibility to STB probably via 

the presence of STB resistance genes shedding light on the ETD in this pathosystem. 

Thus, the diversity of fungal isolates in the establishment of STB means that the choice 

of the wheat cultivar is important for a successful wheat crop production. Thus, further 

studies aimed to the evaluation of differences in disease severity and progression 

between the Irish isolates IPO553 and IPO560, and different Irish wheat cultivars, are 

crucial to inform Irish farmers about the suitable wheat cultivars to be grown. 

RT-PCR was performed for these six genes using cDNA obtained from Longbow wheat 

leaves infected with the Z. tritici isolates IPO323, IPO553 and IPO560, collected at 

different time points during the process of wheat infection (1, 4, 8, 10, 14, 21 dpi). 

Differences were found in the outcome of gene expression among Z. tritici isolates. 

This suggests that the Z. tritici transcriptome is differently reprogrammed among 

different isolates (Palma-Guerrero et al., 2015). The results obtained at 8 dpi from the 

RT-PCR (Figure 17) were similar to those obtained at 7 dpi from the RNAseq (Table 

11) for the majority of Z. tritici genes in IPO323 and IPO553. All the six candidate 

genes exhibited a low level or no expression before 10 dpi and a general increase in 

gene expression upon the late stage of the necrotrophic phase (21 dpi), excepting for 

IPO553, in which all these were expressed at 8 dpi, thus, these genes are likely to be 
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involved in the later stages of wheat pathogenesis. This information supports the fact 

that hydrophobin 2-like proteins may be involved in cell adhesion during the entire 

wheat pathogenesis (Bayry et al., 2012) and Hce2 proteins could play a role in 

triggering plant cell death during the necrotrophic phase (Stergiopoulos et al., 2010). 

Mycgr39947 is highly expressed when wheat already exhibits cell death, suggesting 

that it may be involved in foliar necrosis rather than the activation of SAR, as occurred 

in plants infected with Pichia pastoris (Frias et al., 2011). IPO553 may be able to trigger 

virulence and induce plant cell death (PCD) prior to the isolates IPO323 and IPO560, 

with a consequent increase in aggressiviness at the late stage of wheat pathogenesis. 

These data are in accordance to the information obtained from the visual inspection 

(Figure 14) as well as the observation at microscopic level of PCD and the development 

of fungal structures (Figure 15) in infected wheat leaves. Differences in gene 

expression were found comparing the expression profile for the six candidate genes 

from the RT-PCR of IPO323 in this study (Figure 17) to the FPKM values from the 

RNAseq of IPO323 in Rudd et al. 2015. The majority of these genes exhibit expression 

from the early stage of wheat infection (1 dpi) in Rudd et al. 2015. Progressing to the 

late stage of wheat infection (21 dpi), the expression profile in IPO323 obtained in this 

work for the two hydrophobin 2 (Mycgr3G48129 and Mycgr3G96543) and the cerato-

platanin (Mycgr3G39947), resulting in a general increase in gene expression, is similar 

to that found for IPO323 in Rudd et al. 2015, suggesting their putative role during the 

necrotrophic phase. However, the three Hce2-encoding genes (Mycgr3G104404, 

Mycgr3G107904 and Mycgr3G111636) were up-regulated in IPO3223 in this work, and 

down-regulated in IPO323 at 21 dpi in Rudd et al. 2015: this may be related to different 

wheat cultivars used in the two studies.  

Both RNAseq and RT-PCR revealed to be efficient methods in order to elucidate the 

possible role of Z. tritici effectors during wheat pathogenesis and make a direct 

comparison among different fungal isolates. The RNAseq allowed us to carry out 

multiple analysis aimed to identify a broad range of candidate virulence genes, the 

evaluation of the amount of gene expression, leading to the elucidation of significative 

differences between the fungal isolates, and the identification of genetic variation 

(SNPs) in the Irish isolates from the reference genome isolate IPO323. Instead, the 

RT-PCR made 
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This study suggests that some candidate virulence genes may have a strong influence 

on the Z. tritici isolates ability to cause STB progression. Furthermore, the literature 

supports a role for the wheat cultivar in the progression and outcome of STB (Cabra 

et al., 2013; Steinberg, 2015; Gohari et al., 2015). Both the wheat cultivar and the 

pathogen isolate may act through the regulation of specific genes involved in host 

resistance, in the case of the host plant, and specific genes involved in infection and 

virulence (effectors/SSPs), in the case of the pathogen, as result of the host-pathogen 

interaction (Steinberg, 2015).    
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Conclusions 

Z. tritici isolates exhibit polymorphism variants and changes in gene 

expression 

In this study, we sequenced the transcriptome of the two Irish isolates IPO553 and 

IPO560, and the Dutch isolate IPO323 of the wheat pathogen Z. tritici, obtaining a 

profile of gene expression for these isolates at the late stage of the biotrophic phase 

(7 dpi). Difference in gene expression between these isolates were detected. We 

identified genes encoding proteins predicted to be secreted by the pathogen, including 

363 Small Secreted Peptides (SSPs). These include a broad range of genes which do 

not exhibit any functional annotation available in the NCBI CDD database. These may 

be unique to the pathogen, as result of adaption and infection of wheat. The most 

important finding in this study is the identification of 12 genes encoding SSPs which 

are significantly differentially expressed between isolates, most of these with no 

functional annotation. Differences in gene expression were previously found in the Z. 

tritici Swiss isolate 3D7, which exhibits six genes significantly differently expressed 

compared to the isolate IPO323 (Rudd et al., 2015; Palma-Guerrro et al., 2015). 11 

SSPs-encoding genes which are differently expresses also exhibit Single Nucleotide 

Polymorphisms (SNPs) in the genome of the Irish isolates IPO553 and IPO560, 

compared to the reference genome isolate IPO323. These variations include non-

synonymous substitutions, which may lead to variation in protein function and stability 

in specific Z. tritici isolates. This information provides a further validation about genetic 

variations in pathogen field populations, as result of different evolutionary processes, 

leading to the specialisation of the interaction between pathogen isolates and wheat 

cultivars, as well as to the adaption to different environments (Grünwald et al., 2016). 

Variations in nucleotide composition (SNPs) ad gene expression may play a crucial role 

in inducing changes in agressiviness among fungal isolates. In P. infestans, the isolates 

of the 13_A2 lineage, which are the most aggressive on potato plants in field, exhibit 

polymorphisms and changes in gene expression in effectors genes involved in plant 

disease, as further confirmation of the selection processes occurring at population level 

(Cooke et al., 2012).  
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Z. tritici isolates present differences in disease severity and progression 

The disease severity and progression of wheat infection with the Z. tritici isolates 

IPO323, IPO553 and IPO560 isolates were investigated and compared. The Irish 

isolate IPO553 resulted to be particularly virulent, exhibiting an increase in pycnidia 

coverage at the late stage of wheat infection (21 dpi) and causing plant symptoms 

prior to the isolates IPO323 and IP560. Then, six selected Z. tritici candidate virulence 

genes (Mycgr3G48129, Mycgr3G96543, Mycgr3G39947, Mycgr3G104404, 

Mycgr3G107904 and Mycgr3G111636) were successfully cloned. The analysis of gene 

expression at different time points of infection revealed that these six genes are all 

mostly expressed in the Z. tritici isolates IPO323, IPO553 and IPO560 at the late stage 

of wheat pathogenesis. These proteins may play a role in cell adhesion and leaf 

colonisation (hydrophobin 2) (Bayry et al., 2012), and causing leaf necrosis (cerato-

platanin and Hce2) (Stergiopoulos et al., 2012; Cheon et al., 2013) during wheat 

pathogenesis. The expression of these SSPs in IPO553 at 8 dpi may be related to the 

increased disease severity and an earlier appearance of plant symptoms observed in 

this Irish isolate.   

Future perspectives 

Little is known about the virulence strategies at the molecular and biochemical level 

used by Z. tritici to cause infection in wheat. Thus, this research was aimed at the 

identification of candidate pathogen proteins, defined as effectors, which may play an 

indispensable role in the establishment and progression of STB. Further functional work 

may target which proteins are involved in the early stages of wheat infection, spore 

germination, hyphal colonisation, and in the transition to the necrotrophic phase. We 

also focused on the identification of intraspecific differences in gene expression 

patterns during wheat infection, prior to the transition to the necrotrophic phase, and 

the search for SNPs in the Irish isolates IPO553 and IPO560 in comparison to the 

reference genome isolate IPO323. It will be interesting to evaluate if these polymorphic 

variants cause changes in protein structure and functionality, as well as to investigate 

on the selection process leading the evolutionary trend of these genes. This work also 

focused on the individuation fo variations in aggressiviness among Z. tritici isolates in 

controlled environmental conditions. Recent evidences show that the P. infestans 

isolates 13_A2 perform better at low temperature and exhibit fungicide resistance in 
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potato fields (Cooke et al., 2012). It is crucial to test the Irish isolates IPO553 and 

IPO560 (and other novel Z. tritici isolates) in the field environment and on different 

wheat cultivars grown in Ireland. This will allow to identify variations in gene expression 

as well as in disease severity and progression, in relation to environmental condition 

in the Irish wheat fields, and to find their ability to overcome the plant defence system 

and fungicide resistance. Finally, future work will aim to the functional characterisation 

of candidate pathogens effector SSPs in order to test Z. tritici pathogenicity in wheat 

cultivars with different level of susceptibility to STB. For example, using Agrobacterium-

mediated expression for delivery of the SSPs into the host plant cells (Yin and Hulbert, 

2011). Otherwise, a virus-induced gene silencing (VIGS) (Lee et al., 2012), or a host-

induced gene silencing (HIGS) (Nowara et al., 2010) approach could be used. It will 

be essential to identify resistance genes in wheat cultivars, for breeding strategies and 

deployment of plant resistance to STB.   
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Appendices 

     Filtered reads (FPKM) 

Gene ID Chr SNPs Annotation Biological process IPO323 IPO553 IPO560 

Mycgr3G102849 1 Y glycoside hydrolase family 
64 (beta-1,3-glucanases) 

Cell wall degradation 
and remodelling 

1610.18 2704.04 602.64 

Mycgr3G107242 1 Y GPI-anchored Cell wall degradation 
and remodelling 

304.20 143.20 270.00 

Mycgr3G107711 1 N Glycoside hydrolase, 
family 17 

Cell wall degradation 
and remodelling 

98.86 127.57 0 

Mycgr3G32157 1 N Lytic polysaccharide 
mono-oxygenase, 

cellulose-degrading 

Cell wall degradation 
and remodelling 

94.48 0 0 

Mycgr3G78594 1 N GPI-anchored Cell wall degradation 
and remodelling 

156.44 335.96 356.73 

Mycgr3G88743 1 N GPI-anchored Cell wall degradation 
and remodelling 

43.55 0 135.95 

Mycgr3G37166 2 N Laminin G domain Cell wall degradation 
and remodelling 

0 6.13 13.29 

Mycgr3G30121 4 Y Glycoside Hydrolase 
Family 43 

Cell wall degradation 
and remodelling 

20.18 34.70 37.60 

Mycgr3G72251 5 N Yeast cell wall synthesis 
KRE9KNH1 (GPI-

anchored) 

Cell wall degradation 
and remodelling 

119.78 74.38 12.40 

Mycgr3G60105 6 N Glycoside hydrolase, 
family 11 

Cell wall degradation 
and remodelling 

0 14.26 15.48 

Mycgr3G93903 6 N Glycosyl hydrolases family 
128 

Cell wall degradation 
and remodelling 

60.29 28.80 24.96 

Mycgr3G105180 7 Y Vacuolar ATP synthase 
subunit S1 (ATP6S1) 

Cell wall degradation 
and remodelling 

119.00 94.84 229.59 

Mycgr3G105323 8 Y Glycosyl hydrolase family 
43 

Cell wall degradation 
and remodelling 

0 107.20 18.55 

Mycgr3G74453 8 N Glycoside hydrolase, 
family 16 

Cell wall degradation 
and remodelling 

0 0 23.33 

Mycgr3G110756 9 Y Peptidoglycan-binding 
domain, expansin 

Cell wall degradation 
and remodelling 

101.13 21.72 0 

Mycgr3G105871 10 Y Glycosyl hydrolase family 
12 

Cell wall degradation 
and remodelling 

34.04 53.68 42.25 

Mycgr3G76589 10 N Glycosyl hydrolase family 
45 

Cell wall degradation 
and remodelling 

0 33.44 20.68 

Mycgr3G82500 11 N probable 
pectinesterase/pectinester

ase inhibitor 

Cell wall degradation 
and remodelling 

0 30.31 10.94 

Mycgr3G96467 11 N glycosyl hydrolase group 
75 (Fungal chitosanase) 

Cell wall degradation 
and remodelling 

79.04 0 0 

Mycgr3G106456 13 Y GPI-anchored Cell wall degradation 
and remodelling 

276.70 216.12 156.41 

Mycgr3G104658 5 N Glycoside Hydrolase 
Family 1 

Carbohydrate 
degradation 

105.73 48.48 78.82 

Mycgr3G71724 5 N Glycoside-hydrolase 
family 114 

Carbohydrate 
degradation 

0 5.74 0 

Mycgr3G93246 5 Y Glucosidase II beta 
subunit-like 

Carbohydrate 
degradation 

0 111.73 110.68 

Mycgr3G30209 1 N Peptidase C13 family Protein degradation 18.60 42.66 57.75 

Mycgr3G91252 2 Y Peptidase Gluzincin 
superfamily 

Protein degradation 0 0 0 

Mycgr3G91409 3 Y SH3 domain (SH3b1 type) Protein degradation 0 69.60 229.42 

Mycgr3G91795 3 N Peptidase S8 and S53 Protein degradation 66.14 25.27 0 

Mycgr3G42164 5 N Peptidase M35 domain of 
Asp f2 

Protein degradation 0 17.01 12.28 

Mycgr3G105030 7 Y Peptidase A4 family Protein degradation 54.26 565.18 247.01 

Mycgr3G94299 7 N signal peptide peptidase 
SppA, 67K type 

Protein degradation 18.46 0 11.46 

Mycgr3G110887 9 N Aspartyl beta-hydroxylase 
N-terminal region 

Protein degradation 247.82 35.51 230.90 

Mycgr3G76021 10 N Zinc-dependent 
metalloprotease, bfamily 

Protein degradation 36.88 5.29 0 
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Mycgr3G76437 10 N Peptidase_M14NE-CP-
C_like super family 

Protein degradation 27.26 54.63 101.74 

Mycgr3G49854 11 N Peptidase family S51 Protein degradation 20.02 0 0 

Mycgr3G102119 1 Y Phospholipase_D-
nuclease N-terminal 

Lipid degradation 78.88 191.62 221.39 

Mycgr3G35016 1 N alpha/beta hydrolases Lipid degradation 0 74.18 26.81 

Mycgr3G89811 1 N Cutinase Lipid degradation 0 0 0 

Mycgr3G68483 2 Y Cutinase Lipid degradation 0 115.52 14.75 

Mycgr3G90411 2 N Group XII secretory 
phospholipase A2 

precursor (PLA2G12) 

Lipid degradation 0 0 0 

Mycgr3G99331 2 N Cutinase Lipid degradation 25.72 95.73 351.81 

Mycgr3G43394 6 N Cutinase Lipid degradation 0 15.58 16.93 

Mycgr3G81448 7 N Esterase_lipase 
superfamily 

Lipid degradation 0 21.65 0 

Mycgr3G62256 9 Y SGNH (GDSL) hydrolase Lipid degradation 0 97.73 163.29 

Mycgr3G111117 10 Y alpha/beta hydrolases Lipid degradation 0 25.65 33.32 

Mycgr3G96376 10 N SGNH (GDSL) hydrolase Lipid degradation 0 5.41 0 

Mycgr3G96437 10 N Group XII secretory 
phospholipase A2 

precursor (PLA2G12) 

Lipid degradation 94.77 0 58.85 

Mycgr3G106075 11 Y Esterase_lipase 
superfamily 

Lipid degradation 50.60 236.97 146.54 

Mycgr3G77055 11 Y Hydrophobic surface 
inding protein A 

Lipid degradation 690.59 576.52 4548.06 

Mycgr3G77282 12 N Cutinase Lipid degradation 0 7.40 32.15 

Mycgr3G97426 13 Y alpha/beta hydrolases Lipid degradation 20.43 134.64 25.37 

Mycgr3G36978 2 N Beta-Ig-H3/fasciclin Cell adhesion 19.40 16.68 48.18 

Mycgr3G103650 3 N Beta-Ig-H3/fasciclin Cell adhesion 30.04 34.39 37.40 

Mycgr3G56432 3 N Beta-Ig-H3/fasciclin Cell adhesion 19.37 16.66 156.38 

Mycgr3G48129 9 N Hydrophobin 2 Cell adhesion 0 1143.45 260.49 

Mycgr3G95491 9 N Hydrophobin 2 Cell adhesion 0 0 0 

Mycgr3G96543 11 N Hydrophobin 2 Cell adhesion 3267.33 1218.40 4648.60 

Mycgr3G96910 12 N Fungal hydrophobin Cell adhesion 48.15 0 30.09 

Mycgr3G102481 1 N Yeast PIR protein repeat Stress and defence 621.13 2150.51 564.50 

Mycgr3G102956 1 Y Copper/Zinc superoxide 
dismutase 

Stress and defence 17.93 51.42 378.54 

Mycgr3G31813 1 N Stress responsive A/B 
Barrel Domain 

Stress and defence 80.38 137.41 151.80 

Mycgr3G65814 1 N Pyridoxamine 5'-
phosphate oxidase 

Stress and defence 57.23 202.31 35.53 

Mycgr3G67060 1 N Chloroperoxidase Stress and defence 43.33 12.42 0 

Mycgr3G88916 1 N SdpI/YhfL protein family Stress and defence 0 0 11.46 

Mycgr3G90001 1 Y Yeast PIR protein repeat Stress and defence 3469.58 3681.76 1972.46 

Mycgr3G103393 2 Y SCP-like domain; Allergen 
V5/Tpx-related 

Stress and defence 1507.29 2677.54 2365.37 

Mycgr3G91662 3 Y Salt stress 
response/antifungal 

Stress and defence 128.20 255.95 723.78 

Mycgr3G99917 4 Y Yeast PIR protein repeat Stress and defence 2823.70 1828.06 1647.77 

Mycgr3G100167 5 Y FKBP-type peptidyl-prolyl 
cis-trans isomerase 

Stress and defence 506.84 221.50 331.84 

Mycgr3G58567 5 N short chain 
dehydrogenase/reductase 

SDR 

Stress and defence 163.17 57.17 33.77 

Mycgr3G72169 5 N Chaperone for protein-
folding within the ER, 

fungal 

Stress and defence 81.82 17.59 50.82 
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Mycgr3G109710 6 Y SCP-like domain; Allergen 
V5/Tpx-related 

Stress and defence 83.06 0 322.48 

Mycgr3G94571 7 N Yeast PIR protein repeat Stress and defence 0 0 0 

Mycgr3G95672 9 N MiAMP1 Stress and defence 0 15.36 0 

Mycgr3G82925 12 Y Cysteine-rich antifungal 
protein 2, defensin-lik 

Stress and defence 464.29 301.48 342.45 

Mycgr3G107289 1 Y Lipocalin / cytosolic fatty-
acid binding protein 

family 

Transport 0 20.71 29.97 

Mycgr3G34033 1 N Acetoacetate 
decarboxylase (ADC) 

Transport 0 21.73 0 

Mycgr3G53034 1 Y SUR7/PalI superfamily Transport 0 55.67 72.36 

Mycgr3G53096 1 N Oligosaccharyltransferase 
subunit Ribophorin II 

Transport 111.47 159.78 57.68 

Mycgr3G88991 1 N UDP-glucose glycoprotein 
(Glucosyltransferase) 

Transport 0 0 0 

Mycgr3G90089 1 Y Ankyrin Transport 33.84 145.17 337.28 

Mycgr3G98257 1 Y emp24/gp25L/p24--GOLD Transport 98.96 106.28 76.91 

Mycgr3G103421 2 N Ankyrin Transport 0 36.63 31.82 

Mycgr3G69789 3 Y truncated hemoglobins 
(TrHbs, 2/2Hb, 2/2 

globins); group 1 (N) 

Transport 235.01 17.97 243.03 

Mycgr3G91704 3 N DNA translocase Fts Transport 0 97.17 0 

Mycgr3G92099 3 N Alcohol acetyltransferase Transport 171.24 0 26.72 

Mycgr3G91702 3 N SnoaL-like polyketide 
cyclase 

Transport 33.39 0 0 

Mycgr3G108976 4 N NADdh Superfamily Transport 0 0 61.56 

Mycgr3G72138 5 Y phosphatidylinositol/phos
phatidylglycerol transfer 

protein (PG/PI-TP) 

Transport 442.66 320.94 330.60 

Mycgr3G94029 6 N biotin carboxyl carrier 
protein of acetyl-CoA 

carboxylase 

Transport 19.47 3.41 0 

Mycgr3G94065 6 N ATP synthase B/B' CF(0) Transport 0 130.26 0 

Mycgr3G86867 7 N Histidine phosphatase 
superfamily 

Transport 451.61 11.73 76.85 

Mycgr3G74892 8 N emp24/gp25L/p24--GOLD Transport 186.53 220.42 289.83 

Mycgr3G95050 8 N Ubiquinol-cytochrome C 
reductase 

Transport 0 0 0 

Mycgr3G30556 10 N GPI-Mannosyltransferase 
II co-activator 

Transport 30.53 0 152.05 

Mycgr3G50051 11 Y MAPEG superfamily Transport 208.68 19.89 476.75 

Mycgr3G111438 12 Y Type 1 glutamine 
amidotransferase 
(GATase1)-like 

Transport 291.77 195.23 452.64 

Mycgr3G13616 12 N Enoyl-(Acyl carrier 
protein) reductase 

Transport 41.53 5.95 12.90 

Mycgr3G50184 12 N NTF2-like superfamily 
(SnoaL-like domain) 

Transport 0 0 0 

Mycgr3G50695 12 N Glycosyltransferase_GTB_
type super family 

Transport 73.97 21.19 122.64 

Mycgr3G77251 12 N emp24/gp25L/p24--GOLD Transport 187.40 252.94 199.82 

Mycgr3G82936 12 N Cupredoxin superfamily 
(Plastocyanin-like) 

Transport 312.79 430.25 1178.74 

Mycgr3G97064 12 Y ML-like domain Transport 21.86 6.26 0 

Mycgr3G77836 13 Y SUR7/PalI family Transport 0 40.62 105.39 

Mycgr3G66596 1 Y Mannose-6-phosphate 
receptor 

Signalling 17.45 80.07 75.84 

Mycgr3G78786 1 Y GTP-binding protein SAR1 Signalling 379.55 434.89 368.63 

Mycgr3G103126 2 N Mycoplasma virulence 
signal region 

Signalling 194.36 110.67 122.75 
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Mycgr3G99350 2 N Peptidase inhibitor I9 Signalling 0 206.12 174.97 

Mycgr3G69651 3 Y Legume-like lectin Signalling 0 56.70 81.80 

Mycgr3G104283 4 Y Carbohydrate kinase, PfkB Signalling 88.93 183.57 165.61 

Mycgr3G92990 5 N RTC4-like domain Signalling 172.65 8.24 89.53 

Mycgr3G109984 6 Y Carbohydrate kinase, 
FGGY 

Signalling 59.11 28.23 134.59 

Mycgr3G93858 6 N Legume lectin, beta 
domain 

Signalling 0 0 0 

Mycgr3G27172 8 N Membrane-associating 
domain 

Signalling 0 0 25.62 

Mycgr3G87144 8 N SOCE-associated 
regulatory factor of 

calcium homoeostasis 

Signalling 0 0 15.23 

Mycgr3G63409 10 N PhosphatidylEthanolamine
-Binding Protein (PEBP) 

domain 

Signalling 46.56 40.01 28.94 

Mycgr3G111436 12 N CHD5-like protein Signalling 0 61.32 116.56 

Mycgr3G97371 13 Y leucine-rich repeat 
receptor-like protein 

kinase 

Signalling 0 87.29 13.52 

Mycgr3G38105 3 N Fungal type ribonuclease RNA degradation 1743.26 577.68 387.31 

Mycgr3G46633 8 Y Ribonuclease T2 RNA degradation 37.34 58.88 46.37 

Mycgr3G88665 1 N Mitochondrial 39-S 
ribosomal protein L47 

(MRP-L47) 

Gene expression 0 0 0 

Mycgr3G109275 4 N Fungal transcriptional 
regulatory protein, N-

terminal 

Gene expression 23.95 34.30 0 

Mycgr3G80419 4 Y Glutaminyl-tRNA 
synthetase, non-specific 

RNA binding region part 2 

Gene expression 121.89 34.91 90.93 

Mycgr3G93958 6 N Transcription termination 
factor Rho 

Gene expression 0 0 15.72 

Mycgr3G110320 8 N Cysteine/serine-rich 
nuclear protein N-

terminus 

Gene expression 3.22 27.93 95.86 

Mycgr3G95724 9 Y CodY GAF-like domain Gene expression 0 0 45.58 

Mycgr3G105826 10 Y Pre-mRNA-splicing factor 
SF3a complex subunit 2 

(Prp11) 

Gene expression 60.69 321.31 755.63 

Mycgr3G98580 1 Y CFEM domain Virulence 166.60 330.94 317.87 

Mycgr3G107904 2 Y Hce2 Virulence 40.58 180.25 138.61 

Mycgr3G91346 3 N CFEM domain Virulence 0 13.28 0 

Mycgr3G39947 4 N Cerato-platanin Virulence 1437.79 268.94 30.99 

Mycgr3G104404 5 Y Hce2 Virulence 131.32 1335.77 367.17 

Mycgr3G94274 7 Y CFEM domain Virulence 388.28 565.99 532.71 

Mycgr3G105487 8 Y LysM motif Virulence 142.42 1028.27 643.47 

Mycgr3G110386 8 N LysM motif Virulence 93.89 80.59 19.49 

Mycgr3G111221 11 Y LysM motif Virulence 149.56 1457.69 754.48 

Mycgr3G111382 12 Y CFEM domain Virulence 0 0 59.76 

Mycgr3G111636 13 Y Hce2 Virulence 0 914.73 684.75 

Mycgr3G88451 13 Y Necrosis inducing protein 
(NPP1) 

Virulence 211.90 60.67 247.11 

Mycgr3G107758 1 Y Ring-infected erythrocite 
surface antigen 

Not clear 100.01 99.74 291.50 

Mycgr3G33778 1 Y Lipoma HMGIC fusion 
partner-like protein 

Not clear 136.28 87.69 21.22 

Mycgr3G78893 1 N Granulin superfamily Not clear 52.79 105.80 65.66 

Mycgr3G89734 1 Y FlxA-like protein Not clear 463.65 203.42 0 
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Mycgr3G89878 1 N NUC202 domain Not clear 0 28.03 0 

Mycgr3G90236 1 N Dickkopf N-terminal 
cysteine-rich region 

Not clear 0 0 41.27 

Mycgr3G67799 2 Y Fimbrial protein Not clear 22.34 224.06 333.22 

Mycgr3G90487 2 N Ubiquitin-associated 
protein 2 

Not clear 0 0 0 

Mycgr3G90520 2 N Mating factor alpha 
precursor N-terminus 

Not clear 0 0 0 

Mycgr3G103555 3 Y Mytycin-preprotein Not clear 130.70 631.59 11.59 

Mycgr3G103792 3 Y PAN domain Not clear 27.11 31.05 33.73 

Mycgr3G103900 3 Y Pestivirus envelope 
glycoprotein E2 

Not clear 66.71 1989.51 527.88 

Mycgr3G91642 3 N PAN domain Not clear 0 48.14 0 

Mycgr3G91993 3 N Paax-like protein; 
immunoglobulin 

Not clear 0 0 41.83 

Mycgr3G92165 3 N KicB killing factor Not clear 0 0 18.78 

Mycgr3G92220 3 Y Bacteriophage P21 holin S Not clear 0 0 224.57 

Mycgr3G105677 4 Y Flagellin protein Not clear 251.28 414.04 2770.63 

Mycgr3G80321 4 Y Nucleopolyhedrovirus 
capsid protein P87 

Not clear 1362.40 2507.83 621.33 

Mycgr3G92221 4 N Herpesvirus UL25 family Not clear 0 19.76 0 

Mycgr3G92826 4 N Gonadotropin, beta chain Not clear 0 0 50.60 

Mycgr3G17645 5 Y Optic atrophy 3 (OPA3) Not clear 0 0 24.21 

Mycgr3G104769 6 N Proline rich region of 
Caskin protein 

Not clear 332.53 317.32 120.68 

Mycgr3G43511 6 N Cupin Not clear 0 0 0 

Mycgr3G105265 7 N Sporozoite P67 surface 
antigen 

Not clear 148.41 126.37 177.12 

Mycgr3G94441 7 Y Metalloenzyme 
superfamily 

Not clear 0 35.78 26.05 

Mycgr3G94555 7 N Cornifin (SPRR) family Not clear 0 21.73 0 

Mycgr3G46900 8 N TadE-like protein Not clear 72.36 185.63 45.47 

Mycgr3G95537 9 N delta endotoxin Not clear 140.42 360.89 263.17 

Mycgr3G111027 10 N Alternaria alternata 
allergen Alt a 1 

Not clear 12.34 31.87 38.26 

Mycgr3G106106 11 Y Lactococcus 
bacteriophage repressor 

Not clear 0 38.89 127.06 

Mycgr3G106125 11 Y Conotoxin O-superfamily Not clear 20.97 132.20 130.26 

Mycgr3G96868 11 N Alternaria alternata 
allergen alt a 1 

Not clear 0 0 0 

Mycgr3G106260 12 N Dickkopf N-terminal 
cysteine-rich region 

Not clear 0 9.26 80.65 

Mycgr3G106335 12 N CHRD domain Not clear 94.53 54.20 305.23 

Mycgr3G106345 12 Y TPR/MLP1/MLP2-like 
protein 

Not clear 560.69 160.59 287.94 

Mycgr3G83081 13 Y Gamma-thionin family Not clear 45.12 167.54 253.61 

Appendix 1. List of SSPs with a functional annotation: Gene ID and chromosome (JGI Mycocosm); SNPs variants 

in IPO553   and/or IPO560 (Y=yes; N=no); annotation (NCBI CDD; EMBL-EBI; Genome); Biological role; FPKM 

(filtered reads) for the Z. tritici isolates IPO323, IPO553 and IPO560 obtained from the RNAseq of Longbow cv.  

leaves at 7 dpi.
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   Filtered reads (FPKM) 

Gene ID Chr SNPs IPO323 IPO553 IPO560 

Mycgr3G102031 1 N 36.38 0 0 

Mycgr3G102617 1 Y 142.51 701.60 248.28 

Mycgr3G102792 1 Y 0 10217.50 6132.59 

Mycgr3G102982 1 N 0 0 0 

Mycgr3G102983 1 N 0 0 0 

Mycgr3G102996 1 Y 449.81 236.54 148.83 

Mycgr3G106745 1 Y 0 4.87 0 

Mycgr3G107286 1 N 130.36 0 0 

Mycgr3G34196 1 N 29.80 25.59 18.55 

Mycgr3G66795 1 Y 62.47 328.21 284.57 

Mycgr3G79161 1 Y 549.70 902.72 371.95 

Mycgr3G88619 1 N 0 11.36 0 

Mycgr3G88650 1 N 18.74 0 0 

Mycgr3G88698 1 Y 0 193.31 309.96 

Mycgr3G88794 1 N 68.61 0 0 

Mycgr3G89042 1 N 0 33.55 48.81 

Mycgr3G89647 1 Y 81.67 418.82 359.98 

Mycgr3G89705 1 Y 0 319.08 36.88 

Mycgr3G90017 1 N 1173.15 206.20 56.36 

Mycgr3G90262 1 N 0 0 0 

Mycgr3G103091 2 Y 189.10 1707.97 39.53 

Mycgr3G103254 2 Y 0 29.07 0 

Mycgr3G103274 2 Y 0 42.48 0 

Mycgr3G108014 2 N 0 0 0 

Mycgr3G108064 2 N 24.34 20.91 90.78 

Mycgr3G108329 2 N 0 0 30.99 

Mycgr3G68477 2 N 395.05 43.14 245.29 

Mycgr3G79286 2 N 0 141.94 129.15 

Mycgr3G90346 2 N 0 0 25.20 

Mycgr3G90420 2 N 67.53 38.51 84.79 

Mycgr3G90503 2 N 0 0 0 

Mycgr3G90699 2 N 0 0 0 

Mycgr3G90776 2 Y 154.82 1400.35 2169.23 

Mycgr3G91164 2 N 64.10 0 0 

Mycgr3G99124 2 N 0 37.87 165.56 

Mycgr3G99161 2 Y 75.34 57.53 405.97 

Mycgr3G103572 3 N 0 389.73 0 

Mycgr3G103713 3 N 0 0 53.60 

Mycgr3G103716 3 N 0 0 0 

Mycgr3G108395 3 Y 0 84.90 0 

Mycgr3G108482 3 Y 93.89 1844.62 331.26 

Mycgr3G108774 3 Y 0 78.75 134.06 

Mycgr3G108877 3 Y 0 229.49 251.30 
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Mycgr3G56988 3 N 0 23.10 12.52 

Mycgr3G69277 3 N 34.22 68.52 127.93 

Mycgr3G70022 3 Y 56.25 128.82 175.00 

Mycgr3G70376 3 Y 227.16 130.16 423.50 

Mycgr3G79783 3 N 86.54 12.40 53.77 

Mycgr3G85399 3 N 0 424.77 242.83 

Mycgr3G91471 3 Y 283.48 5909.35 560.87 

Mycgr3G91543 3 N 0 0 0 

Mycgr3G91995 3 Y 0 24.05 0 

Mycgr3G92019 3 N 0 113.24 0 

Mycgr3G92048 3 N 45.40 12.21 14.91 

Mycgr3G92094 3 Y 0 20.90 227.88 

Mycgr3G92203 3 Y 0 32.97 35.72 

Mycgr3G104000 4 Y 413.33 122.66 671.89 

Mycgr3G104175 4 N 171.67 13.11 56.90 

Mycgr3G109031 4 N 0 0 96.86 

Mycgr3G109137 4 Y 149.62 214.08 819.50 

Mycgr3G30802 4 Y 162.89 290.91 0 

Mycgr3G41315 4 N 34.07 0 0 

Mycgr3G71216 4 Y 0 265.32 780.87 

Mycgr3G80332 4 Y 0 271.17 307.57 

Mycgr3G92365 4 N 0 24.44 0 

Mycgr3G92458 4 N 19.78 0 12.28 

Mycgr3G92640 4 N 0 276.94 87.15 

Mycgr3G92901 4 N 0 0 51.91 

Mycgr3G104383 5 Y 0 0 249.84 

Mycgr3G104444 5 Y 161.14 5341.73 1482.74 

Mycgr3G104697 5 Y 2262.95 581.74 3022.34 

Mycgr3G109679 5 N 0 10.01 32.50 

Mycgr3G41491 5 N 0 0 92.91 

Mycgr3G42777 5 N 0 0 89.01 

Mycgr3G72545 5 N 36.48 57.52 45.30 

Mycgr3G92998 5 Y 0 192.98 132.82 

Mycgr3G93000 5 Y 0 57.00 17.70 

Mycgr3G93035 5 N 58.18 0 0 

Mycgr3G93045 5 N 0 15.66 68.07 

Mycgr3G93075 5 Y 103.62 434.62 538.00 

Mycgr3G93231 5 Y 0 35.16 57.37 

Mycgr3G93424 5 N 0 0 0 

Mycgr3G93442 5 N 0 0 0 

Mycgr3G93448 5 Y 0 55.68 0 

Mycgr3G104754 6 Y 123.39 238.31 192.04 

Mycgr3G104758 6 Y 74.20 10.61 23.13 

Mycgr3G104794 6 Y 362.50 548.67 3300.97 

Mycgr3G104867 6 Y 0 280.75 209.21 
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Mycgr3G109991 6 Y 77.13 26.55 401.97 

Mycgr3G73448 6 N 0 99.95 0 

Mycgr3G81079 6 N 0 18.26 0 

Mycgr3G93741 6 N 45.12 0 0 

Mycgr3G94011 6 N 0 49.42 17.91 

Mycgr3G94017 6 N 0 11.16 290.20 

Mycgr3G94107 6 N 0 0 0 

Mycgr3G94108 6 Y 0 11.76 12.74 

Mycgr3G105049 7 Y 922.24 467.39 264.57 

Mycgr3G105182 7 Y 1662.55 648.17 1890.71 

Mycgr3G105223 7 Y 43.39 317.07 269.61 

Mycgr3G105227 7 N 30.59 17.51 171.41 

Mycgr3G110052 7 N 36.26 0 0 

Mycgr3G110144 7 N 33.23 22.83 3.40 

Mycgr3G110220 7 N 20.15 479.37 337.93 

Mycgr3G94232 7 Y 38.53 275.32 264.29 

Mycgr3G94290 7 Y 0 21.06 0 

Mycgr3G94326 7 N 14.06 45.47 36.97 

Mycgr3G94330 7 N 0 34.39 0 

Mycgr3G94383 7 Y 0 199.83 98.05 

Mycgr3G94396 7 N 36.56 0 113.94 

Mycgr3G94526 7 N 159.01 0 0 

Mycgr3G94597 7 N 0 0 0 

Mycgr3G94850 7 N 0 0 18.66 

Mycgr3G101077 8 N 0 0 21.03 

Mycgr3G105394 8 N 0 0 0 

Mycgr3G105419 8 Y 15.67 0 19.44 

Mycgr3G105478 8 N 0 8.98 0 

Mycgr3G87205 8 N 0 0 0 

Mycgr3G95035 8 Y 85.79 48.87 0 

Mycgr3G95123 8 N 0 0 0 

Mycgr3G95211 8 N 0 0 0 

Mycgr3G95416 8 Y 0 147.71 72.05 

Mycgr3G95467 8 N 186.61 53.39 116.18 

Mycgr3G105659 9 N 0 24.66 0 

Mycgr3G105682 9 Y 0 385.44 378.63 

Mycgr3G105689 9 N 121.51 0 0 

Mycgr3G29006 9 N 0 0 0 

Mycgr3G95478 9 Y 26.63 556.57 231.87 

Mycgr3G95574 9 Y 0 0 0 

Mycgr3G95579 9 N 0 19.26 0 

Mycgr3G95620 9 N 0 0 82.55 

Mycgr3G95665 9 N 0 0 0 

Mycgr3G95714 9 N 0 75.85 0 

Mycgr3G95788 9 N 0 0 0 
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Mycgr3G95831 9 Y 74.20 137.89 208.16 

Mycgr3G95833 9 N 0 243.83 41.27 

Mycgr3G105825 10 Y 126.27 1419.03 420.28 

Mycgr3G105867 10 Y 329.83 314.33 639.63 

Mycgr3G105896 10 N 68.25 84.73 42.41 

Mycgr3G111008 10 Y 108.44 85.38 472.18 

Mycgr3G96225 10 Y 302.38 21.54 522.95 

Mycgr3G96377 10 N 0 16.06 34.78 

Mycgr3G96384 10 N 0 0 14.43 

Mycgr3G96389 10 Y 0 46.54 0 

Mycgr3G96423 10 N 22.75 19.55 0 

Mycgr3G96427 10 N 0 0 81.47 

Mycgr3G101652 11 Y 124.53 296.51 466.23 

Mycgr3G106099 11 N 33.24 9.51 0 

Mycgr3G106127 11 Y 31.17 205.10 77.62 

Mycgr3G111203 11 Y 45.81 4.38 132.62 

Mycgr3G111350 11 N 0 12.21 0 

Mycgr3G111352 11 N 0 0 0 

Mycgr3G82659 11 N 167.38 47.94 29.73 

Mycgr3G96440 11 N 0 19.23 0 

Mycgr3G96628 11 N 0 0 0 

Mycgr3G96635 11 N 18.33 5.25 34.14 

Mycgr3G96704 11 N 0 0 0 

Mycgr3G96731 11 N 0 73.31 0 

Mycgr3G96813 11 Y 0 12.34 53.91 

Mycgr3G96846 11 N 0 0 0 

Mycgr3G96865 11 Y 0 429.85 0 

Mycgr3G106329 12 Y 170.35 107.18 3480.83 

Mycgr3G111505 12 N 784.26 25.90 262.86 

Mycgr3G96869 12 N 0 0 0 

Mycgr3G96882 12 Y 0 0 162.20 

Mycgr3G96943 12 N 0 0 20.25 

Mycgr3G96951 12 Y 0 23.89 86.52 

Mycgr3G96981 12 N 0 19.78 43.58 

Mycgr3G97031 12 N 71.34 386.40 627.52 

Mycgr3G97034 12 N 0 247.51 136.42 

Mycgr3G97197 12 N 0 0 0 

Mycgr3G106436 13 N 0 119.01 141.59 

Mycgr3G106445 13 Y 0 160.36 47.48 

Mycgr3G106502 13 N 0 0 46.72 

Mycgr3G111676 13 N 0 0 0 

Mycgr3G51082 13 N 0 14.89 0 

Mycgr3G83064 13 Y 209.86 1211.22 681.04 

Mycgr3G97262 13 Y 0 173.27 158.13 

Mycgr3G97283 13 N 0 0 0 
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Mycgr3G97363 13 N 0 0 27.92 

Mycgr3G97449 13 N 174.51 24.85 165.02 

Mycgr3G97498 13 N 42.45 12.13 0 

Mycgr3G97500 13 Y 0 80.23 0 

Mycgr3G97526 13 Y 0 100.38 59.58 

Mycgr3G106588 14 N 0 0 53.38 

Mycgr3G97649 15 N 0 0 0 

Mycgr3G111761 16 N 109.15 0 0 

Mycgr3G106691 19 N 0 0 22.84 

Mycgr3G83239 19 N 46.81 0 58.48 

Mycgr3G98016 20 N 0 17.61 0 

Appendix 2. List of SSPs with no functional annotation: Gene ID and chromosome (JGI Mycocosm); SNPs variants 

in IPO553   and/or IPO560 (Y=yes; N=no); FPKM (filtered reads) for the Z. tritici isolates IPO323, IPO553 and 

IPO560 obtained from the RNAseq of Longbow cv.  leaves at 7 dpi.
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