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Abstract 

Tan Spot is a yield-reducing foliar disease caused by the fungus Pyrenophora tritici-repentis 

(Ptr), occurring in various cereals but most importantly in wheat. Despite being a real threat to 

global wheat production, this pathosystem has yet to be examined systemically and by systems 

biology approaches. Eight parents of a wheat MAGIC (multiparent advanced generation inter-

cross) population and two Brazilian commercial cultivars (namely Fundacep Horizonte and PF 

080719) were screened against ToxA-producing Ptr strains. The lines exhibited differential 

levels of resistance, with the parental line Hereward being the most susceptible, and Robigus 

the most resistant. Analyses of infected leaves of the eight parental lines by RGB-imaging and 

of Robigus and Hereward by fluorescence microscopy suggested that cell wall appositions 

were a distinctive feature in the genotype with increased Ptr resistance. Assessing RNA-seq 

data acquired from Robigus and Hereward at 0, 48, and 96 h post-inoculation with Ptr (or 

mock-inoculated), identified differentially expressed genes (DEG) which could be associated 

with significantly enriched pathways associated with cytoskeleton reorganization and actin 

polymerisation (amongst others) exclusively in Robigus. In vivo treatment with an actin 

polymerisation inhibitor resulted in increased number of lesions in all genotypes but lesions 

did not grow in size, suggestive of additional defence mechanisms. Correlation-based 

integration of transcriptomics and metabolomics provided further evidence of cell wall 

modifications and chitinase activity in Robigus, whereas downregulated energy-related 

pathways were found enriched in Hereward. Exogenous applications of salicylic acid and auxin 

resulted in increased susceptibility of Robigus to Ptr. This, alongside observations from 

transcriptomics analysis, suggested that both hormones increased susceptibility to Ptr. 

Interestingly, an unsupervised co-expression network analysis revealed a common set of 

reactions triggered by Ptr in Robigus and Hereward, which included the activation of 
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pathogenesis-related proteins and enzymes involved in the biosynthesis of flavonoids. This 

pathway is a key distinguishing genotypic feature between the two Brazilian spring-wheat 

cultivars differing in their ability to suppress Ptr infections. The spring wheat cultivar PF 

080719 exhibited increased resistance to Ptr infection at the seedling stage, but it was 

susceptible at the reproductive stage. The spring wheat cultivar Fundacep Horizonte was 

consistently susceptible to Ptr at either growth stage. Metabolomic analyses of flag leaves 

showed that only 7.9% of total responses were shared between both Brazilian plants, and each 

cultivar had a unique set of metabolic responses to Ptr infection. These changes were 

summarised with the enrichment of biosynthesis of flavonoids and bioenergetic metabolism, 

among others. Altogether, this “top-down” systems biology approach to study wheat immunity 

towards Ptr has yielded high-confidence candidate genes and metabolic processes 

underpinning defences against the Tan Spot disease leading to partial resistance and 

susceptibility. 
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Chapter 1 

 General introduction 

Wheat is a primary source of calories in the global human diet and has been extensively 

consumed by people throughout history. Processed grains are exploited in the production of 

breads, pastas, doughs and other derivative products which are commercialised and consumed 

worldwide (Curtis, 2002; Chung et al., 2010; Roberts et al., 2011). Due to advances in wheat 

breeding, this cereal has been adapted for cultivation in spring and winter seasons, which 

allows efficient land usage in temperate areas around the world. Such versatility makes this 

cereal suitable for various production systems as well as an alternative for crop rotation and 

succession (Gill, 2018). As global demand for food increases there is a need for more efficient 

cultivation methods as well as the development of high performing cultivars with good plant 

protection mechanisms. Improvements arising from such challenges have resulted in wheat 

yields increasing by 50 % in the past 43 years in the U.S.A. which can be attributed to genetic 

improvements and also in production systems (Boyer, 1982; USDA, 2019). However, there is 

still room for increasing the yield in this crop (Reynolds et al., 2009). 

Such improvements should also aim to minimise losses throughout production 

processes. “Farm to fork” losses are caused by (a)biotic stresses, mechanical damage (in 

harvest and processing) and wastage by humans, among other direct and indirect losses 

(Zadoks, 1967; Zadoks & Schein, 1979). Biotic factors, such as plant pathogens, animals and 

competing plants, account for losses up to 40 % of global crop production, and are therefore 

key concerns for food security (Savary et al., 2012). Wheat plants are subject to the attack of 

many pathogens that can infect all vegetative and propagative organs such as seeds, leaves, 
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stalk, ear and roots (Bockus et al., 2010). Tan Spot (TS), also known as yellow spot, is a foliar 

disease infectious to both common (Triticum aestivum) and durum (T. durum) wheat, as well 

as to other grasses (Ali & Francl, 2003). TS was recognised as a ubiquitous wheat foliar disease 

in Canada in 2003 and is one of the major three yield reducing diseases in the United States 

(Tekauz et al., 2003; Bockus et al., 2010; Fernandez et al., 2012). Further, TS is a threat to 

global wheat production since its causal pathogen, Pyrenophora tritici-repentis (Ptr), occurs 

in all wheat producing areas, including all top 15 wheat-producer countries responsible for 80.3 

% of the world’s wheat supply in 2020 (McRae, 1922; Cooners, 1937; Barrus, 1942; Valder & 

Shaw, 1953; Jiang, 1959; Cook & Yarham, 1989; Lamari et al., 1998; Ali et al., 2001; 

Mironenko et al., 2007; Singh, 2007; Murray & Brennan, 2009; Mikhailova et al., 2014; 

Abdullah & Sehgal, 2017; FAO, 2022). Additionally, in Australia, for instance, Ptr outbreaks 

have resulted in losses valued at $212 million per year (Murray & Brennan, 2009). 

Despite its importance, this pathosystem is not entirely understood and requires further 

study. In particular, the mechanisms of defence against P. tritici-repentis used by wheat are 

still unknown. This will be important in promoting efficient control measures against TS and 

the development of resistant cultivars. The management and characterisation of the Tan Spot 

disease is discussed in the first part of this review. Then, a summary of current knowledge on 

TS resistance is presented in the second part, and lastly, there is an overview of cutting-edge 

methods suitable to analyse the wheat-TS pathosystem. 

 

1.1 Tan Spot disease of wheat 

1.1.1 Characterisation of Pyrenophora tritici-repentis  

Pyrenophora tritici-repentis (Died.) Drechs. is the current name of the causal agent of 

Tan Spot disease in wheat. It is classified within the Ascomycota phylum, Loculoascomycetes 
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class, Pleosporales order and Pleosporaceae family. This homothallic ascomycete was first 

described by Diedicke in 1923 and it was denominated Pleospora trichostoma. Its asexual stage 

corresponds to Drechslera tritici-repentis (Died.) Shoeman (Drechsler, 1923). In wheat, it was 

first isolated in 1928 and it was identified as Helminthosporium tritici-vulgaris (Nisikado, 

1928). Initially, Pyrenophora isolates were categorised as Helminthosporium due to their 

brownish colour, transversely septate conidia and graminicolous host range (Drechsler, 1923; 

Shoemaker, 1962). Pyrenophora tritici-repentis conidia are septate (4 to 7 septa), 

multinucleate, oval shaped and rounded at the longitudinal ends. The olive-black conidiophores 

are also multinucleate, cylindrical, erect and often swollen at the base (Ellis & Waller, 1974; 

Bockus et al., 2010). The multinucleate, barrel-shaped ascospores are brown-coloured with 

three transverse septa. The sexual spores are formed within black pseudothecia containing 

clavate to saccate asci, each bearing eight ascospores. (Ellis & Waller, 1974; Bockus et al., 

2010). Morphologically, Pyrenophora can be distinguished from other Pleospora genera by the 

smaller ascospores and the lack of pseudoparaphyses in the fruiting body (Sivanesan, 1987). 

Phylogenetically, Pyrenophora species can be designated with high confidence based on 

genetic variation within the following loci glyceraldehyde-3-phosphate dehydrogenase (gpd), 

MAT1-2 high-mobility group (HMG-box), and nuclear ribosomal internal transcribed spacer 

(ITS; Zhang & Berbee, 2001; Andrie et al., 2007). 

Lamari and Bernier (1989a, 1991) categorised Ptr strains into four pathotypes (I, II, III 

and IV) according to their ability to induce necrosis and chlorosis in differential wheat 

cultivars. Subsequently, Lamari and collaborators (1995) identified a new response pattern and 

proposed a race system to discern P. tritici-repentis strains, which has currently been 

rationalised into eight Ptr races. The race characterisation is based on the presence/absence of 

necrotrophic effectors (NEs; Table 1.1). Race 1 individuals encode the NEs genes for ToxA 

and ToxC, race 2 for ToxA, race 3 for ToxC, race 5 for ToxB, race 6 for ToxB and ToxC, race 7 
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for ToxA and ToxB and race 8 for ToxA, ToxB and ToxC. Race 4 individuals do not harbour 

Tox genes (Lamari & Bernier, 1989a; Lamari et al., 1995, 2003). The distribution of races has 

been assessed in Ptr populations from many locations throughout the globe. Race 1 is the most 

prevalent genotype in Algeria (Benslimane et al., 2011), Canada (Lamari & Bernier, 1989a; 

Singh & Hughes, 2006; Aboukhaddour et al., 2013), Czech Republic (Ali et al., 2004; Šárová 

et al., 2005), Iran (Momeni et al., 2014), Lithuania (Abdullah & Sehgal, 2017), Russia 

(Mikhailova et al., 2014), U.S.A. (Ali & Francl, 2003; Engle et al., 2006) and South America 

(Ali & Francl, 2002; Moreno et al., 2008; Gamba et al., 2012). In contrast, a recent study by 

Bertagnolli et al. (2019) revealed that, among Ptr isolates from southern Brazil, 65 % were 

race 2 and 35 % were race 1. In Morocco, races 5 and 6 were the most frequent (Gamba et al., 

2017). Nonetheless, assessments using Random Amplified Polymorphic DNA (RAPD) and 

Amplified Fragment Length Polymorphism (AFLP) suggested that race structure and 

geographic origin of isolates were not correlated with genetic diversity in P. tritici-repentis 

(Santos et al., 2002; Mironenko et al., 2007; Leisová et al., 2008; Benslimane et al., 2013). 

P. tritici-repentis, alongside ParaStagonospora nodorum, stand out as the two most 

economically important necrotrophic pathogens of wheat (Oliver et al., 2016). Fungi with 

necrotrophic lifestyle live off dead tissues from the host. To do so, they rapidly secrete 

necrotising toxins, cell wall degrading enzymes and proteases causing the collapse of cells at 

the infection site (Walton, 1996; París & Lamattina, 1999; Pemberton & Salmond, 2004; Feng 

et al., 2011; Moore et al., 2020). This enables these microorganisms to acquire enough nutrients 

for establishing colonisation in the host and developing mycelia in intra- and intercellular 

spaces. This ability facilitates P. tritici-repentis and other necrotrophs to live saprophytically 

in a wide range of hosts (Moore et al., 2020). Biotrophs, on the other hand, such as rusts and 

powdery mildew (Park, 2016), are obligate parasites and require living cells from which to 
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uptake nutrients. Lastly, some pathogens have a living-host requirement to initiate the infection 

process, but then shift to a necrotrophic lifestyle. These are called hemibiotrophs. 

 

1.1.2 TS epidemics, infection cycle and symptomology 

Tan Spot is a polycyclic disease, in which both spores, conidia and ascospores, are 

infective to wheat plants (Fig. 1.1). The main sources of inoculum in the primary cycle are 

propagules present in seeds, crop residues and alternative hosts (Krupinsky, 1992; De Wolf et 

al., 1998; Ali & Francl, 2003). Wheat straw is considered the major Ptr source of primary 

inoculum (Rees & Platz, 1980). Short-distance spore dispersion occurs through wind and rain 

whereas contaminated seeds are the main vector in long-distance dissemination and in the 

introduction of Ptr to non-infected areas (Platt & Morrall, 1980; Wright & Sutton, 1990; 

Carmona et al., 2006). This fungus colonises the pericarp of the seeds, and is maintained in 

mycelial form (Schilder & Bergstrom, 1995). When conditions are favourable, the fungus 

grows and infects adjacent plants. 

After Ptr spores are deposited on leaf surface, the infectious process begins with conidia 

germination (approximate duration of 4 hours), followed by germ-tube elongation, 

appressorium formation (8 hours) and lateral mycelial growth for the next 12 to 24 hours (Fig. 

1.1f; Hosford, 1987; Luz & Bergstrom, 1987; Dushnicky et al., 1996; Aboukhaddour & 

Strelkov, 2016). During colonisation, the mycelia invade adjacent cells to the infection site and 

uptake nutrients causing cell death by parasitical action and by toxin production (Dushnicky et 

al., 1996). The optimal conditions for Ptr infections and disease development are 24 to 48 

hours of leaf wetness and temperatures above 10 ºC (Hosford, 1987). The secondary cycle is 

initiated with the conidiation on mature lesions from the primary cycle, followed by dispersal 

of newly formed conidia, and infection. The secondary cycle repeats throughout the growing 

season under favourable conditions until wheat plants reach maturity (Fig. 1.1h-i; Wright & 
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Sutton, 1990). On infected tissues, conidia are formed during the day (constant light 

requirement) whereas conidiophores are produced in the dark (Khan, 1971; Francl, 1998). The 

rate of TS disease progression depends upon host defence response and environmental 

conditions (De Wolf et al., 1998). 

 

Figure 1.1. Tan Spot disease cycle. (a) Wheat straw containing propagules of Pyrenophora 

tritici-repentis serve as source for the primary cycle where (b) pseudothecia are developed and 

there is the production of (c) asci when conditions are favourable. (d) Ascospores and (e) 

conidia are disseminated through wind and rain to (f) wheat surfaces. After successful 

infectious process, (g) mature lesions produce inoculum for the (h) secondary cycle of the 

disease. (i) The secondary cycle repeats until diseased plants senesce. Created with 

BioRender.com. 

Besides durum and bread wheat, P. tritici-repentis has also been found in association 

with other grasses, including alti wild rye (Leymus angustus (Trin). Pilg.), barnyard grass 

(Echinochloa crusgalli (L.) Beauv.), crested wheatgrass (Agropyron cristatum (L.) Gaertn.), 

intermediate wheatgrass (Thinopyrum intermedium (Host) Barkw. & D. R. Dewey), needle-

and-thread grass (Stipa comata Trin. & Rupr.), quackgrass (Agropyron repens (L.) Beauv.), 

smooth bromegrass (Bromus inermis Leyss.), sand reed grass (Calamovifta longifolia (Hook.) 
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Scribn.), slender wheatgrass (Elymus trachycaulum (Link) Malte), wild barley (Critesion 

jubatum (L.) Nevski), among others (Krupinsky, 1992; Ali & Francl, 2003). As such, Tan Spot 

is also a disease in other cash-crops such as oat, barley and rye (De Wolf et al., 1998). These 

cereal and noncereal grasses act as collateral/alternative hosts to Ptr in between growing 

seasons or in crop succession/rotation systems and serve as source of inoculum contributing to 

Ptr survival and epidemics. 

Pyrenophora tritici-repentis infects leaves, head, and stem. Ptr infections in wheat 

spikelets during the grain filling stage cause the reddening of seeds known as red smudge 

disease (Valder, 1954; Schilder & Bergstrom, 1994). On leaves, Tan Spot symptoms are tan-

coloured, elliptical-shaped necrotic spots on leaves with a dark brown spot in the centre of the 

lesion and often encompassed by a chlorotic halo in sensitive genotypes (Ciuffetti & Tuori, 

1999). The chlorosis and necrosis induced by all Ptr races except race 4, are caused by 

necrotrophic effectors (previously known as host-selective toxins) denominated ToxA, ToxB 

and ToxC (De Wolf et al., 1998). ToxA induces necrosis, whereas ToxB and ToxC induce 

chlorosis. There is a set of four differential wheat lines often used to distinguish Ptr races, 

namely Glenlea (sensitive to ToxA), 6B662 (sensitive to ToxB), 6B365 (sensitive to ToxC), 

and Salamouni (insensitive to toxins A, B and C). Thereby, infections by Ptr race 1, which 

harbours ToxA and ToxC genes, causes necrosis on Glanlea, chlorosis on 6B365 and is avirulent 

to 6B662 and Salamouni. Reactions from the differential lines to each race are shown on table 

1.1 below. 

These typical TS symptoms coalesce into larger lesions as the disease develops which 

leads to a significant decrease in foliar photosynthetic area, increase in senescence and reduced 

accumulation of organic matter (Manning et al., 2004, 2009; Day et al., 2015). Consequently, 

the plant’s development is impaired, resulting in yield loss. Losses in grain yield due to TS 
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disease is through a reduction of grain volume instead of decreasing the amount of grain per 

unit area (Rees and Platz, 1983). 

Table 1.1. Symptoms induced on host differential lines by the eight races of Pyrenophora 

tritici-repentis and their respective necrotrophic effectors (NEs) produced. 

Races NEs produced 
Symptoms on wheat differential lines 

Glanlea 6B662 6B365 Salamouni 

1 ToxA and ToxC Necrosis - Chlorosis - 

2 ToxA Necrosis - - - 

3 ToxC - - Chlorosis - 

4 - - - - - 

5 ToxB - Chlorosis - - 

6 ToxB and ToxC - Chlorosis Chlorosis - 

7 ToxA and ToxB Necrosis Chlorosis - - 

8 ToxA, ToxB and ToxC Necrosis Chlorosis Chlorosis - 

 

1.1.3 TS disease management 

To manage TS requires consideration of each variable in the disease triangle i.e., the 

host, the pathogen and the environment. Regarding the environment, the increase in TS 

epidemics throughout the globe coincided with the increased of reduce tillage practices and 

continuous wheat-after-wheat scheme (Sutton & Vyn, 1990; Schilder & Bergstrom, 1992; 

Wolf & Hoffmann, 1995). Pyrenophora tritici-repentis overwinters in wheat-stubble and 

therefore, crop rotation with other non-host crops is an efficient strategy for TS management 

(Bhathal & Loughman, 2001). Some strains of Bacillus sp. and Trichoderma spp. have shown 

promising antagonistic effects against P. tritici-repentis (Kremneva et al., 2015; Larran et al., 

2016), however formulated biocontrol products are still lacking. Chemical treatment, either as 
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preventive or curative, is proven to reduce losses caused by Ptr infections (Colson et al., 2003). 

Quinol (QoIs, strobilurins) and azoles (such as C14-demethylase inhibitors [DMIs]) fungicides, 

are recommend for TS management (Colson et al., 2003; Jørgensen & Olsen, 2007). For seed 

treatment, tebuconazole, triadimenol, carboxin + thiram and iprodione + thiram are effective 

in reducing Ptr transmission to seedlings (Carmona et al., 2006; Sharma-Poudyal et al., 2016). 

Although this disease is manageable through chemical methods, fungicide resistance in Ptr 

populations has been reported in several countries (Tonin et al., 2017; FRAC, 2021; Sautua 

and Carmona, 2021). QoI resistance in Ptr is conferred by G143A, F129L, G137R mutations 

in the cytb gene whereas DMI resistance is mediated by efflux transporters (Reimann & 

Deising, 2005; Sierotzki et al., 2007; Sautua & Carmona, 2021). Therefore, we should seek for 

other effective and sustainable strategies such as resistant cultivars (Mundt, 2014; Li et al., 

2019). Cultivars with acquired Ptr resistance represent the most durable and environmentally 

safe approach to control TS disease. Resistance to Ptr infections in wheat plants is regulated 

by multiple genes which are defined as a quantitative trait (Faris et al., 2013). Despite a 

continuous effort towards the discovery of novel Tan Spot resistance genes/quantitative trait 

loci (QTL), there is still no high-performance cultivar with acceptable levels of Ptr resistance 

commercially available to farmers. This must be a priority for research. 

 

1.1.4 Pathogen resistance/susceptibility in plants 

Considering that pathogens have different pathogenicity mechanisms, plants have 

developed contrasting mechanisms to defend themselves against biotrophs and necrotrophs 

(Glazebrook, 2005). Broadly, immune systems of plants against pathogens consist of (i) 

structural features, which are physical obstacles that suppress the entrance and growth of 

pathogens or (ii) biochemical reactions that produce substances which are toxic to the 

pathogen, or which create unfavourable conditions for pathogen growth (Agrios, 2005). These 
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physical and chemical compounds may be pre-existing or inducible defence mechanisms 

(Pieterse et al., 2009). Examples of pre-formed physical structures with defensive roles include 

the cell wall, stomata, lenticels, the epidermal cuticle, and often there is wax deposition outside 

the cuticle layer (Chassot & Métraux, 2005; Łaźniewska et al., 2012; Bellincampi et al., 2014). 

Pre-existing factors are called phytoanticipins (Vanetten et al., 1994). As an example, wheat 

produces defensins, which are a class of pre-formed proteins known to act against fungi and 

bacteria (Colilla et al., 1990). This phytoanticipin, when applied as seed priming, enhanced 

innate immunity of wheat seedlings against Fusarium (oxysporum) wilt (Naguib, 2018). 

In addition to these passive defences, upon pathogen attack, there is the activation of 

the immune system which has two broad “layers”. One layer is called pathogen-associated 

molecular-pattern (PAMP)-triggered immunity (PTI). PAMPs are motifs encoded in such 

molecules as proteins, lipids or nucleic acids found with a microbe which are recognised by 

pattern recognition receptors (PRRs; Nürnberger & Brunner, 2002; Erbs et al., 2008; Thomma 

et al., 2011; Vidhyasekaran, 2014). PRRs, located in plant cell surfaces, send signalling through 

receptor-like kinases and proteins (RLKs and RLPs) concentrated in the plasma membrane 

(Monaghan & Zipfel, 2012). Consequent to the association between PRRs and kinases, there 

is production of reactive oxygen species (ROS), increased calcium [Ca2+] influx predominantly 

in the cytosol, and the activation of mitogen-activated protein kinases (MAPKs) and various 

cytoplasmic RLKs (Zhao et al., 2021). The PTI-derived responses result in induction of 

defence genes that can counter the infection process. For instance, cell wall appositions with 

phenolic compounds, ROS, cell wall proteins and polymers forming a so-called papilla, is a 

ubiquitous PTI response in stressed plants that can enhance resistance, such as in barley against 

powdery mildew Blumeria graminis f. sp. hordei (Blümke et al., 2013; Voigt, 2014; Ellinger 

& Voigt, 2014). 
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The second layer of plant immune systems, known as effector-triggered immunity 

(ETI), follows the gene-for-gene concept in which the recognition of the pathogen’s avirulence 

(Avr) gene product by the complementary resistance (R) gene leads to host resistance (termed 

incompatibility). Compatible interactions are characterised by the absence of either Avr/R 

products which results in susceptibility to disease development (Flor, 1971; Jones & Dangl, 

2006; Miller et al., 2017). R proteins usually harbour conserved domains, such as nucleotide-

binding site (NBS) and leucine-rich repeat (LRR), that mediate their indirect association with 

Avr proteins and downstream signalling (Dangl & Jones, 2001; Meyers et al., 2003; Belkhadir 

et al., 2004). Successful pathogens counterattack by releasing additional effectors resulting in 

effector triggered susceptibility (ETS). To which, the plant response in the zig-zag model 

involves the direct or indirect recognition of the different effectors via new matching NBS-

LRR proteins, leading up to ETI (Jones & Dangl, 2006). From this point, the R-mediated 

defences subsequent to Avr recognition often include a so-called hypersensitive response (HR; 

Morel & Dangl, 1997; Mur et al., 2008). Through production of ROS and nitric oxide (NO), 

there is the activation of caspase-like proteins acting on rupture of plasma membrane and 

ultimately cell death (Mur et al., 2008). This programmed cell death (PCD) mechanism can 

contribute to resistance against a range of wheat pathogens, specially biotrophs (Xing et al., 

2013; Wang et al., 2016). However, some pathogens are able to subvert HR and cause disease 

(Fujikawa et al., 2006; Guo et al., 2009). Non-biotrophs, including major pathogens of wheat, 

may exploit this innate defence to feed off the released nutrients, increase biomass growth and 

sporulate (Keon et al., 2007; Deller et al., 2011; Lee et al., 2015). To illustrate, the 

hemibiotroph Septoria tritici triggers a PCD reaction reminiscent to HR in wheat, which 

supports its necrotrophic lifestyle (Keon et al., 2007). In addition to ROS production occurring 

in both PAMP- and effector-triggered immunity, it has been recently shown that key PTI 

components are required for ETI at the same time that ETI was shown to enhance PTI responses 
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(Ngou et al., 2021; Yuan et al., 2021). The discovery of this co-dependency and mutual 

potentiation between PTI and ETI creates room to develop novel strategies for resistance to 

necrotrophic pathogens such as P. tritici-repentis.  

Defences to (a)biotic stresses are also associated with the activation of phytohormones 

such as salicylic acid (SA), jasmonates (JA), abscisic acid (ABA), auxins (IAA) and ethylene 

(Et; Bari & Jones, 2009). Salicylic acid is the predominant molecule inducing a distal and 

broad-spectrum defence called systemic acquired resistance (SAR; Ryals et al., 1996). One of 

the key components of SAR is the production of pathogenesis-related (PR) proteins, such as 

PR-1, PR-2 (glucanases), and PR-5 (thaumatin-like proteins), acting as antimicrobial 

molecules (Kauffmann et al., 1987; van Loon et al., 1994; Wang et al., 2010; Breen et al., 

2017). The SA synthesis in the chloroplasts is promoted through the genes SARD1 and 

CBP60g, whose expression is boosted by elevated levels of cytosolic Ca2+, the receptor-like 

cytoplasmic kinases PCRK1/PCRK2 and the transcription factors TGA1 and TGA4 (Du et al., 

2009; Zhang et al., 2010b; Sun et al., 2018; Peng et al., 2021). Perception of SA and 

downstream signalling occurs mainly via nonexpressor of PR genes (NPR1/3/4; Cao et al., 

1994; Canet et al., 2010). JA also functions as a signalling molecule for pathogen-induced 

defences, which include the activation of chitinases (PR-3/4) and defensins (PR-12). While 

TGAs and WRKYs transcription factors and cytosolic NPR1 are involved in the antagonism 

between SA- and JA-signalling, NPR3 and NPR4 are presumed to enable JA synthesis by 

promoting the metabolism of its transcriptional repressors JAZs (Spoel et al., 2003; Li et al., 

2004; Mao et al., 2007; Liu et al., 2016). SA defences often result in resistance to biotrophs 

and JA defences are effective against necrotrophs (Glazebrook, 2005; Laluk & Mengiste, 2010; 

Mengiste, 2012). 
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1.1.5 Wheat resistance/susceptibility to P. tritici-repentis 

Despite the importance of plant immunity, the role of hormones mediating wheat-Ptr 

interactions is not well established. The resistance and susceptibility in wheat to Tan Spot 

disease is a quantitative trait controlled by multiple genes. The wheat reactions to Ptr 

necrotrophic effectors follow an inverse gene-for-gene model (Friesen et al., 2008). The 

necrotrophic effectors produced by Ptr interact with host gene products to give rise to a 

compatible interaction and, consequently, disease development (Wolpert et al., 2002; Strelkov 

& Lamari, 2003). This effector triggered susceptibility has also been observed in wheat-

Stagonospora nodorum (Liu et al., 2009); which is the species that Ptr horizontally acquired 

ToxA from (Friesen et al., 2006). Genetic resistance in wheat to Ptr is determined by the 

absence of these dominant susceptibility genes. Three NE-host interactions have been 

recognised in the wheat-Ptr pathosystem, namely ToxA-Tsn1, ToxB-Tsc2 and ToxC-Tsc1 and 

they are located on wheat chromosome arms 5BL, 2BS and 1AS, respectively (Singh et al., 

2010; Faris, Liu and Xu, 2013b for reviews). 

Tsn1 features a serine/threonine protein kinase (S/TPK) and the NBS-LRR structural 

domains, which are two distinct classes of R proteins (Faris et al., 2010). Microarray-based 

transcriptome analysis showed that defence responses triggered by ToxA treatment in wheat 

genotypes sensitive to this toxin are similar to the reactions typically associated with R-gene 

mediated resistance. These included the activation of phenylpropanoid and JA pathways, up-

regulation of RLKs and PR proteins (Adhikari et al., 2009; Pandelova et al., 2009). 

Transcriptional changes induced by ToxB treatment are similar to those caused by ToxA. In 

addition to the changes cited above, both toxins also affect WRKY transcription factors, ROS 

accumulation and photosystem dysfunction (Pandelova et al., 2012). Despite similarities, the 

transcriptional, biochemical and phenotypical reactions occur more rapidly when elicited by 

ToxA, which could be explained by differences in the activation of specific processes such as 
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ethylene biosynthesis (Pandelova et al., 2012). The molecular characterisation of ToxC-Tsc1 

interactions as well as reactions to the exogenous application of the ToxC protein have not been 

described. Apart from these three NE sensitivity genes, four other genes have been reported to 

confer resistance to Tan Spot in a qualitative manner, namely the recessive alleles, tsr2, tsr3, 

tsr4 and tsr5 (Tadesse et al., 2006a). The designation of these genes as ‘Tan Spot resistance’ 

(tsr) is due to their ability to bestow resistance against the fungus and not necessarily to react 

with Ptr NEs.  

Screenings in different wheat germplasms lead to the discovery of several quantitative 

trait loci (QTLs) associated with TS resistance, namely QTs.fcu-1BS, QTs.fcu-3BL, QTs.fcu-

3BS, amongst others (Faris & Friesen, 2005; Chu et al., 2008, 2010). A summary of known TS 

resistance/susceptibility genes and QTLs is presented in the Table 1.2.  

Table 1.2. Summary of genes and QTLs associated with qualitative and quantitative resistance 

in wheat against Pyrenophora tritici-repentis. 

Gene/QTL Associated markers cM interval Reference 

Tsn1 Xfcp620; Xfcp394 2.3 Faris et al., 2010 

tsc1 Xgwm136 4.7 Effertz et al., 2002 

tsc2 XTC339813; XBE444541 3.3 Friesen & Faris, 2004 

tsr2 Xgwn285 - Singh et al., 2006 

tsr3 Xgwn2 - Tadesse et al., 2006b 

tsr4 Xgwn2 - Tadesse et al., 2006a 

tsr5 Xgwn285 - Singh et al., 2008b 

QTsc.ndsu-1A - - Faris et al., 1997 

QTs.ksu-1A - - Sun et al., 2010 

QTs.lfl-1A -  Stadlmeier et al., 2019 

QTs.fcu-1BS Xgdm33; Xgdm125 10 Faris & Friesen, 2005 

QTs.fcu-2AS Xgwm515; Xfcp526 24.2 Chu et al., 2008 

QTs.lfl-2A - - Stadlmeier et al., 2019 

QTs.ksu-2B - - Sun et al., 2010 

Li et al., 2011 - - Li et al., 2011 
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QTs.lfl-2B - - Stadlmeier et al., 2019 

QTs.lfl-2D - - Stadlmeier et al., 2019 

QTs.ksu-3A - - Singh et al., 2008a 

QTs.fcu-3A Xbarc321; Xwmc11 3.7 Chu et al., 2010 

QTs.fcu-3BL Xbarc248; Xfcp83 128 Faris & Friesen, 2005 

QTs.fcu-3BS Xfcp311; Xfcp114 55 Faris & Friesen, 2005 

QTs.fcu-3B Xwmc231; Xwmc762 16.7 Chu et al., 2010 

QTs.lfl-3D - - Stadlmeier et al., 2019 

QTs.fcu-4AL Xbarc236; Xgwm644 15.8 Chu et al., 2008 

QTsc.ndsu-4A - - Faris et al., 1997 

QTs.lfl-4B - - Stadlmeier et al., 2019 

QTs.fcu-5AL Xbarc1061; Xcfa2185 25.4 Chu et al., 2008 

QTs.fcu-5A Xgwm425; Xgwm6.1 64.9 Chu et al., 2010 

QTs.fcu-5A.2 Xwmc110; Xgwm595 25.1 Chu et al., 2010 

QTs.fcu-5BL.1 Xbarc138; Xgwm260 35.3 Chu et al., 2008 

QTs.fcu-5Bl.2 Xfcp615; Xbarc142 40.5 Chu et al., 2008 

QTs.lfl-5B - - Stadlmeier et al., 2019 

QTs.ksu-5B - - Faris et al., 2012 

QTs.fcu-5D - - Faris et al., 2012 

QTs.lfl-7A.1 - - Stadlmeier et al., 2019 

QTs.lfl-7A.2 - - Stadlmeier et al., 2019 

QTs.fcu-7B - - Faris et al., 2012 

QTs.fcu-7B Xwmc276; Xbarc182 13.1 Chu et al., 2010 

 

1.2 Applying a systems biology approach in plant-pathogen interactions studies 

In systems biology, beyond identifying genes and molecules involved in a process of 

interest, the main objective is to understand how an organism functions as a whole based on 

the systemic interactions between biological entities from various levels of organisation 

(Barabási & Oltvai, 2004; Bruggeman & Westerhoff, 2007; Bruggeman et al., 2007). There 

are two main approaches: “top-down” and “bottom-up” (Bruggeman & Westerhoff, 2007). The 

first approach starts from higher levels experimental data aiming to discover the underlying 
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mechanisms and players at the molecular level (“bottom”; Bruggeman & Westerhoff, 2007; 

Pezzulo & Levin, 2016). The “bottom-up” approach goes from piecing together molecules, 

such as functionally characterised DNA sequences, into simulated networks or “gene-circuits” 

(Weisenberger & Deans, 2018). The top-down approach uses genome-wide information, and 

therefore, it is considered a more complete method. “Omics” technologies made possible the 

reconstruction of complex systems but require validation/hypothesis testing. On the other hand, 

imaging data can provide resolution beyond the hypothesis generating nature from high-

throughput science and, when coupled with molecular data, provide a clearer picture of the 

system. 

Visible macroscopic manifestation of pathogen infection, such as lesions in compatible 

interactions and, sometimes, a hypersensitive reaction in incompatible interactions can be 

informative regarding the extent and nature of the symptoms (Reignault et al., 2000, 2007; Mur 

et al., 2008; Minina et al., 2013). Measuring lesion attributes, such as type, number, and area, 

is a useful technique to inform on the disease epidemics as well as to classify host reactions 

and resistance level (Schwanck & Del Ponte, 2016; Barman et al., 2020). Lesion scoring 

schema have been developed to assist assessments in several pathosystems, like the barley and 

Pyrenophora teres (Tekauz, 1985). For the Tan Spot disease of wheat, there is a lesion-based 

classification of the host, in which genotypes exhibiting small brown-black lesions without any 

chlorosis are designated resistant and those featuring coalescing chlorotic and necrotic lesions 

are considered susceptible (Lamari & Bernier, 1989b). Additionally, the development of 

algorithms and pipelines for analysis of phytopathological digital images have levered the 

ability to scale and automate the assessment process while decreasing bias and subjectivity 

(Barbedo, 2017; Singh & Misra, 2017; Arnal Barbedo, 2019; Mulaosmanovic et al., 2020). 

Such image-based approach contributes immensely to understanding and modelling host and 

pathogen biological systems. For example, Laflamme et al. (2016) developed an algorithm that 
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enabled the quantification of Pseudomonas syringae virulence as well as immune responses in 

Arabidopsis thaliana via RGB images. Besides these macroscopic features, microscopic 

imaging plays an unparallel role in systems biology (Megason & Fraser, 2007). While “omics” 

approaches generate information with high genomic resolution, microscopic observations 

provide incomparable spatial and temporal resolution, which are extremely enlightening in 

plant-pathogen interactions (Rufián et al., 2018). In wheat-Ptr, fluorescence microscopy has 

elucidated the subcellular localization of ToxA in the mesophyll cell cytoplasm and 

chloroplasts (Manning & Ciuffetti, 2005) and of ToxB in the apoplast (Figueroa et al., 2015). 

Furthermore, Dushnicky et al. (1998) found lignification surrounding the mesophyll cells at 

the infection site of a Ptr resistant plant through bright field, fluorescence, and scanning 

electron microscopy. 

Beyond visible phenotypical changes, there are a multitude of reactions at the molecular 

level. The biology behind host-pathogen interactions involves the production of metabolites, 

proteins and, therefore, the activation of many genes (transcripts), which in turn are regulated 

by non-coding RNAs and other transcriptional and post-transcriptional elements. The complete 

set of metabolites and transcripts generated by an organism are called metabolome and 

transcriptome, respectively (Nobeli & Thornton, 2006; O’Rourke, 2018). Advances in high-

throughput sequencing and metabolome profiling technologies enabled faster identification of 

genes and metabolic pathways responsible for traits such as disease resistance (Langridge & 

Fleury, 2011). To illustrate, metabolomics studies revealed the resistance in wheat to Fusarium 

head blight is linked to the Fhb1 QTL. This locus encodes factors responsible for the activation 

of the phenylpropanoid, terpenoid, and fatty acid pathways, as well as, for the detoxification 

of the mycotoxin DON into DON-3G (Gunnaiah et al., 2012). For metabolite fingerprinting, 

targeted strategies, in comparison to untargeted methods, generate superior results in terms of 

sensitivity and accuracy in metabolite detection and quantification (Gertsman & Barshop, 
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2018). However, non-targeted approaches, such as flow infusion electrospray ionisation high-

resolution mass spectrometry (FIE-HRMS), are able to detect a greater number of features, 

including the possibility to discover novel biomarkers, with a much simpler sample preparation 

procedure (Draper et al., 2012; Ribbenstedt et al., 2018). Therefore, when studying unexplored 

interactomes such as the wheat-Ptr, untargeted techniques may yield novel insights. 

Regarding transcriptomics analysis, current high-throughput RNA sequencing (RNA-

seq) technologies are able to detect coding (mRNA) as well as non-coding forms of RNAs 

(Wang et al., 2009). The mRNA sequences comprise the entire set of genes expressed at the 

time of sampling. Initially, transcriptomic assays were based on microarray approaches but 

RNA-seq platforms produce greater coverage, enabling the discovery of more differentially 

expressed genes and it is more reproducible (Marioni et al., 2008; Marguerat & Bähler, 2009; 

Rao et al., 2019). Consequently, this boosted the development of modern algorithms and 

optimised pipelines, which greatly help digest the immense amount of information generated 

with RNA-seq into meaningful biological results. Such strategy facilitated profiling the 

transcriptional landscape of developmental processes, stress defence, effects of treatments, 

among other applications, effectively linking genotype to phenotype (Nagalakshmi et al., 2008; 

Karr et al., 2012; Ramírez-González et al., 2018). In the context of phytopathology, 

comparative analyses between transcriptomes from resistant and susceptible genotypes 

acquired during pathogen infection can be used to determine candidate genes associated with 

resistance/susceptibility to that microorganism as well as pathogenicity genes (Westermann et 

al., 2012; Kovalchuk et al., 2019). Beyond that, time-series experiments can inform on 

different pathogenesis and defence mechanisms deployed over time by the pathogen and the 

host (Kawahara et al., 2012; Naidoo et al., 2018; Bautista et al., 2021). The continuous 

development of optimised bioinformatics tools for time course experiments and downstream 

analyses provides the support and resources needed to exploit this approach (Spies & Ciaudo, 
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2015; Guo et al., 2021). Dynamic multi-factor models, where treatments are compared to 

controls sampled at the same time, produce more reliable results than static methods where 

treatments and controls have different sampling times (Oh et al., 2013; Spies & Ciaudo, 2015). 

The principles discussed above are also applicable for cross-species metabolomics 

experiments (Castro-moretti et al., 2020). Therefore, integrating metabolomics and 

transcriptomics data is a powerful strategy for tracking multidimensional and dynamic 

biological processes such as those occurring in the plant-pathogen arms race continuum. To do 

so, there are three means for synthesising two “omics” data: conceptual, statistical and model-

based integration (Ebbels & Cavill, 2009). The first method is based on the analysis of each 

data set separately and then making a combined interpretation of the results, without processing 

the data as a whole. The statistical approach uses mathematical calculations to determine 

relationships between the datasets. The model-based integration takes pre-existing knowledge 

and the experiment-derived data to construct a mathematical model of the predicted model. 

The statistical approach offers advantages over the two other methods, as it is considered a 

holistic approach and it is independent from prior knowledge. Cavill et al. (2016) have further 

classified the statistical methods in (i) correlation, (ii) data set concatenation, (iii) multivariate 

and (iv) pathway-based integration. The first is based on correlation coefficients calculated 

between items in each dataset. The second combines both datasets into one entry from which 

further calculations are computed. The third uses multivariate models, such as principal 

component analysis (PCA), to recreate the relationship between the elements from both 

datasets as well as to visualise the inherent variation. Pathway-based integration utilises 

existing knowledge, such as metabolic pathways from KEGG (Kanehisa et al., 2012), which 

include both enzymatic and metabolic information. The potential provided by this approach is 

exemplified by He et al. (2018) who combined metabolomics and transcriptomics data in a 

pathway-based manner to show that the tolerance of a citrus mutant towards a broad-spectrum 
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of pathogenic fungi was mediated by JA synthesis and JA-induced metabolites. Due to the 

nature of these “omics” data, the mathematical relationships between transcripts and 

compounds can be explored further using network analysis. These networks can be constructed 

via correlation, supervised learning, probabilistic graphical models, and meta-prediction 

methods (Li et al., 2015). Correlation-based network constructions have shown to be an 

effective strategy in bringing novel insights for phytopathological studies (Toubiana et al., 

2020). In biological networks, the nodes represent the elements (e.g. transcript, protein, 

metabolite) and the edges linking two nodes represent a relationship between them 

(McCormack et al., 2016). This relationship may indicate a regulatory role, co-expression, or 

direct interaction between elements (Seebacher & Gavin, 2011; Garbutt et al., 2014; Leal et 

al., 2014). Therefore, analysing the network topological structure, and more specifically, those 

nodes with the highest numbers of connections (degree/connectivity) is pivotal in 

understanding the system in question (Yu et al., 2007; Lü et al., 2016), specially plant-pathogen 

interactions (Mishra et al., 2018). Highly interconnected nodes, denominated hubs and 

bottlenecks, are generally considered the most important nodes in host-pathogen interactomes 

(Mukhtar et al., 2011; Ahmed et al., 2018). Furthermore, candidate explanatory 

genes/metabolites can be identified by unsupervised approaches such as weighted co-

expression network analysis (Langfelder & Horvath, 2008). This knowledge-independent 

approach can generate novel insights in co-expression networks (Serin et al., 2016). However 

the “guilty by association” interpretation, often used in co-expression networks, may be flawed 

as it can be misled by outliers, which then should be taken into consideration when utilising 

such approach (Gillis & Pavlidis, 2012). In toto, these reverse genetic strategies are useful tools 

in genomics-assisted breeding, especially when working with such complex crop as wheat 

(common wheat genome is hexaploid [2n = 6x = 42] and its size is approximately 14.5 Gb; 

IWGSC, 2018). Thus, node information could be exploited in breeding programmes such as 
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those using marker-assisted selection (MAS). MAS is used as a shortcut in conventional 

breeding and it is widely employed in many crops, including wheat (Garg et al., 2011; Jhanwar 

et al., 2012; Agarwal et al., 2014). 

 

1.3 Aim and objectives 

Major strides have been made towards understanding Pyrenophora tritici-repentis as a 

pathogen and wheat as a susceptible host, however, the mechanisms underlying different 

aspects of their interactions lack elucidation. The central aim of this research is to investigate 

the wheat-P. tritici-repentis interactions through a systems biology approach, with emphasis 

on the host reactions prior to and during visible disease development. This “top-down” 

approach utilised leaf imaging analysis, fluorescence microscopy, untargeted metabolomics 

(FIE-HRMS), high-throughput RNA sequencing, network analysis and in vitro screening of 

molecular markers associated with TS resistance, to gain multi-layered knowledge on this 

pathosystem. 

The overall research objectives are: 

(i) To characterise the eight parental lines of a multiparent advanced generation inter-cross 

(MAGIC) population and two wheat commercial cultivars from Brazil for their responses to P. 

tritici-repentis. 

(ii) Using imaging processing to describe the degree of resistance of wheat genotypes to P. 

tritici-repentis via periodic assessments of microscopic and macroscopic lesion development. 

(iii) Identify genes, metabolites, and pathways associated with resistance and susceptibility 

of wheat to TS using metabolomic and transcriptomic approaches. 

(iv) Perform integrative analyses of omics data to attain novel insights in the wheat-P. 

tritici-repentis pathosystem at each layer of biological organisation targeted in this study. 
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Chapter 2 

 General material and methods 

2.1 Plant growth conditions 

Seeds of hexaploid T. aestivum lines were sown into commercial compost John Innes 

no.2 and mixed with sand (4:1) and incubated in environmentally controlled growth rooms 

(Polysec, R. J. Hicks Refrigeration, Aberystwyth, UK) at 21 ºC under 16 hours of light, and at 

18 ºC in the dark. Seedlings were thinned down to three plants per pot - with each 1-litre pot 

being treated as a single replicate. Each treatments had three replicates that were randomly 

distributed within the growth room. The plants were inoculated with P. tritici-repentis at either 

of two growth stages: GS13 (three-leaf seedlings) and GS65 (flowering/anthesis). 

 

2.2 P. tritici-repentis inoculum production 

P. tritici-repentis strains BR13, BR154, BR29 were obtained from naturally infected 

wheat fields in Brazil and are part of Embrapa’s collection. These isolates encoded the ToxA 

gene, but not the ToxB gene. Conidia were produced and harvested following the methods 

described by Lamari and Bernier (1989). One Ptr mycelial plug was transferred to the centre 

of 90 mm Petri dishes with V8 media (agar = 15 g; CaCO3 = 3 g; V8-Juice = 150 mL, dH2O = 

850 mL) and incubated at 25 ºC for five days under continuous darkness to prevent 

conidiophore formation. Ultrapure water was added to the Petri dish and the mycelia were 

flattened using the bottom of a sterilised test tube. The mycelial slurry was discarded, and the 

plates were incubated under direct light for the next 24 h at 25 ºC. To produce conidia, the 

plates were then transferred for a final incubation period of 24 h at 15 ºC in the darkness. The 
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conidia were harvested using a paint brush and a solution of ultrapure water with 0.5 % (v/v) 

Tween 80. The inoculum final concentration was adjusted to spores × 10−3 × mL-1= 3.0. Using 

a spray bottle, the inoculum was sprayed uniformly onto all leaves until run-off. The inoculated 

plants were incubated in a humidity chamber for 24 h. Ultrapure water with 0.5 % (v/v) Tween 

80 was sprayed on the control plants (mock-inoculated treatment [M]) which were incubated 

separately from the Ptr-inoculated plants (I). 

 

2.3 Host classifications based on lesion scores 

The host reactions to Ptr were assessed at 72, 120, 168, 240, and 336 h post inoculation 

(hpi) using a lesion-based score system (Fig. 2.1; Lamari & Bernier, 1989b). Score “1” was 

given to plants exhibiting small, dark brown to black spots without any surrounding chlorosis 

or tan necrosis (resistant); “2” to plants with small, dark brown to black spots with very little 

chlorosis or tan necrosis (moderately resistant); “3” to small, dark brown to black spots 

completely surrounded by a distinct chlorotic or tan necrotic ring, lesions, generally not 

coalescing (moderately resistant to moderately susceptible); “4” to small, dark brown or black 

spots completely surrounded with chlorotic or tan necrotic zones; some of the lesions 

coalescing (moderately susceptible); and “5” was given to plants which symptoms were dark 

brown or black centres with most lesions consist of coalescing chlorotic or tan necrotic zones 

(susceptible). RGB images of leaves captured at the first three time points were processed using 

ImageJ (Fiji) version 1.53c (Schindelin et al., 2012) to count lesions and statistical analyses 

were performed in R. 



24 

 

 

Figure 2.1. Lesion-based score system for classification of host reactions to Pyrenophora 

tritici-repentis infection. 1= Small dark spots (resistant); 2= Small dark spots, small chlorosis 

or necrosis (moderately resistant); 3= Small spots with evident chlorotic/necrotic rings 

(moderately resistant to moderately susceptible); 4= Spots with evident chlorotic/necrotic 

rings, some are coalescing (moderately susceptible); 5= Several coalescing chlorotic/necrotic 

spots (susceptible). 

 

2.4 Whole metabolome extractions 

Whole leaf samples were excised from wheat plants and immediately frozen in liquid 

N2 and stored at -80 °C until being processed. Each frozen leaf was ground into powder and 

subdivided into two samples that were further processed separately. Approximately 40 mg (± 

1 mg) of leaf tissue was placed in 2 mL sterile microcentrifuge tubes. Each contained one 

acetone cleaned stainless steel bead. The samples were flash-frozen in liquid N2 and 

homogenised using a Mixer Mill MM 301 (Retsch GmbH). Then, 1 mL of chloroform: 

1 2 3 4 5 
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methanol: dH2O (1: 2.5: 1) solution was added to each sample, followed by incubation in a 

shaker at 4 ºC for 15 minutes. The samples were centrifuged at 5000 × g for 5 minutes and then 

the supernatant was carefully transferred to a new microcentrifuge tube. An aliquot of 100 μL 

of each sample was placed into a glass vial and sealed. Untargeted metabolite fingerprinting 

was performed by Flow Infusion Electrospray Ionization High-Resolution Mass Spectrometry 

(FIE-HRMS), where mass-to-charge (m/z) was generated in negative and positive ionisation 

modes. 

 

2.5 Metabolomics data processing and analysis 

The peaks data was filtered based on relative standard deviation (RSD) of 0.5 and a 

minimum occupancy of 2/3 in each class using the R package metabolyseR version 0.14.6. The 

m/z data was normalised based on total ion count (TIC) and visualised using unsupervised 

principal component analysis (PCA). Statistical analyses were performed in treatment/control 

pairwise comparisons at each time point and genotype. Comparisons between lines before 

infections were also performed. Welch’s Two Sample t-test was used to identify differentially 

accumulated metabolites (DAMs), with Bonferroni adjusted P-value < 0.05. Molecular 

formulas (MF) were assigned to significant features using the R package MFassign v0.7.7. 

Unique MF were selected for further analyses. When a molecular formula was assigned to more 

than one m/z peak, the one with the highest intensity was selected. Functional pathway 

enrichment was performed by mapping the explanatory features to the KEGG metabolic 

network using PageRank and Diffusion methods from the FELLA package (Picart-Armada et 

al., 2018), with Aegilops tauschii as the reference. 
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2.6 RNA extraction, library preparation and sequencing 

The second fully expanded leaf was harvested from three mock- and Ptr-inoculated 

seedlings from a MAGIC population parental lines Robigus and Hereward (Cockram et al., 

2014) at three time points prior to and during disease development (0, 48 and 96 hpi), summing 

36 samples (Fig. 2.2a). Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen), 

with in-column DNase digestion. RNA extracts eluted in RNase free water were quantified 

using a Nanodrop 1000 spectrophotometer (Thermo Scientific) and tested for RNA degradation 

and contamination by agarose 1.2 % gel electrophoresis. RNA integrity and quantitation 

assessments, library preparation, sequencing and raw data quality control were performed by 

Novogene (UK) Company Limited (Cambridge, UK). cDNA libraries were sequenced in an 

Illumina NovaSeq 6000, generating 150 bp-long paired-end reads (Fig. 2.2b). 

 

2.7 RNA-seq statistical and functional analysis 

Salmon version 1.3.0 (Patro et al., 2017) was used with the default parameters to map 

the RNA sequencing reads to the reference transcriptome international wheat genome 

sequencing consortium (IWGSC) RefSeq v1.1 (Fig. 2.2c; IWGSC, et al., 2018). The transcript-

level summarisation was performed with the R package tximport 1.18.0 (Fig. 2.2d; Soneson et 

al., 2015). The transcripts with at least 100 counts in three samples, computed with the R code 

rowSums(counts(dds)>=100)>=3, were selected for differential expression analysis, principal 

component analysis and network analysis (Fig. 2.2f). Gene Ontology (GO) annotations of the 

reference genome IWGSC was retrieved from Ramírez-González et al (2018). The annotation 

of genes of interest was verified using the BLASTP program for alignments against Aegilops, 

Oryza and Triticum taxa. 
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Figure 2.2. Flow diagram illustrating the RNA-seq experiment and downstream analysis. 

Seedlings from the wheat genotypes Robigus (Rob) and Hereward (Her) that were either 

inoculated with Pyrenophora tritici-repentis strain BR29 or mock-inoculated, were sampled 

prior to the inoculation (0 h) and at 48 and 96 hours post inoculation (hpi). Letters (a) through 

(j) delineate the procedures and the corresponding tools (linked by dotted lines) utilised in this 

workflow. The grey boxes represent the inputs/outputs of these procedures. 
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Chapter 3 

 Omic assessments indicate barrier 

defences to be effective against the 

necrotrophic pathogen Pyrenophora 

tritici-repentis in wheat 

3.1 Abstract 

The wheat-Tan Spot (TS) pathosystem represents a major threat to global food production as 

there are no fully resistant cultivars available and defences against TS are poorly understood. 

Here we used a ‘omics approach to characterise the interaction of a ToxA-positive Pyrenophora 

tritici-repentis (Ptr) strain with wheat parental lines of a multiparent advanced generation 

intercross (MAGIC) populations. Assessments were based on histological, metabolomic and 

transcriptomic comparisons of the two lines which were either the most resistant (Robigus) or 

susceptible (Hereward). TS resistance in Robigus was based on at least two defence 

mechanisms. Actin polymerisation, vesicle trafficking as well as cellulose, callose deposition 

and papilla formation resulted in a barrier defence against TS. Inhibition of actin 

polymerisation using cytochalasin increased lesion numbers in Robigus but did not show 

extensive lesion growth as seen in Hereward, indicative of other defence mechanisms. 

Comparisons with Hereward suggested that Robigus maintained glycolysis, TCA cycle, GABA 
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shunt and ROS detoxification which were all compromised with disease in Hereward. 

Induction of salicylic acid (SA) associated genes was seen only in Hereward, and exogenous 

application of SA increased TS susceptibility in both genotypes. Our study provides novel 

insights into resistance/susceptibility against Ptr infection. Penetration resistance appears to be 

an important defence mechanism as well as the maintenance of the metabolome and the lesser 

production of susceptibility factors. 

 

3.2 Introduction 

Wheat (Triticum aestivum L.) is subject to attack by many pathogens that are only 

currently controlled by fungicides due to lack of resistant varieties being available to farmers. 

This is the case for the Tan Spot (TS) disease of wheat (syn. yellow leaf spot), caused by the 

fungus Pyrenophora tritici-repentis (anamorph Drechslera tritici–repentis, Died) (Ptr) that can 

cause yield losses up to 59 % (Bhathal et al., 2003; Colson et al., 2003). These losses can be 

countered by growing cultivars with a certain level of resistance against leaf spot (Jørgensen 

& Olsen, 2007; Mazzilli et al., 2016) but increasing our knowledge of wheat’s responses to TS 

will aid our development of new resistant varieties. 

The plant immune system acts in a coordinated manner to suppress disease. There are 

structural defences which confine pathogen or the production of enzymes/toxins to neutralise 

the pathogen and may be either pre-existing or inducible mechanisms (Pieterse et al., 2009). 

Examples of pre-formed structures include the cell wall, lenticels and cuticles on top of 

epidermal cells (Chassot & Métraux, 2005; Łaźniewska et al., 2012; Bellincampi et al., 2014). 

Induced defences are triggered by a series of pathogen recognition events. One series of 

recognition events are of “pathogen-associated molecular-pattern” (PAMP)-triggered 

immunity (PTI). Plant responses consequent to PAMP recognition result in changes in 

intracellular signalling and gene expression to counter disease development. Pathogens may 
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evolve “effectors”, often proteins, delivered into the plant cytoplasm, which offset PTI and aid 

in exploiting the host. However, a second layer of recognition events; effector-triggered 

immunity (ETI), follows the gene-for-gene concept in which the recognition of the pathogen’s 

avirulence (Avr) gene by the complementary resistance (R) gene, leads to host resistance. This 

is often typified by a form of programmed cell death known as the hypersensitive response 

(HR). Disease is characterised by an absence of Avr/R gene interaction (Flor, 1971; Jones & 

Dangl, 2006; Miller et al., 2017) with the pathogen producing any of a series of toxins, enzymes 

and host modifying proteins. It is possible to crudely classify pathogens into biotrophs 

(establishing an interaction with living host tissue) or necrotrophs (host cell death is a major 

symptom) or combinations of both lifestyles - hemibiotrophs (Schulze-Lefert & Panstruga, 

2003; Oliver & Ipcho, 2004; Oliver & Solomon, 2010). Discrete defence responses are required 

to be effective against biotrophs or necrotrophs. These different responses are mediated by 

different phytohormone signalling events. Most simply, salicylic acid (SA) mediated defences 

are used against biotrophs and jasmonates (JA) / ethylene (Et) against necrotrophs (Oliver & 

Solomon, 2010). 

Ptr is a necrotroph and responses in wheat are quantitative traits controlled by multiple 

genes. In wheat, reactions to Ptr necrotrophic effectors (NEs) follow an inverse gene-for-gene 

model. NEs produced by Ptr are recognised by susceptibility genes in the host to lead to disease 

(Wolpert et al., 2002; Strelkov & Lamari, 2003; Guo et al., 2020). Three NE-host interactions 

have been described for the Ptr-wheat pathosystem, namely ToxA-Tsn1, ToxB-Tsc2 and 

ToxC-Tsc1. These are encoded on wheat chromosome arms 5BL, 2BS and 1AS, respectively 

(reviewed by Ciuffetti et al., 2010a; Singh et al., 2010; Faris et al., 2013). Against these NE 

susceptibility genes, eight genes have been described which can confer resistance to TS in a 

qualitative manner, namely Tan Spot resistance (tsr)1, tsr2, tsr3, tsr4, tsr5, tsr6, tsrHar and 
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tsrAri (Singh & Hughes, 2006; Tadesse et al., 2006a; Singh et al., 2008a,b; McIntosh et al., 

2013). 

Despite the identification of major wheat-TS resistance traits and ongoing efforts to 

breed resistant cultivars (Galagedara et al., 2020; Liu et al., 2020a), there is still the need to 

understand the underlying mechanism at cytological, biochemical, and transcriptional levels. 

In this study, we used the MAGIC (i.e. multiparent advanced generation intercross) population 

developed by Mackay et al. (2014) to explore new sources of resistance against TS, to 

investigate disease development as well as to study relationships with Ptr. Screening for 

responses to Ptr infection identified one line, cv. Robigus, with significant TS resistance. In 

addition to the surveys at macro- and microscopic levels, we characterised transcriptional and 

metabolomic changes occurring in resistant and susceptible (cv. Hereward) lines during 

interaction with Ptr. The observations suggest that penetration resistance is a major defence 

mechanism, which was facilitated by cell wall appositions, along with cell and cytoskeleton 

rearrangements. We also highlight the value of MAGIC population lines in breeding 

programmes for TS resistance. 

 

3.3 Material and Methods 

3.3.1 Plant materials and P. tritici-repentis inoculation 

The wheat lines used in this study, namely Alchemy, Brompton, Claire, Hereward, 

Rialto, Robigus, Soissons and Xi-19, were obtained as the NIAB’S eight MAGIC population 

founder lines (Mackay et al., 2014). Plants were grown under the conditions described in 

Section 2.1. Host classifications followed inoculation with P. tritici-repentis were performed 

as described in Sections 2.2 and 2.3. 
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3.3.2 Histopathological analysis 

Whole leaves were harvested at 24 and 72 hpi and cut into 0.5 cm pieces and transferred 

to ice-cold 2.5 % glutaraldehyde in 0.1 M sodium cacodylate at pH 7.2 which was vacuum 

infiltrated. The resulting fixed samples were stored at 4 °C until analysed. Leaves were 

autoclaved at 121 °C for 2 minutes in 5 mL 1 M KOH solution, followed by three rinses with 

deionized water (Hood & Shew, 1996). The specimens were mounted onto glass slides, stained 

with Aniline blue (0.05 % water soluble aniline blue dye, No. 12642 George T. Gurr Ltd. 

London, in 0.067 M K2HPO4 pH 9) solution and viewed using an Olympus BX51 microscope 

fitted with an Olympus U-RFL-T-200 UV Lamp. The images were capture with a ToupTex 

Industrial Digital Camera UCMOS08000KPB TP608000B. The micrographs were visually 

scored for single cell death, hyphal neck-collars, papilla, infected stoma and callose stoma. 

 

3.3.3 DNA extraction and PCR conditions 

Leaf tissue samples from each MAGIC wheat line, about 50-100 mg, were frozen in 

liquid N2 and milled into powder using stainless steel beads. Total DNA isolation was 

performed using DNeasy Plant mini kit (Quiagen), following the manufacturer’s instructions. 

The concentration of double-stranded DNA was determined using a NanoDrop 1000 

spectrophotometer (Thermo Fisher Scientific), and the quality was assessed in electrophoresis 

on 1.2 % Tris-borate-EDTA agarose gel stained with a SYBR Safe DNA Gel Stain (Thermo 

Fisher Scientific) and viewed under UV light. The Xgwm285-3B locus, encoding the tsr2 gene 

was amplified using the primer pair - 5' ATGACCCTTCTGCCAAACAC 3' - and - 5' 

ATCGACCGGGATCTAGCC 3' (Röder et al., 1998). PCR was performed under the following 

conditions: 3 min initial denaturation (94 ºC), followed by 45 cycles of 1 min denaturation step 

at 94 ºC, 1 min annealing step (58 ºC), and 2 min extension step (72 ºC). Finally, the products 

were extended for 10 min at 72 ºC.  
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3.3.4 Metabolomics and transcriptomics assessments 

The second or third fully extended leaves were excised from three seedlings from 

Robigus and Hereward at 0, 24, 48, 72 and 96 hpi. Whole metabolite extractions, data 

processing and functional analysis were performed as described in Sections 2.4 and 2.5. 

Pairwise comparisons performed between inoculated and mocks (denominator) in each time 

point and genotype are also referred to as Rob_24, Rob_48, Rob_72, Rob_96, Her_24, Her_48, 

Her_72, Her_96. Comparisons between both lines before infections are denominated 

Rob/Her_0, with Her as the denominator. 

Samples collected at 0, 48 and 96 hpi were utilised for RNA extractions, the protocol 

of which is described in Section 2.6 and Figure 2.2. Statistical and functional annotation 

procedures followed the methods described in Section 2.7. Pairwise comparisons were 

denominated as listed above. Differentially expressed genes (DEGs) with P-value < 0.05 and 

log2 fold change > ±1, identified with DESeq2, were functionally analysed by mapping against 

pathways and GO categories using MapMan (mapping: X4.2 triticum_aestivum) and the 

IWGSC annotations, respectively (Fig. 2.2h; Thimm et al., 2004; Love et al., 2014; Ramírez-

González et al., 2018). The count data was normalised with variance stabilization 

transformation (vst) function within DESeq2 package for data visualisation and clustering. 

 

3.3.5 Network construction and analysis 

DEGs and DAMs obtained from pairwise comparisons Rob_48, Rob_96, Her_48 and 

Her_96 were selected for integration using the mixOmics R package (Fig. 2.2g; Rohart et al., 

2017). As the same experimental conditions were used to obtain the transcriptomics and 

metabolomics datasets, regularised canonical correlation analysis (RCCA) was used (González 

et al., 2008). As the number of replicates used in the different experiments was greater in the 

metabolomic experiments, these were consolidated into three replicates based on mean values. 
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Correlation scores were calculated on the standardised matrices (mean 0 and variance 1) for 

the first three principal components. Networks were constructed for each genotype separately 

with two relevant association thresholds of 0.6 and 0.85. The graph output was analysed and 

visualised in Cytoscape 3.8.2 (Shannon et al., 2003). We defined high-degree (hub) 

components as being two times the sum of degrees from all nodes above the threshold is greater 

than the sum of degrees of all nodes (2×∑v∈V,Deg(v)>tDeg(v)>∑v∈VDeg(v), Chin et al., 

2014). For Robigus, a degree threshold of 113 satisfied the inequation, and for Hereward the 

threshold was 325. Gene ontology enrichment analysis of significant transcripts was performed 

with BiNGO (Fig. 2.2j) and the network visualisation of significantly enriched gene ontologies 

(Benjamini & Hochberg FDR corrected P-value < 0.05) was created using the plugin 

EnrichmentMap (Maere et al., 2005; Merico et al., 2010). Clustering and annotation of the 

network were performed using the MCL cluster algorithm within AutoAnnotate v.1.3.4 plugin. 

 

3.3.6 Chemical treatment experiments 

Fluridon, (+)-abscisic acid (ABA), salicylic acid (SA), indole-3-acetic acid (IAA) and 

Cytochalasin E (CytE) were obtained from Sigma-Aldrich. Stock solutions of SA and Fluridon 

were prepared with absolute ethanol, whereas ABA and IAA were dissolved in 1 N NaOH, 

following dilution in dH2O to final concentrations of 500, 100, 50 and 10 μM, respectively. 

Cytochalasin E stock solution was prepared with 0.01% DMSO, then diluted to a final 

concentration of 2 mM in dH2O / 0.2 % (v/v) Silwet L-77 (Newman Agrochemicals). 50 mL 

of freshly prepared solutions were sprayed onto plants either before (pre) or after inoculation 

(pos). ABA and IAA were sprayed to two separate groups of plants; with one group having the 

application occur at 24 hours before inoculation (ABA_pre; IAA_pre) and with the other group 

having the application occur 24 hours post inoculation (ABA_pos; IAA_pos). SA was only 

applied at 24 hpi. Fluridon was applied 48 h prior to inoculation. CytE was applied 2 hours 
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prior to inoculation. Disease progression was assessed using the lesion scores scale described 

previously in Section 2.3. The leaf chlorophyll content was measured in 30 leaves of each 

treatment at 24, 48, 72, 96, 120 and 168 hpi using a SPAD meter. To obtain relative chlorophyll 

content, the SPAD readings were normalised based on values obtained from mock plants of 

each genotype at 24 hpi. ANOVA test was performed on R, and significant interactions 

between “Genotype” and “Treatment” (Bonferroni corrected P-value < 0.05) were identified 

using the Tukey’s HSD (honestly significant difference) test. 

 

3.3.7 Biomass and lignin assessments 

The lignocellulosic biomass of leaf samples was extracted and quantified using the 

method described by Barnes & Anderson (2017), with some minor modifications. Nine leaves 

were collected from each treatment at 0 and 96 hpi, immediately flash frozen in liquid N2 and 

freeze-dried until moisture content reached ~ 10 %. The specimens were placed in 2 mL 

microcentrifuge tubes containing a stainless-steel ball and ground to fine powder in a cryogenic 

mill. Pooled samples were subdivided into three replicates of 70 mg each. Biomass was 

fractioned to alcohol insoluble residue (AIR) by adding 1.5 mL of 70 % ethanol, vortexing and 

centrifuging for 10 minutes at 10,000 × g. The supernatant was removed, and the pellet was 

washed with 1.5 mL of chloroform: methanol (1:1 v/v) solution, then with 1.5 mL of acetone 

to obtain AIR. The samples were placed under a Reacti-therm drying module at 35 ºC until 

completely dried. AIR mass was de-starched by adding 1.5 mL of 90 % DMSO (v/v) and 

shaken overnight in a platform rocker at 50 rpm. Samples were washed once in 90 % DMSO, 

six times in 70 % ethanol and once in acetone. The material was dried as described, and the 

absence of starch was verified by staining with Lugol solution (Sigma-Aldrich). In between 

each extraction step, the samples were thoroughly vortexed and centrifuged at 10,000 × g for 

10 minutes to remove the extractives from the biomass. The final lignocellulosic material 
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yielded was weighted and an aliquot of approximately 7 mg was used for acetyl bromide 

soluble lignin (ABSL) assay. Each biological replicate was processed in triplicate. To glass 

tubes containing AIR samples, 500 μL of 25 % acetyl bromide (v/v) was added, then incubated 

at 55 ºC for 3 hours to prevent xylan contamination. In the third hour, the samples were 

vortexed every 10 minutes. The reaction was terminated by addition of 5 mL of glacial acetic 

acid. AIR particles settled down overnight at room temperature. Absorbance of ABSL was 

measured at 280 nm by placing in a spectrophotometer a quartz cuvette with a solution 

containing 300 μL of the acetyl bromide solution mixed with 400 μL of 1.5 N NaOH and 300 

μL of 0.5 M freshly made hydroxylamine hydrochloride. Readings from control samples 

without AIR were used to subtract background absorbance. The mass percentage of acetyl 

bromide soluble lignin was calculated using the Beer’s Law, with extinction coefficient of 

19.81 g-1 L cm-1. (Fukushima & Hatfield, 2004). Statistical analyses were performed in R, using 

Tukey’s HSD test to detect significant (Bonferroni corrected P-value < 0.05) interactions 

between “Genotype” and “Treatment”. The presence of lignin in Ptr-infected tissues was 

investigated using phloroglucinol-HCl (Ph-HCl) or Wiesner stain. The solution consisted of 

3% phloroglucinol (Sigma-Aldrich) in absolute ethanol mixed in 12 M HCl (1:1, v/v). Leaf 

segments were immersed in the Ph-HCl solution and visualised with a Leica DM6000 B 

microscope mounted with a Hitachi HV-D20 3CCD camera. 

 

3.4 Results 

3.4.1 MAGIC population founder line Robigus is new source of TS resistance 

The eight-parent MAGIC population has not been previously characterised for TS 

resistance. PCR screening s showed that all eight lines amplified fragments of the expected size 

of 222-227 bp for tsr2, whose product confers qualitative resistance to necrosis induced by Ptr 

(Fig. 3.1). Adult plants (GS65 stage, flowering/anthesis) and seedling (GS13 stage, three-leaf 
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seedlings) were challenged with P. tritici-repentis and scored for lesion development between 

72 and 336 hpi (Table 3.1, Fig. 3.2).  

Based on the average lesion scores on seedlings and adults at 336 h, cv. Robigus was 

consistently the most resistant line and classified as Moderately Resistant (MR). Hereward, 

Soissons, and Xi-19 were classified as Moderately Susceptible (MS), whereas the remaining 

four genotypes, namely Alchemy, Claire, Brompton, and Rialto were classified as MR to MS 

(Fig. 3.2a). These classifications varied slightly with pathogen strain virulence and plant 

growth stage, i.e., plants were generally more susceptible when challenged with the most 

virulent strain (BR29) at the adult stage (Table 3.1). Symptom development in Robigus was 

limited to a necrotic fleck with minimal chlorosis. This compared with lesions in the most 

susceptible lines that coalesced rapidly with extensive necrosis and chlorosis (Fig. 3.2b). When 

assessing successful penetration events as indicated by macroscopic lesion numbers, these were 

significantly higher in MS genotypes than Robigus and MR-MS genotypes (P-value = 0.00178 

and 0.0058, respectively; Fig. 3.3). The two most contrasting lines; Robigus and Hereward 

(hereafter, Rob and Her), were selected for further characterisation. 

 

Figure 3.1. Agarose gel electrophoresis of PCR products generated by the amplification of 

Xgwm285-3B locus in DNA isolated from the wheat lines Alchemy, Brompton, Claire, 

Hereward, Rialto, Robigus, Soissons and Xi-19. Observed amplification products of 222-227 

bp product are shown. Lane M, 1 kb ladder; lane 1, Alchemy; lane 2, Brompton; lane 3, Claire; 

lane 4, negative control; lane 5, positive control; lane 6, Hereward; lane 7, Rialto; lane 8, 

Robigus; lane 9, Soissons; lane 10, Xi-19. 
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Table 3.1. MAGIC population parental lines classification of Tan Spot resistance based on 

lesion types assessed at 336 hours post inoculation with Pyrenophora tritici-repentis  

R=Resistant; MR=Moderately resistant; MRMS=Moderately resistant to moderately 

susceptible; MS=Moderately susceptible; S=Susceptible. 

Microscopic assessments of Ptr interactions with Rob and Her, suggested key 

distinctive features in the host occurring early in the interactions; specifically, single-cell death 

(cell with darker staining), papilla formation (as seen by fluorescent depositions at the site of 

contact with the pathogen), callose deposition at stomata (as seen by fluorescent sites) along 

with changes associated with susceptibility, the formation of a hyphal neck collar and infected 

stoma (Fig. 3.4a). Quantifying these different types of interactions, ~ 25 % of infection sites in 

Rob at 24 hpi exhibited papilla formation, increasing to 43.9 % at 72 hpi (Fig. 3.4b). Rob also 

showed callose deposition at the stomata, which could contribute to the lower rates of infected 

stomata compared to Her. Her showed insignificant penetration resistance resulting in pathogen 

establishment facilitated by stomata infection (found in 60% of infection sites at 24 hpi) and 

hyphal neck-collar formation (Fig. 3.4b). 

Growth stage/ 

Ptr strain 
Robigus Alchemy Claire Rialto Brompton Soissons Xi-19 Hereward 

Adults+Seedlings/BR13, 

BR29 and BR154 
MR MRMS MRMS MRMS MRMS MS MS MS 

Seedlings/BR13, BR29 

and BR154 
MR MRMS MRMS MRMS MRMS MS MS MS 

Adults/BR29 MR MS MS MRMS MS MS MS MS 

Seedlings/BR13 MR MR MRMS MS MRMS MS MS MS 

Seedlings/BR29 MRMS MRMS MRMS MS MRMS MS MS MS 

Seedlings/BR154 MR MR MRMS MRMS MRMS MS MS MS 
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Figure 3.2. Phenotypic characterisation of MAGIC population founder lines regarding their 

reactions to Tan Spot (TS) disease. (a) Average scores (based on lesion-type) given to seedlings 

and adult plants challenged with Pyrenophora tritici-repentis strains BR13, BR29 and BR154. 

Values on stacked bars represent the mean scores between the biological replicates. (b) Wheat 

leaves showing characteristic TS symptoms at 336 hours post inoculation (hpi). Scale bar = 1 

cm. 
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Figure 3.3. Number of lesions displayed in wheat lines at 72, 120 and 168 hours post 

inoculation (hpi) with Pyrenophora tritici-repentis. The number of lesions increases with 

increased host susceptibility and time post inoculation. 

 

Figure 3.4. Reactions of wheat lines to Pyrenophora tritici-repentis infection. (a) Fluorescence 

microscopy showing categories of reactions observed, namely cell death, hyphal neck-collar, 

papilla, infected stoma and callose stoma. Scale bar = 2 μm. (b) Percentage of responses 

observed in the wheat lines (b) Hereward (Her) and (c) Robigus (Rob) at 24 and 72 hours post 

inoculation (hpi) with Pyrenophora tritici-repentis, using fluorescent microscopy. 
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3.4.2 P. tritici-repentis infection triggers few changes in gene expression in Robigus 

To understand the molecular mechanisms underlying resistance and susceptibility of 

wheat against Tan Spot disease, we performed transcriptomic analyses. Leaves from the 

genotypes Rob and Her inoculated with the Ptr strain BR29, were sampled at pre-symptomatic 

time points (0 and 48 hpi), and after symptoms were displayed (96 hpi). RNA sequencing 

(RNA-seq) generated a total of 199,123,8260 reads, with an effectiveness (clean reads/raw 

reads) range of 97.14 to 99.37 % (Table 3.2). Principal component analysis (PCA) of the top 

30,000 most variant transcripts showed that the first and second components (PC1 and PC2) 

explained 47.08 % of the variance (Fig. 3.5a). The global transcriptomes of uninfected Her and 

Rob did not significantly differ. PCA also showed that infected did not greatly change the 

transcriptome in Rob, and variation across PC1 (describing the major source of variation) was 

mostly explained by the response of Her to infection.  

 

Figure 3.5. Analyses of transcriptomics data. (a) Principal component analysis (PCA) 

displaying variations among biological replicates in mock-treated (M) versus inoculated (I) 

samples from the wheat lines Robigus (Rob) and Hereward (Her). (b) Venn diagram showing 

the number of DEGs (P-value < 0.05, log2 fold change > ±1 compared to mock-inoculated) 

being up- (black) and down-regulated (red) in Rob and Her at 48 and 96 hours post inoculation 

with Pyrenophora tritici-repentis. 
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Table 3.2. RNA sequencing quality report and metadata 

Name Genotype Treatment hpi Replicate Raw reads Raw data(G) Effective(%) Error(%) Q20(%) Q30(%) 

HerIT0 Her Inoculated 0h 1 55349384 8.3 99.18 0.03 97.79 94.02 

HerIT0 Her Inoculated 0h 2 49164034 7.4 98.13 0.02 97.95 94.36 

HerIT0 Her Inoculated 0h 3 47238828 7.1 98.98 0.03 97.73 93.93 

HerIT48 Her Inoculated 48h 1 52218706 7.8 98.79 0.03 97.65 93.74 

HerIT48 Her Inoculated 48h 2 48255310 7.2 99.37 0.03 97.4 93.22 

HerIT48 Her Inoculated 48h 3 53252582 8 99.31 0.03 97.71 93.84 

HerIT96 Her Inoculated 96h 2 51918996 7.8 98.87 0.02 97.99 94.55 

HerIT96 Her Inoculated 96h 3 64843088 9.7 99.13 0.02 98.09 94.79 

HerIT96 Her Inoculated 96h 1 43148760 6.5 97.98 0.02 98.12 94.84 

HerMT0 Her Mock 0h 1 46359070 7 98.98 0.03 97.85 94.15 

HerMT0 Her Mock 0h 2 52538480 7.9 98.6 0.03 97.79 94.03 

HerMT0 Her Mock 0h 3 59369626 8.9 98.61 0.03 97.72 93.87 

HerMT48 Her Mock 48h 1 62818750 9.4 97.14 0.02 98.18 95.17 

HerMT48 Her Mock 48h 2 69215502 10.4 99.19 0.02 98.18 94.93 

HerMT48 Her Mock 48h 3 50709832 7.6 98.84 0.02 98.32 95.26 

HerMT96 Her Mock 96h 1 58707828 8.8 98.95 0.02 98.07 94.8 

HerMT96 Her Mock 96h 3 51878050 7.8 98.13 0.02 98.17 95.05 

HerMT96 Her Mock 96h 2 41633174 6.2 98.4 0.02 98.03 94.65 

RobIT0 Rob Inoculated 0h 2 50684452 7.6 99.17 0.02 98.15 94.88 

RobIT0 Rob Inoculated 0h 1 54594200 8.2 99.32 0.03 97.8 94.02 

RobIT0 Rob Inoculated 0h 3 51412868 7.7 98.93 0.03 97.75 93.94 

RobIT48 Rob Inoculated 48h 2 59171302 8.9 98.71 0.02 98.18 95.05 

RobIT48 Rob Inoculated 48h 3 53701204 8.1 98.46 0.02 98.09 94.84 

RobIT48 Rob Inoculated 48h 1 58248632 8.7 98.51 0.02 98.06 94.67 

RobIT96 Rob Inoculated 96h 1 52073706 7.8 98.83 0.02 98.16 94.88 

RobIT96 Rob Inoculated 96h 2 59415066 8.9 99.32 0.02 98.31 95.23 

RobIT96 Rob Inoculated 96h 3 73921628 11.1 99.25 0.02 98.2 95.01 

RobMT0 Rob Mock 0h 1 54978850 8.2 98.87 0.03 97.83 94.08 
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RobMT0 Rob Mock 0h 2 52334142 7.9 98.77 0.03 97.67 93.82 

RobMT0 Rob Mock 0h 3 64752028 9.7 99.2 0.03 97.75 93.97 

RobMT48 Rob Mock 48h 1 55291962 8.3 99.13 0.03 97.81 94.05 

RobMT48 Rob Mock 48h 2 61977016 9.3 98.41 0.02 98.21 95.12 

RobMT48 Rob Mock 48h 3 58913956 8.8 99.1 0.03 97.83 94.15 

RobMT96 Rob Mock 96h 1 63212108 9.5 99.12 0.02 98.14 94.83 

RobMT96 Rob Mock 96h 2 64148982 9.6 99.17 0.02 98.08 94.8 

RobMT96 Rob Mock 96h 3 43786158 6.6 98.34 0.02 98.02 94.63 

Raw reads: total amount of reads of raw data, each four lines of FASTQ format output taken as one unit 

Raw data: (Raw reads) * (sequence length), calculating in G. Sequencing length equals 150 

Effective: (Clean reads/Raw reads) * 100% 

Error: base error rate 

Q20, Q30: (Base count of Phred value > 20 or 30) / (Total base count) 
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Transcripts (≥ 100 counts in three samples) were aligned with the IWGSC reference 

genome and were linked to 42,276 different entries. Assessments of differentially expressed 

genes (DEG) in Rob and Her before infection (Rob/Her_0) identified 2583 genes. Comparing 

inoculated versus mock-treated samples, a total of 15,193 DEGs were identified. At 48 hpi, 

1007 DEGs were upregulated and 259 were repressed in Rob. Greater transcriptional changes 

were seen with Her, with 4,392 genes being upregulated and 3,555 reduced (Fig. 3.5b). By 96 

hpi, 965 DEGs were upregulated and 540 were downregulated in Rob, versus 1683 and 1714 

DEGs in Her, respectively. Only 12 and 63 DEGs were continuously up or downregulated 

across both time points and genotypes (Fig. 3.5b). Detailed lists of DEGs, including GO 

annotations are presented in Supplementary Table 3.1. Two ToxABP1 transcripts and only one 

Tsn1 transcript (TraesCS5B02G059000.1) were expressed in both Her and Rob but were not 

significantly induced by Ptr infection in either genotype.  

DEGs were mapped on to MapMan and were categorised according to MapMan bins 

(Fig. 3.6). The top five categories representing 59 and 46 % of DEGs in Rob_48 and Rob_96, 

respectively, were: protein modification, enzyme classification, solute transport, RNA 

biosynthesis and protein homeostasis (the “not assigned” category was disregarded). Her was 

distinctive in displaying a total of 404 DEGs related to “Photosynthesis” (Fig. 3.6). Changes in 

polyamine metabolism were not detected in Rob. Nucleotide metabolism, nutrient uptake, 

DNA damage response and redox homeostasis were barely represented pathways in Rob, with 

no more than 10 DEGs in each category. 

Interrogating the DEGs for genes with known relevance to defence, transcripts coding 

for chitinases, wheatwin (PR4), phenylalanine ammonia lyase (PAL) were found expressed in 

Rob prior to infection and were further induced in all infected samples. A chitinase 8 transcript 

(TraesCS1D02G207000.1) and a PAL transcript (TraesCS6B02G258400.2) were 1.1 × 1012 

and 1.04 × 106 times (respectively) more highly expressed in Rob/Her_0 (Table S3.1). MLO is 
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a susceptibility factor associated with the avoidance of penetration resistance (Büschges et al., 

1997). Although highly expressed in either genotype; 11 MLO transcripts were differentially 

expressed in Her, particularly in Her_48, versus two MLO differentially expressed in Rob. 

 

Figure 3.6. Distribution of DEGs, in MapMan bins, obtained from Robigus (Rob) and 

Hereward (Her), at 48 and 96 hours post inoculation with Pyrenophora tritici-repentis. The 

colour intensity represents the number of upregulated (+) and downregulated (-) DEGs mapped 

to each category. *P-value < 0.05, ** P-value < 0.01, ***P-value < 0.001 derived from 

Wilcoxon rank-sum test. 
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3.4.3 Auxin transport and cell modifications are associated with TS resistance 

To identify key DEGs, MapMan bins that were mapped to Robigus but were either 

absent or regulated in an opposing direction in Her were identified, to yield 245 unique bins 

(Fig. 3.7; Table S3.2). Vesicle trafficking genes associated with regulation of membrane 

tethering and fusion, clathrin coated vesicle (CCV) machinery, and with endomembrane 

trafficking were highly upregulated (average log2 fold change > 15). We also observed 

overexpression of genes in the cell wall and cytoskeleton organisation categories, including 

cellulose, hemicellulose, pectin, microfilament network, actin polymerisation and actin and 

tubulin folding. DEGs associated with cell cycle organisation, more specifically organelle 

division, mitosis and meiosis, DNA replication and membrane organisation were repressed at 

either 48 or 96 hpi. Major pathways of cellular metabolism such as Calvin cycle, oxidative 

pentose phosphate pathway (PPP), glycolysis and tricarboxylic acid (TCA) cycle were 

upregulated in Rob. Genes involved in metabolism of purines and pyrimidines and biosynthesis 

of amino acids were also upregulated. Furthermore, genes linked to photosystem I and 

respiration were changed significantly in expression in Rob_96, possibly suggesting that 

energy maintenance/generation plays a role in TS resistance.  

Targeted Rob bins also included external stimuli response genes e.g. protein kinase 

PB27/RLCK185 (associated with PTI; Yamaguchi et al., 2013), the transcription factor NIN 

(associated with symbiont signalling; Laffont et al., 2020), and the transcriptional coactivator 

HEMERA (part of the temperature sensing and signalling pathway; Qiu et al., 2019) that were 

induced at 96 hpi although the last two were repressed at 48 hpi. Genes associated with the 

phytohormones gibberellin (GA), ethylene (Et), cytokinin (CK), brassinosteroid (BR), abscisic 

acid (ABA) and auxin (IAA) were differentially expressed in Rob compared to Her. Most 

strikingly was the over-expression of BIG auxin transport gene (log2FC > 20). 
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Figure 3.7. Significantly enriched MapMan bins found in the wheat line Robigus (Rob) in 

contrast to Hereward (Her). The bars represent the average log2 fold change of transcripts 

mapped within first and second levels of the MapMan bins. 
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3.4.4 Metabolome stability during TS disease progression is a resistance feature 

FIE-HRMS was used to characterise the metabolomic profiles of TS resistant and 

susceptible lines (Rob and Her) following challenge with Ptr. PCA showed that PC1 and PC2 

explained 40.39% of the variance between metabolomes, of which genotypic difference was 

the major source of variation across PC1 (Fig. 3.8a). Akin to the results of transcriptomic 

profiling, PCA also showed that Ptr infection triggered fewer changes in the Rob metabolome, 

contrasting to the responses in Her compared to controls. Random forest of pairwise 

comparisons between mock- and -inoculated samples in each genotype/hpi showed significant 

discrimination of these classes, with margins greater than 0.5 (Fig. 3.8b). A total of 483 

differentially accumulating metabolites (DAM) were detected between controls and infected 

samples in Rob, but in the case of Her there were twice as many DAMs (Fig. 3.8c; Table S3.3). 

Considering changes occurring at different times, in Rob, most DEM changes were early in 

after inoculation, whilst in Her, these were at later time points.  

 

Figure 3.8. Statistical analyses on metabolomics data based on comparisons between mock-

treated (M) and infected (I) samples in the wheat lines Robigus (Rob) and Hereward (Her). (a) 

Principal component analysis (PCA) displaying variations among biological replicates in 

mock-treated versus inoculated samples from Rob and Her. (b) Random forest margins of 
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pairwise comparisons between mock-treated and infected samples from Rob and Her at each 

time point. (c) Number of explanatory features (P-value < 0.05) in each class, including the 

significant features detected in Rob in relation to Her before infection (0 hpi). 

The relative intensity profile of all explanatory features showed differential patterns 

between infected and mock-treated leaves (Fig. 3.9). Detailed information of annotated DAMs 

is presented in Supplementary Table 3.3. Among these, there was a significant accumulation 

of 13(S)-HPOT, 3-butyn-1-al, L-malate and sucrose only in Her (Fig. 3.10). We also found 

fatty acids, saponins, glycosides and amino acids, including γ‐aminobutyric acid (GABA) and 

L-glutamate, were lower in Her following inoculation. There were few pre-inoculation 

differences between the genotypes (25 DAMs), and these included the flavonoid quercetin 3-

O-[beta-D-xylosyl-(1->2)-beta-D-glucoside] and the alkaloid piperideine which exhibited 

10.15- and 0.45-(log2)fold difference changes between Rob/Her_0 samples. 

 

Figure 3.9. Hierarchical clustering of explanatory features in the wheat lines Hereward (Her) 

and Robigus (Rob) at 0, 24, 48, 72 and 96 h post inoculation with Pyrenophora tritici-repentis 
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(I) or mock-inoculated (M). Each coloured cell represents the mean relative intensity of 

significant features (P-value < 0.05). 

 

Figure 3.10. Heatmap of annotated metabolites relevant in the wheat lines Robigus (Rob) and 

Hereward (Her) during challenge with Pyrenophora tritici-repentis. Hierarchical clustering 

analysis performed in 18 conditions: lines sampled before treatments (HerT0 and RobT0); 

inoculated (I) lines, sampled at 24, 48, 72 and 96 hours post inoculation (hpi); mock-treated 

(M) lines, sampled at the same hpi. Each coloured cell represents the average concentration of 

samples within each class. 

Enrichment analysis of KEGG pathways indicated relatively few changes in Rob prior 

to 72 hpi (Fig. 3.11). DAMs from Rob_72 were associated with seven pathways: arginine and 

proline metabolism, phosphonate and phosphinate metabolism, cyanoamino acid metabolism, 

limonene and pinene degradation, glucosinolate biosynthesis, lysine degradation and 

pantothenate biosynthesis. For Her, stilbenoid, diarylheptanoid and gingerol biosynthesis, and 

monoterpenoid biosynthesis were overrepresented in Her_24 (Fig. 3.11). Her_72 and 96 shared 

twelve pathways, including phenylalanine and tyrosine biosynthesis. There was no pathway 

that was significantly enriched during disease progression. 
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Figure 3.11. KEGG pathway enrichment analysis of explanatory features from wheat lines 

Hereward (Her) and Robigus (Rob) at 24, 72 and 96 hours post inoculation (hpi) with 

Pyrenophora tritici-repentis. No pathways were significantly enriched in the comparisons not 

shown, i.e., Her_48, Rob_24, Rob_48, and Rob_96. The width of connector lines represents 

the enrichment significance (-log10(P-value)) computed with the diffusion model. 

 

3.4.5 Characterising TS disease development 

Limiting the analysis of DEGs and DAMs to those exclusively changing in Her, we 

identified key events associated with TS susceptibility. Photosynthesis associated genes were 

extensively downregulated at 48 hpi (250) and at 96 hpi (139), in contrast to only 10 and 5 

DEGs being induced at the respective time points (Fig. 3.6). The repressed genes included 

photosystems I (PSI) and PSII. Major suppression of photosynthesis is usually associated with 

metabolism of storage molecules, such as starch, but this pathway is also repressed on RNA-

seq data. However, metabolism of oligosaccharides was induced. For instance, sucrose was 
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accumulated in Her_72 and down at 96 hpi (Fig. 3.10). Interestingly, synthesis of the signalling 

molecule trehalose-6-phosphate (T6P) was repressed in Her_48, as well as its interaction factor 

SUCROSE-NON-FERMENTING1-RELATED KINASE1 (SnRK1), which was repressed in 

both times post Ptr infection (Table S3.1). The impairment of carbon assimilation and 

metabolism did not appear to result in the shift towards respiration, as genes involved in 

glycolysis and the TCA cycle were supressed. Beyond TCA, GABA shunt related enzymes and 

compounds, including γ-hydroxybutyrate dehydrogenase (GHB) and glyoxylate reductase 

(GR), were also downregulated. In addition to GABA, most amino acids degradation genes 

were supressed, except for proline dehydrogenase (ProDH) and threonine aldolase. Proline 

metabolism may contribute to generation of reactive oxygen species (ROS; Ben Rejeb et al., 

2014). RNA-seq data also showed that ROS scavengers and hydrogen peroxide removal 

pathways were repressed, mostly at 48 hpi. ROS generation genes, such as NADPH-oxidase 

and xanthine dehydrogenase, were also repressed. Even though ROS mediated cross-liking of 

proline-rich proteins is part of initial defence responses (Bradley et al., 1992), the upregulation 

of these genes failed to control disease development. In addition, the biosynthesis and 

degradation of other cell wall components such as hydroxycinnamic acids, cellulose, cutin, 

suberin, hemicellulose, lignin and pectin were impaired (Table S3.1). Collectively, 

metabolomics and transcriptomics data suggest that suppressed photosynthesis, along with 

severe impairment of primary metabolism and inability to detoxify ROS contributed to disease 

development. 

A series of external-stimuli responsive genes associated with abiotic stresses, such as 

cold-responsive protein kinase (CRPK), pyridoxal kinase (SOS4), were upregulated, while 

stomatal closure signalling via calcium sensor (CAS) was repressed. PTI and ETI responsive 

genes were also differentially expressed, including upregulation of NPR1/3/4, salicylic acid 3-

hydroxylase and WRKY33 (Fig. 3.12). Several components of the JA pathway were 
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differentially expressed, of which JAR1, AOC, JAZ, OPC-8:CoA synthetase and 13(S)-HPOT 

were up-regulated, whereas 13-lipoxygenases were repressed. The genes associated with 

phytohormones Et and GA were induced, and ABA was repressed. This indicates that this 

specific set of hormonal changes may play a role in TS susceptibility. 

 

Figure 3.12. Expression of genes associated with salicylic acid in the wheat line Hereward 

(Her) at 48 and 96 h post inoculation with Pyrenophora tritici-repentis (I) or mocks (M). 

 

3.4.6 Correlation-based network analysis of Ptr-induced differentially expressed genes 

and metabolites 

To identify the key shifts in both gene expression and metabolism triggered by Ptr 

infection, we performed regularised Canonical Correlation Analysis (RCCA) using the DEG 

and DAMs. Using a correlation threshold of 0.6, we obtained scale-free networks comprised 

of 760433 edges in Her and 69745 in Rob (Table S3.4). Based on this threshold value, 67.4% 

of DEGs were significantly correlated with 74% of the DAMs in Hereward (6319/9369 and 

423/570), whereas in Rob 49.3% (1155/2343) of DEGs were significantly correlated with 60% 

(122/203) of DAMs. The Rob network had 120 hub components, mostly metabolites 
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interacting with genes and only 3 hub transcripts. Similarly, Her network contains 26 hub genes 

and 358 hub metabolites. The hub genes present in Rob RCCA network were upregulated at 

both time points and they code for hydroxycinnamoyl-CoA:shikimate 

hydroxycinnamoyltransferase 2 (hst2), receptor-like kinase/carbohydrate binding protein and 

late embryogenesis abundant protein. The latter is microtubule-interacting protein (CC) and 

plays a role in the cellulose synthase complex (CSC) microtubule-dependent CSC insertion, 

part of the cell wall organisation pathway. A network which each node represents enriched 

pathways (P-value <0.05) by transcripts correlated with DAMs (RCCA coefficient > 0.6) is 

presented in Fig. 3.13. The topmost significant pathways enriched in the Rob network are 

catalytic activity, chitinase activity, catabolic and metabolic processes of cell wall 

macromolecule, aminoglycan and chitin. Pathways associated with hydrolase activity, 

metabolic process of sugars, response to other organisms (including bacterium and fungi) and 

heme and iron ion binding were also enriched. When investigating the network of tightly 

correlated DEGs and DAMs (threshold of 0.85), only three pathways were enriched, namely 

oxidation reduction, oxidoreductase activity and ribulose-phosphate 3-epimerase activity. 

These results provide further evidence of dual layer mechanism, involving initial cell wall 

modifications and chitinase activity, followed by oxidation stress regulation -probably- through 

iron “management”. 

The hub genes in Her RCCA network, interestingly, were all downregulated (except for 

TraesCS5B02G416400.1, a hexosyltransferase). The hub genes include Cytochrome P450, 

translocase of chloroplast 159, potassium transporters, glycosyltransferases, NADPH:quinone 

oxidoreductase, among others. Energy related pathways, including ATP and nucleoside 

binding, phosphorylation, phosphorus/phosphate metabolic process, phosphotransferase 

activity, and amino acid metabolism, were largely enriched. These findings corroborate with 

the results discussed in the section 3.4.5. 
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Figure 3.13. Network of significantly enriched gene ontologies (P-value < 0.05) of the 

transcripts that were correlated (coefficient > 0.6) with differentially accumulated metabolites 

found in (a) Robigus (Rob) and (b) Hereward (Her) during challenge with Pyrenophora tritici-

repentis. 
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3.4.7 Salicylic acid, auxin and Cytochalasin induce TS susceptibility 

To verify the effects of selected phytohormones in defences against Ptr, seedlings of 

Rob and Her were sprayed with SA, ABA and IAA as well as Fluridon, an inhibitor of 

ABA/carotenoid synthesis (Bartels & Watson, 1978; Cowan et al., 1997). These treatments 

resulted in similar phenotypes observed in Her at 336 hpi (Fig. 3.2) whereas SA and IAA 

increased susceptibility of Rob to Ptr (Fig. 3.14a). When Rob plants were sprayed with ABA 

post inoculation or with Fluridon showed slight increase in resistance. Notably, Rob plants 

under all treatments displayed expanded chlorosis in comparison to untreated Ptr-inoculated 

plants (Fig. 3.2). 

We next investigated cytoskeleton changes observed in the transcriptome of Rob while 

defending to Ptr attack. Seedlings from both genotypes were sprayed with Cytochalasin E 

(CytE), an actin polymerisation inhibitor which effectively disrupts papilla formation. 

Cytochalasin treatment resulted in increased susceptibility in both genotypes, but CytE-treated 

plants of Rob exhibited little chlorosis around necrotic spots (Fig. 3.14a). When the relative 

chlorophyll content of plants treated with SA, IAA, ABA, Fluridon and CytE were investigated, 

all treatments in Rob had significantly higher content in relation to controls, except for 

IAA_pos (Fig. 3.14b). This suggests that Rob leaves increased the formation of chlorophyll in 

response to Ptr infection, despite the effect in increasing chlorosis from phytohormones 

treatments. Her plants sprayed with IAA (pre inoculation) and CytE resulted in significant 

lower chlorophyll content than those that were mock- (M) or Ptr-inoculated (I). The analysis 

of lignocellulosic content in Rob and Her, measured before (M_0) and after Ptr infection, 

surprisingly showed that Her controls (M) possess significant higher lignocellulosic mass in 

relation to Rob (Fig. 3.15a). Microscopy analysis of Wiesner stained leaves did not show 

significant lignification in the infection sites of either genotype, as seen by the lack of pink 

staining (Fig. 3.15bc). Taken together, these results suggest barrier defence is heavily 
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dependent on active papilla formation rather than rigidity of cells, while phytohormones effects 

appears to be associated with other defence mechanism(s). 

 

Figure 3.14. Phenotypic characterisation of seedlings of the wheat lines Robigus (Rob) and 

Hereward (Her) inoculated with Pyrenophora tritici-repentis (Ptr [I]) and treated prior to Ptr-

inoculation (pre) or post Ptr-inoculation (pos) with salicylic acid (SA), auxin (IAA), abscisic 

acid (ABA), Fluridon (FL) and Cytochalasin E (CytE). (a) Representative leaves displaying 

characteristic Tan Spot symptoms used for lesion-based classification of resistance. The 

coloured boxes show the resulting host classification based on mean scores given at 336 hours 
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post inoculation with the P. tritici-repentis strain BR29. R=Resistant; MR=Moderately 

resistant; MRMS=Moderately resistant to moderately susceptible; MS=Moderately 

susceptible; S=Susceptible. Scale bar = 1 cm. (b) Bar chart showing normalised chlorophyll 

content values relative to mock (M) plants from each genotype. Treatments labelled with same 

letters denote statistically non-significant difference between mean values of each trait. 

 

Figure 3.15. Lignin assessments of Hereward (Her) and Robigus (Rob) seedlings challenged 

with Pyrenophora tritici-repentis (Ptr). (a) Relative fractions of alcohol insoluble residue 

(AIR) and acetyl bromide soluble lignin (ABSL) derived from total biomass collected from 

each genotype that were mock-inoculated (M) or Ptr-inoculated (I), at 0 and 96 hours post 

inoculation. Treatments labelled with same letters denote statistically non-significant 

difference between mean values of each trait. Micrographs of Wiesner stained leaves infected 

with P. tritici-repentis from the wheat lines (b) Her (c) Rob. Scale bar = 100 μM. 
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3.5 Discussion 

MAGIC populations are being created to increase recombination events and enhance 

mapping precision (Gardner et al., 2016), thereby providing resources that could be used in 

breeding from disease resistance. To exploit the opportunities represented by the MAGIC 

population, we screened the parental genotypes for reactions to Ptr infection to identify new 

sources of TS resistance and to better understand wheat-Ptr pathophysiology. Of the eight-

germplasms investigated, Rob was identified as the most resistant line (Fig. 3.2, Table 3.1). 

This is a widely cultivated UK line, that has been used 35 times as parent in breeding 

programmes (Fradgley et al., 2019) and also exhibits resistance to wheat midge (Sitodiplosis 

mosellana and Contarinia tritici) and ergot (Claviceps purpurea; Gaafar et al., 2011; Gordon 

et al., 2015). We also identified three parental lines with significant TS susceptibility, namely 

Her, Xi-19, and Soissons. These genotypes were also targeted by Corsi et al (2020) as MAGIC 

lines exhibiting sensitivity to ToxB. In this study, Hereward was chosen to represent a 

susceptible interaction. Hereward is a popular bread-making UK variety, whose grain 

development and composition have been well-characterised (Shewry et al., 2012; Min et al., 

2020). Interestingly, Her is resistant to Septoria tritici blotch, specifically to the 

Mycosphaerella graminicola isolate IPO323, previously called Septoria tritici (Brading et al., 

2002). By comparing phenotypic observations, we found a significant correlation between MR 

and MRMS classifications and lower number of infection sites and higher frequency of cell 

wall appositions (CWA; Fig. 3.3, 3.4, Table 3.1). This suggests the importance of penetration 

resistance against Ptr and is a form of defence that has been well characterised in other diseases 

such as the wheat-powdery mildew pathosystem (Bhuiyan et al., 2009; Bellincampi et al., 

2014). 

To further understand the molecular mechanisms associated with resistant and susceptible 

phenotypes, we undertook a time-course metabolomics and transcriptomics study of wheat-Ptr 
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interactions. It was notable that there were few changes that occurred in the metabolic and 

transcriptomic profiles of infected leaves of Rob compared to controls (Fig. 3.5, 3.9). This was 

in contrast to the large scale genetic and metabolic reprogramming often reported during 

defence against infection (Hahlbrock et al., 2003; Mareya et al., 2019) and suggests that the 

form of TS resistance is subtle and not associated with large scale physiological shifts. This 

was consistent with most responses occurring in cells at, or adjacent to, infection sites (Fig. 

3.4). Additional assessments of these microregions, using technologies such as laser 

microdissection followed by metabolomic fingerprinting/RNA sequencing and single-cell 

transcriptomics, would allow a more precise understanding of defence mechanisms against Ptr. 

Our RNA-seq data showed R gene expression Tsn1 and ToxABP1 in both genotypes, 

which is the most immediate consideration of possible ToxA effects in both susceptible and 

moderately resistant interactions. Whilst ToxA is sufficient to confer pathogenicity to Ptr on 

ToxA-sensitive hosts (Strelkov & Lamari, 2003), it is not the major factor of TS disease 

severity (See et al., 2018). In sensitive hosts, ToxA is internalised and is then localised to the 

chloroplasts leading to photosystem disruption with resulting ROS accumulation (Manning & 

Ciuffetti, 2005; Manning et al., 2008). Transcriptome changes induced by isolated ToxA and 

ToxB treatments have been extensively investigated in susceptible plants (Pandelova et al., 

2009, 2012). The studies showed the upregulation of v- and t-SNARE, PAL, transcription 

factors (WRKY), JA and Et; and the downregulation of PSI and PSII, translation and 

chloroplastic oxidative detoxification. These patterns aligned with the observed changes seen 

with Her indicating a clear role for ToxA in this interaction (Table S3.1). However, a range of 

distinct differences were observed in the Ptr-Her interaction which are considered below. The 

role for ToxA in Robigus was unclear and, based solely on gene expression patterns is seem 

likely that photosynthesis was maintained (Fig. 3.2b, 3.6). This is likely a simple effect of 

poorer fungal penetration but equally, ToxA detoxification or even a protection of 
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photosynthesis could be features of the resistance. The possible role of these additional 

mechanisms of resistance would require exploration in both Rob and Her following the 

application of purified ToxA. 

Considering traits that could also be relevant to the elevated resistance of Rob, the 

constitutive expression of PAL and chitinase, could also explain the scarcity of reactions post-

infection. Hosts with higher content of lignin and fungitoxic molecules showed enhanced 

resistance to pathogens - exhibiting a priming-like effect (Fossdal et al., 2012; Prasad et al., 

2013; Boucenna-Mouzali et al., 2018). Moreover, increased activation of genes in the 

phenylpropanoid pathway probably contributed to form the barrier defence observed in Rob 

(Lee et al., 2019). Examining differentially expressed genes and metabolites that were 

distinctive to each genotype, suggested the induction of cell and cytoskeleton modifications as 

well as vesicle trafficking in Rob (Fig. 3.7). It is known that the actin cytoskeleton forms a 

network of microfilaments at infection sites, which, along with accumulation of secreted cell 

components can lead to penetration resistance (Takemoto et al., 2003; Hardham et al., 2007; 

Li & Day, 2019), and therefore aligns with the microscopic assessments of responses to Ptr 

challenge in Rob (Fig. 3.4a). We provided further evidence of this through the application of 

Cytochalasin E prior to challenge with Ptr. Cytochalasin E is known to depolymerize the actin 

cytoskeleton and has been used widely to investigate cytoskeletal effects on plant resistance to 

pathogens. Thus, treatment with Cytochalasin E increased the resistance of Arabidopsis 

thaliana against Pseudomonas syringae or Colletotrichum species and barley against by 

Blumeria graminis f. sp. hordei to give only a few examples (Shimada et al., 2007; Miklis et 

al., 2007; Kang et al., 2014). In line with this, we observed increased penetration of Rob with 

Cytochalasin E treatments (Fig. 3.14). 

A co-ordinated barrier defence against Ptr could also be a role for the auxin associated 

effects that we noted. Thus, we observed differential induction of BIG polar auxin transport, 
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whereas the susceptible line downregulated several IAA transporter transcripts, such as PIN, 

AUX/LAX and BIG. Auxin transport via BIG have been demonstrated to enhance resistance 

against Fusarium oxysporum in Arabidopsis and to increase grain size/yield in rice (Gil et al., 

2001; Kazan & Manners, 2009; Liu et al., 2015). Possibly a key observation is that auxin 

suppresses actin bundling and interferes with vesicle trafficking (Dhonukshe et al., 2008; 

Chang et al., 2015). This was suggested by the increased susceptibility that we observed with 

Rob with exogenous application of IAA (Fig. 3.14). Taking these observations together, it may 

be that IAA transport could be occurring away from infection sites thereby favouring CWA 

defences. 

The slower growth lesion rates seen in Rob led us to suggest that there was a second 

defence mechanism being deployed after penetration resistance. However, neither the 

transcriptional nor the metabolomic data provided a clear indication of an induced defence in 

Rob. Instead, it appeared likely that Rob did not display a series of likely susceptibility features 

that were detected in Her. In particular, SA signalling events appeared to be activated in 

Hereward. The antagonistic relationship between SA and JA in plant pathogen interaction is 

well established (Pieterse et al., 2009) with increased SA favouring necrotrophic interactions 

(El Oirdi et al., 2011). This would imply that SA could also favour disease progression in wheat 

challenged with the necrotroph Ptr and SA effects were prominent only with Her. This 

hypothesis was supported by the effects seen with exogenous application of SA (Fig. 3.14). 

However, with exception of lower levels of 13-lipoxygenase expression, these SA effects could 

not be linked to reduced JA-linked expression with other JA biosynthetic intermediates (AOC, 

13(S)-HPOT) and signalling genes (e.g., JAZ) induced in Her. Thus, the initiation of disease is 

undoubtedly more complex with multiple factors playing different roles. For example, it may 

be that elevation of SA signalling along with the suppression of IAA events act together to 

increase susceptibility as has been suggested in other pathosystems (Llorente et al., 2008; Abd 
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et al., 2012). Interestingly, both our metabolomics and RNA-seq data showed terpenoids and 

carotenoids being repressed in Her. These changes could be linked to the triggering of defences 

(Rodríguez et al., 2014) but, if deployed here, would be ineffectual. It may be that these events 

associated with susceptibility are yet uncharacterised mechanisms. 

 

3.6 Conclusions 

Taken together, we have characterised resistance and susceptibility to Ptr infection in 

wheat by following complementary approaches: phenotypic assessments of highly diverse 

lines, and subsequent RNA-seq and metabolomics analyses. The derived model could be used 

to inform the development of new TS resistant cultivars as well as guiding further work on 

responses to Ptr. Hereward and Robigus represent the extremes of variation in TS resistance, 

thus double haploid populations derived from these lines could be used to map the resistance 

traits. 
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Chapter 4 

 Co-expression network analysis 

provides novel insights into the gene 

regulation network involved in wheat 

and P. tritici-repentis 

4.1 Abstract 

Foliar diseases such as Tan Spot (Pyrenophora tritici-repentis [Ptr]), are a challenge to wheat 

production. The development of resistant germplasm is not helped by a poor understanding of 

the defence mechanisms against Ptr. In this study, we exploited RNA-seq data from a resistant 

and susceptible wheat line, respectively, Robigus and Hereward, pre- and post-Ptr infection to 

construct weighted gene co-expression network analysis (WGCNA) networks and to provide 

insights into co-ordinated host responses. We uncovered, with high confidence, 381 

explanatory genes that are highly correlated with Tan Spot related traits in wheat. Our analysis 

indicated eight clusters of co-expressing genes, of which three are highly correlated with either 

(i) the resistant genotype, (ii) the susceptible or (iii) with Ptr-infection in both lines. Functional 

analysis showed the association of positive transcriptional regulation with Tan Spot resistance, 

especially the overexpression of chloroplast ribosomal machinery genes (e.g., 50S ribosome-

binding GTPase, L28, L6, chloroplast stem-loop binding protein). Post-transcriptional and -
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translational modifiers were highly expressed in the samples from the susceptible line, 

including SGS3, RBX1 and SENPs. Ptr induced several defence related genes in both 

genotypes, including NLRs, chitinases, beta-1,3-glucanases and other pathogenesis-related 

proteins. Additionally, metabolic pathways were affected as shown by the elevated expression 

of genes coding for key enzymes, such as phenylalanine ammonia lyase (PAL), chalcone 

synthase and cytochrome P450s. Our WGCNA approach also suggested that the nitrogen 

metabolism, as indicated by glutamine synthase and ammonium transporter expression, plays 

a role in wheat-Ptr interactions. Our unsupervised network analysis approach has indicated key 

changes in resistance and susceptibility to Ptr in wheat. The uncovered candidate genes could 

be further exploited into wheat-TS studies and breeding programmes. 

 

4.2 Introduction 

Pyrenophora tritici-repentis (Ptr) is the necrotrophic fungus causing the Tan Spot (TS) 

disease of wheat which is of economic importance worldwide (Mironenko et al., 2007; Ciuffetti 

et al., 2014; Singh et al., 2016b; Sautua & Carmona, 2021). Pathogenicity in Ptr strains is 

linked to the production of effectors such as ToxA, ToxB and ToxC, which are recognised in 

sensitive wheat lines by Tsn1, Tsc2 and Tsc3, respectively in an inverse gene-for-gene 

resistance model (Lamari & Bernier, 1989a; Faris et al., 1996; Friesen & Faris, 2004; Effertz 

et al., 2007). Whilst multiple resistance loci have been identified in wheat lines (Faris et al., 

2013), the development of TS resistance in elite germplasm has been hampered by a lack of 

understanding of the underlying defences in (in)sensitive hosts to Ptr strains. As a result, 

farmers still rely on chemicals to manage TS incidence and severity. 

ToxA is a necrotising toxin produced by Ptr races 1, 2, 7 and 8 (Lamari et al., 1995, 

2003; Ali & Francl, 2002) also by the wheat pathogens Stagonospora nodorum (Sn) and 

Bipolaris sorokiniana (Friesen et al., 2006; Oliver et al., 2011; McDonald et al., 2018). 
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Manning et al (Manning et al., 2004, 2007, 2008, 2009; Manning & Ciuffetti, 2005) elegantly 

demonstrated that PtrToxA is rapidly internalised within 2 h postinfiltration (hpi) into 

mesophyll cells and chloroplasts through the binding protein ToxABP1. This triggers the 

production and accumulation of reactive oxygen species (ROS) in the chloroplasts of sensitive 

lines resulting in cell death (9-18 hpi) and macroscopic necrosis by 18 hpi. Microarray analysis 

of sensitive leaves treated with ToxA revealed a wide expression of receptor kinases (eg. 

BAK1, CDPK and MAPK), transcription factors (eg. WRKYs, EREBP), as well as defences 

ordinarily associated with resistance, such as pathogenesis-related (PR) protein expression and 

the biosynthesis of phenylpropanoids, salicylic acid (SA) and jasmonic acid (JA; Pandelova et 

al., 2009a, 2012a). A recent transcriptomic study in resistant and susceptible cultivars 

challenged with Ptr race 2 inoculum and ToxA infiltration (Andersen et al., 2021) showed 

differential responses between the cultivars, as delineated by expression of chitinases, 

transporters, kinases, permeases, among others. Previously, we integrated transcriptomic and 

metabolomic data to assess the parental lines of a MAGIC population (Mackay et al., 2014) to 

Ptr producing ToxA strains (Ferreira et al., 2020). We identified a TS susceptible line 

(Hereward) that exhibited transcriptome changes akin to these mentioned above. A moderately 

resistant line (Robigus) that displayed defences that appear be include barrier defence (focusing 

on the cytoskeleton-cell wall-plasma membrane) and possibility the absence of susceptibility 

factors. However, the underlying mechanism(s) governing Robigus resistance post pathogen 

establishment is unknown. 

To provide further insights into our wheat-Ptr pathosystems we here adopt a network 

analysis approach to our transcriptomic data. Network analysis offers a robust method to study 

large-scale multidimensional biodata (Yan et al., 2018). It has been successfully applied to 

disease prediction (van Dam et al., 2018), ecology and evolution inference (Pandaranayaka et 

al., 2019), and to study plant-microbe interactions (Cheng et al., 2018; Hu et al., 2020). 
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Advancements in computational biology allow for in silico reconstruction and investigation of 

interactions between various biological entities, such as protein-protein interaction networks 

(PPI), gene co-expression/association/regulatory networks and metabolic networks. In gene 

networks each node is representative of genes, and their interactions are represented as edges, 

which can be weighted or unweighted. In a weighted network, all nodes are interconnected, 

and the strength of these relationships are designated by weight values that vary between 0 and 

1. In contrast, in unweighted networks the connectivity between nodes is binary (0 or 1), 

indicating whether a pair of genes are connected or not (Zhang & Horvath, 2005). Network 

reconstruction using weight information can produce more robust outputs than unweighted 

(Zhang & Horvath, 2005). Validated methods for gene network reconstruction include 

supervised learning, correlation, probabilistic graphical model and meta-prediction (Li et al., 

2015). Correlation-based approaches, such as weighted gene co-expression network analysis 

(WGCNA; Langfelder & Horvath, 2008) have facilitated scientists exploiting network 

approaches to characterise a range of systems including the plant immunity (Zhang et al., 

2019). 

In this study we used the WGCNA approach on RNA-seq data from two wheat lines 

(TS-resistant: Robigus [Rob] and TS-susceptible: Hereward [Her]) following challenge with 

Ptr and mock-inoculated controls. This identified eight modules of co-expressing transcripts 

of which three modules significantly correlated (P-value < 0.05) with either the resistant 

genotype, susceptible genotype or Ptr infection. Our analysis identified candidate genes and 

pathways that could be exploited in further wheat-Ptr studies and in breeding programmes. 
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4.3 Methods 

4.3.1 Expression and trait data 

The transcriptomics dataset utilised in this study is comprised of 36 RNA-seq samples 

collected from two wheat lines, namely Robigus and Hereward (also referred as Rob and Her), 

collected at different hpi with a ToxA positive strain of Ptr. The methods for RNA extraction, 

library preparation and data processing are described in Sections 2.6 and 2.7 and in Figure 2.2. 

Count data was normalised using the variance stabilizing transformation function within the R 

package Deseq2 (Love et al., 2014). After quantile normalisation, the top 95 % most variant 

probes (2114 transcripts) were selected for WGCNA analysis. Genotype and treatment 

metadata were converted into binary numeric arrays to be used as inputs (Table 4.1). 

Table 4.1. Metadata for RNA-seq samples and trait data 

Sample Genotype Treatment hpi 
Trait data 

Rob RobM RobI Her HerM HerI HerIRobI 

RIT0R1 Rob Untreated 0 1 1 0 0 0 0 0 

RIT0R2 Rob Untreated 0 1 1 0 0 0 0 0 

RIT0R3 Rob Untreated 0 1 1 0 0 0 0 0 

RMT0R1 Rob Untreated 0 1 1 0 0 0 0 0 

RMT0R2 Rob Untreated 0 1 1 0 0 0 0 0 

RMT0R3 Rob Untreated 0 1 1 0 0 0 0 0 

HIT0R1 Her Untreated 0 0 1 0 1 0 0 0 

HIT0R2 Her Untreated 0 0 0 0 1 1 0 0 

HIT0R3 Her Untreated 0 0 0 0 1 1 0 0 

HMT0R1 Her Untreated 0 0 0 0 1 1 0 0 

HMT0R2 Her Untreated 0 0 0 0 1 1 0 0 

HMT0R3 Her Untreated 0 0 0 0 1 1 0 0 

RMT48R1 Rob Mock 48 1 1 0 0 0 0 0 

RMT48R2 Rob Mock 48 1 1 0 0 0 0 0 

RMT48R3 Rob Mock 48 1 1 0 0 0 0 0 

HMT48R1 Her Mock 48 0 0 0 0 1 0 0 

HMT48R2 Her Mock 48 0 0 0 0 1 0 0 

HMT48R3 Her Mock 48 0 0 0 0 1 0 0 

RIT48R1 Rob Inoculated 48 1 0 1 0 0 0 1 

RIT48R2 Rob Inoculated 48 1 0 1 0 0 0 1 

RIT48R3 Rob Inoculated 48 1 0 1 0 0 0 1 

HIT48R1 Her Inoculated 48 0 0 0 1 0 1 1 

HIT48R2 Her Inoculated 48 0 0 0 1 0 1 1 

HIT48R3 Her Inoculated 48 0 0 0 1 0 1 1 



69 

 

RMT96R1 Rob Mock 96 1 1 0 0 0 0 0 

RMT96R2 Rob Mock 96 1 1 0 0 0 0 0 

RMT96R3 Rob Mock 96 1 1 0 0 0 0 0 

HMT96R1 Her Mock 96 0 0 0 1 1 0 0 

HMT96R2 Her Mock 96 0 0 0 1 1 0 0 

HMT96R3 Her Mock 96 0 0 0 1 1 0 0 

RIT96R1 Rob Inoculated 96 1 0 1 0 0 0 1 

RIT96R2 Rob Inoculated 96 1 0 1 0 0 0 1 

RIT96R3 Rob Inoculated 96 1 0 1 0 0 0 1 

HIT96R1 Her Inoculated 96 0 0 0 1 0 1 1 

HIT96R2 Her Inoculated 96 0 0 0 1 0 1 1 

HIT96R3 Her Inoculated 96 0 0 0 1 0 1 1 

 

4.3.2 Construction of WGCNA 

The selected transcriptional data was screened for outliers and missing values. After 

validation, co-expression modules were detected in 2114 transcripts using the R package 

WGCNA version 1.7 (Langfelder & Horvath, 2008). The scale free topology index was 

calculated for multiple powers, and we used the powerEstimate result and mean connectivity 

to select an appropriate soft threshold. A signed network was constructed, and modules were 

detected using a power of 16, mergeCutHeight of 0.25, minModuleSize of 30, differently from 

the default parameters. Then, we calculated the first principal component of the gene 

expression matrix for each module (i.e., module eigengenes [ME]). To determine relationships 

between modules and the traits, Person correlation (corr), hierarchical clustering based on 

dissimilarity and adjacency were calculated between ME and the trait data on Table 4.1. 

Modules with significant correlations above 0.8 (P-value < 0.05) were selected for further 

analysis. 

 

4.3.3 Intra-modular analysis and identification of hub genes 

Module membership (MM) of individual transcripts was defined as the correlation of 

the module eigengenes of interest and the gene expression profiles. To define the gene-trait 
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significance (GS) we calculated Person correlations between gene expressions and trait data. 

To identify hub genes, we filtered transcripts with absolute values of GS > 0.6 and MM > 0.8 

and used the WGCNA built-in function chooseTopHubInEachModule(). The topological 

overlap matrix (TOM) computed for the genes in the selected modules was used to graphically 

represent the network, which visualisation was created in Cytoscape 3.8.2 (Shannon et al., 

2003). To ease visualization, we plotted only hub genes (nodes), and we filtered edges with 

weight (TOM) > 0.1. The networks were arranged using the edge-weighted spring embedded 

layout followed with the yFiles algorithm to remove overlaps. 

 

4.3.4 Functional annotation and enrichment analysis 

The RNA sequencing reads were aligned with the wheat reference genome IWGSC 

RefSeq v1.1 (IWGSC (International Wheat Genome Sequencing Consortium) et al., 2018) and 

its functional annotation (Ramírez-González et al., 2018) was used to perform functional 

analysis. Gene ontology enrichment analysis was performed separately for each module using 

BiNGO (Maere et al., 2005). The EnrichmentMap pipeline was then used to create a network 

visualisation of significantly enriched gene ontologies (Benjamini & Hochberg FDR corrected 

P-value < 0.05; Merico et al., 2010). 

 

4.4 Results 

4.4.1 Global Co-expression Network 

We used the WGCNA package to define discrete modules of co-expressed genes in 

wheat leaves infected (I) with P. tritici-repentis and mock-inoculated (M). The phenotypes of 

this interaction are presented in Chapter 3. We selected a soft threshold of 16 as it fits a scale-

free topology (R2 = 0.87; Fig. 4.1A) while maintaining a relevant mean connectivity between 
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genes (Fig. 4.1B). The targeted transcripts were clustered using an average linkage hierarchical 

clustering method, which indicated eight branches, representing distinct modules (Fig. 4.1C, 

each module is coloured separately). Of the 2114 transcripts in the wheat-Ptr network, 2089 

genes were assigned one of the eight modules and the remaining were grouped into a “null 

module” (grey, not shown in Fig. 4.1C). The number of genes in the modules varied from 68 

to 474 (i.e., turquoise = 474, blue = 440, brown = 336, yellow = 319, green = 288, red = 89, 

black = 75, pink = 68; Table S4.1). To assess whether the modules detected could be 

biologically meaningful, we performed a functional enrichment analysis and investigated the 

relationships between infection phenotypes and the expression data (Fig. 4.2). To ease 

visualisation, expression data were consolidating into four groups: Ptr-inoculated and mock-

inoculated samples from both lines (RobI, RobM, HerI, and HerM). Each module was 

significantly enriched with established pathways (Table S4.1). Highly co-expressed gene sets 

formed a network composed of 17 interconnected clusters and two subnetworks (Fig. 4.2). 

Nodes within each cluster represent similar functions, which is indirect evidence of the validity 

of the WGCNA network. 

Referring to Figure 4.2, the largest cluster, i.e., purine nucleoside activity group, is 

linked to four subnetworks (establishment localization, iron sulphur binding metal, 

macromolecule establishment protein GTPase, response stress defence fungus bacterium). 

Genes belonging to the turquoise module were highly expressed in the Rob-mock samples and 

therefore reflect genotypic difference. These were related to endonuclease activity. The blue 

module represents a subnetwork of genes associated with defence response to biotic stress, 

where expression is higher in Ptr-inoculated samples from both genotypes. However, crucially, 

expression was more pronounced in the susceptible line. The three other clusters 

overrepresented by genes in the blue module play roles in i) lysine process and 

aminotransferase activity, ii) pyrimidine ribonucleotide monophosphate process UMP and iii) 
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inhibitor peptidase regulator activity (subnetwork). The brown module overrepresented two 

clusters and a subnetwork consisting of genes which were repressed in both genotypes 

following challenge with Ptr. These were likely to represent common responses to the fungus, 

irrespective of the interaction being compatible or incompatible. These were associated with 

regulation of GTPase mediated signal transduction, intracellular localization of mitochondria, 

and establishment of macromolecules. The yellow module represented genes that were 

significantly upregulated in Rob and 14.4 % were significantly repressed in Her, when 

compared Ptr- versus mock-treated samples. Functionally, these were associated with 

diacylglycerol, positive activation of kinase receptors, and tocopherol cyclase activity. The 

green network was repressed during infection in both genotypes and seem to be linked to the 

suppression of stress responses as indicated by the category “heat shock temperature 

folding/unfolded protein”. Considering the red module, only 13 genes were significantly 

differentially expressed compared to M, with most being repressed in both genotypes. Genes 

in this module formed four distinct clusters and were involved in “soluble vitamin thiamine 

derivative”, “regulation of metabolic transcription acyltransferase”, “chemical homeostasis of 

trivalent” and “transmembrane organic acid amine transport”. Perhaps most importantly, the 

black module consisted of genes whose expression profile is highly correlated with the TS 

resistant wheat line. Here, genes were functionally related to positive regulation of RNA and 

transcription. The pink module represents a converse situation where genes are highly 

expressed in Her following challenge with Ptr and in controls. These were linked to “negative 

regulation gene expression silencing”. 
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Figure 4.1. Network construction and module detection in the transcriptomes of wheat lines 

Robigus (Rob) and Hereward (Her) challenged with Pyrenophora tritici-repentis. (a) Analysis 

of the scale-free topology model fit index calculated for various soft-thresholding. (b) Analysis 

of mean connectivity in function of various soft-thresholding. (c) Dendrogram of transcripts in 

the co-expression network produced by average linkage hierarchical clustering based on 

topological overlaps. Each coloured cell represents a colour-coded module of co-expressing 

genes. 
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Figure 4.2. GO enrichment and expression patterns of all modules identified in transcriptomes 

of wheat cultivars Robigus (Rob) and Hereward (Her) challenged with Pyrenophora tritici-

repentis (Ptr). Each node represents a GO term, in which the fill colour indicates which 
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WGCNA modules enriched that gene ontology. The cluster annotations represent high 

frequency words detected within the pathway names. The standardised expression of 

transcripts mapped to each WGCNA module is shown for consolidated samples from Rob and 

Her that were either mock- (M) or Ptr- inoculated (I). 

 

4.4.2 Module-trait relationships reveal common responses triggered by P. tritici-repentis 

infection in resistant and susceptible genotypes 

We next focused in investigating the modules that were mathematically correlated with 

the treatment groups, rather than selecting individual transcripts in each module. To do so, we 

carried out a correlation analysis between the traits data (Table 4.1) and the first principal 

component that was related to each module. Correlation analysis for each time point separately 

did not yield any significant results (data not shown), so further analysis used consolidated data 

based on genotype/treatment rather than hpi. We found 11 significant positive correlations (P-

value < 0.05) between traits and modules eigenvectors (in this case related to variation in gene 

expression; “eigengenes”), and 13 negative correlations (Fig. 4.3). The blue module was 

positively correlated (corr = 0.89) with inoculated samples from both genotypes (HerI_RobI). 

Conversely, the brown, green and turquoise modules were negatively correlated with 

HerI_RobI. These further indicated blue and brown modules were linked to a common response 

to Ptr attack (Fig. 4.2). Considering responses that were specific to Rob, the modules black and 

turquoise were positively correlated, and pink was negative correlated with responses in this 

genotype. Separate correlation values for mock-inoculated samples from each genotype are 

also presented in Figure 4.3. Genes in the black module are mostly correlated with the mock 

samples from Rob with RobI data contributing to a correlation value of 1, i.e., genes that are 

unaltered by Ptr infection. The pink module was highly correlated to the control samples Her. 

Modules related with Ptr infection, had higher correlation values with HerI (corr = 0.75) than 

with RobI (corr = 0.39). Despite several transcripts being at higher abundance in inoculated 

samples from Rob and Her (Fig. 4.2), no modules with significant correlations greater than 0.8 
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were observed, that could allow tentative association with resistance or susceptibility (Fig. 4.3). 

This was due to strict occupancy parameters used for module detection. 

 

Figure 4.3. Module-trait correlations in transcriptomes of wheat cultivars Robigus (Rob) and 

Hereward (Her) challenged with Pyrenophora tritici-repentis. Each row corresponds to a 

module eigengene (ME), column to a trait. Each cell contains the corresponding correlation 

and P-value. The table is colour-coded by correlation according to the colour legend. Rob= all 

samples from Rob; RobM= mock-inoculated samples from Rob; RobI= Ptr-inoculated samples 

from Rob; Her= all samples from Rob; HerM= mock-inoculated samples from Her; HerI= Ptr-

inoculated samples from Her; HerI_RobI= Ptr-inoculated samples from both Her and Rob. 

To confidently investigate the mechanisms underlying the module-trait relationships, 

we concentrated on correlations > 0.8 with at least one trait (i.e., black [unchanged in Rob 

following Ptr infection], pink [unchanged in Her following Ptr infection], and blue [common 

to both genotypes following Ptr challenge]). Initially, eigengene network analysis was used to 

quantify the relationship between the selected modules and traits and to assess if other 

correlated modules (meta-modules) could also be relevant. As indicated in Figure 4.4A, the 

black, pink, and blue modules clustered only with Rob, Her and HerI_RobI, respectively. 
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Further, the adjacency heatmap confirms the distinctiveness of each module eigengenes and 

confirmed the absence of meta-modules (Fig. 4.4B). Then, the expression patterns of all the 

eigengenes in each module across the treatments was plotted (Fig. 4.5). In line with predictions, 

eigengenes in the black module were overexpressed in samples from Rob compared to Her. 

The opposite expression profile was observed in eigengenes that form the pink module. Blue 

module transcripts were overexpressed in Ptr treated samples collected at 48 and 96 hpi in both 

genotypes. Taken together, figures 4.4 and 4.5, confirm the robustness of module detection and 

their relationships with Ptr-genotype traits. 

 

Figure 4.4. Visualisation of the eigengene network representing the relationships among the 

modules and traits in transcriptomes of wheat cultivars Robigus (Rob) and Hereward (Her) 

challenged with Pyrenophora tritici-repentis. Panel (a) shows a hierarchical clustering 

dendrogram of the eigengenes in which the dissimilarity of eigengenes EI, EJ is given by 1 – 

corr (EI, EJ). The heatmap in panel (b) shows the eigengene adjacency AIJ = (1+corr(EI,EJ))/2. 
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Figure 4.5. Expression profile of genes in modules associated with Pyrenophora tritici-

repentis resistant wheat genotype Robigus (black), P. tritici-repentis susceptible genotype 

Hereward (pink), and during pathogen establishment in both genotypes (blue). 

 

4.4.3 Intramodular analysis and network analysis of hub genes 

We next considered how genes in each module could be contributing to their associated 

phenotypes. As a given gene may belong to more than one WGCNA module, we calculated 

module membership (MM) for all transcripts (Table S4.2). This quantitative measure that 

allowed us to identify nodes laying between modules, as well as those highly correlated to a 

module. Over half (57.33%) of black module transcripts had MM greater than 0.9, with all 

values ranging from 0.536 to 0.99. Genes with high module membership were less frequent in 

the pink (41.79%) and blue (37.95%) modules, with values as low as 0.328 and 0.245, 

respectively. Then, Gene Significance (GS) values were calculated to correlate gene expression 

and the traits data for the black, pink, and blue modules (Table S4.2). This showed a highly 

significant correlation (corr > 0.9) between gene significance and module membership in all 

three modules tested (Fig. 4.6). Taken together, the gene significance and module membership 
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results indicate that transcript data can be used to confidently define the most important genes 

(hubs) contributing to each module. 

 

Figure 4.6. Scatterplots of gene significance versus module membership of transcripts in 

modules relevant for (a) Tan Spot-resistant wheat cultivar Robigus (Rob), (b) Tan Spot-

susceptible wheat cultivar Hereward (Her), (c) and pathogen elicited within transcriptomes of 

both cultivars. Correlation values are denoted as “cor”, and P-value as “p”. 

By analysing gene significance and module membership (|GS| > 0.6 & MM > 0.8; i.e., 

the transcripts that have high correlation between their expression profile and [i] the trait data 

and [ii] the module eigengenes), the key transcripts within each module contributing to the 

phenotypes can be confidently determined. Based on this criteria, 381 transcripts were defined 

as hub genes (Table S4.2). These can be further assessed in silico or in vivo/vitro for wheat-Ptr 

studies. The expression profile and gene significance of the top 10 hub genes are shown in 

Figure 4.7. Transcripts coding for a cysteine protease (putative), sentrin-specific protease 

(SENP) and a DUF2921 family protein were identified as the top hub gene in the black, pink, 

and blue modules, respectively (Table S4.2). Based on our criteria for hub gene recognition, 

we could identify 59 genes that have high influence in Rob, 45 in Her, and 277 in HerI_RobI 

(Table S4.2). The highest relative expressions were observed in blue module transcripts from 

Rob inoculated leaves, including a thaumatin-like protein (PR-5), chalcone synthase (CHS) 

and chitinase (Fig. 4.7). Hub genes in black and pink modules had higher GS values than those 

from blue module. 
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Figure 4.7. Expression of the top 10 hub genes in blue, pink, and blue modules within 

transcriptomes of wheat cultivars Robigus (Rob) and Hereward (Her) challenged with 

Pyrenophora tritici-repentis at 0, 48 and 96 h. Also included are data for mock-inoculated Rob 

and Her plants. 

We then used weighted topological overlap measurements to construct networks 

representing the mRNA-mRNA interactions in each module (Fig. 4.8A; Fig. 4.9). All networks 

had high degrees of connectedness between nodes, as expected for hub gene interactomes. 

Using a force-directed algorithm, the transcripts with higher module membership were 
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positioned in the centre of the networks, illustrating high centrality and connectivity of hubs. 

Among the hub genes of the blue module (Fig. 4.8A), the top 20 annotations included defence 

associated genes: cytochrome P450 (CYPs), 2-oxoglutarate (2OG)/Fe(II)-dependent 

oxygenase (Fe/2OGs), protein kinases, WRKY transcription factors, pathogenesis-related (PR) 

1, PR-2 (Beta-1,3-glucanases), PR-3 (chitinases), PR-4, PR-5 and PR-9 (peroxidases; Fig. 

4.8B). Enrichment analysis of gene ontology (GO) cellular components showed that blue 

module hub genes are mostly components of the plasma membrane and vacuole (Table 4.2). 

This indicates that, despite the different levels of resistances to Ptr exhibited by Rob and Her, 

common defence mechanisms are deployed against Ptr. 

Table 4.2. Gene ontology (GO) cellular components significantly enriched with hub genes 

Module GO term name Term ID FDR Num. hubs 

blue 

intrinsic component of plasma membrane GO:0031226 6.30×10-11 13 

anchored component of plasma membrane GO:0046658 9.82×10-7 8 

extracellular region GO:0005576 2.92×10-6 31 

anchored component of membrane GO:0031225 9.08×10-6 8 

endoplasmic reticulum lumen GO:0005788 9.19×10-6 5 

integral component of plasma membrane GO:0005887 1.07×10-4 5 

intrinsic component of membrane GO:0031224 2.43×10-3 104 

plasma membrane GO:0005886 3.26×10-3 19 

plant-type vacuole membrane GO:0009705 1.61×10-2 3 

plant-type vacuole GO:0000325 3.89×10-2 3 

integral component of membrane GO:0016021 3.89×10-2 97 

extracellular space GO:0005615 4.44×10-2 5 

black 

plastoglobule GO:0010287 2.88×10-2 2 

plastid thylakoid GO:0031976 3.43×10-2 3 

chloroplast stroma GO:0009570 3.43×10-2 3 

chloroplast thylakoid GO:0009534 3.43×10-2 3 

plastid stroma GO:0009532 3.43×10-2 3 

chloroplast thylakoid membrane protein complex GO:0098807 4.00×10-2 1 
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Figure 4.8. Blue module (common changes to within transcriptomes of wheat cultivars 

Robigus [Rob] and Hereward [Her] challenged with Pyrenophora tritici-repentis ) (a) hub 

genes network and (b) summary of top 20 hub gene annotations. Each node is representative 
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of a transcript. The dark fill colour in the nodes indicate the higher module membership 

coefficients, whereas the size is directly proportional to its gene significance. 

Among the transcripts with highest gene-trait significance (corr > 0.99) in the black 

module there were: DNA-binding transcription factor 2, F-box protein, inositol-1-

monophosphatase family protein, trigger factor (TIG) and MADS box transcription factor (Fig. 

Fig. 4.9A). When we investigated the cellular component gene ontologies, we found 

plastoglobule, plastid thylakoid, chloroplast stroma, chloroplast thylakoid, plastid stroma and 

chloroplast thylakoid membrane protein complex were significantly enriched (FDR < 0.05; 

Table 4.2).  

Only three transcripts have GS greater than 0.99 in the pink module, namely protein 

SUPPRESSOR OF GENE SILENCING 3 (SGS3), argininosuccinate lyase and a vesicle-

associated membrane protein (Table S4.2). These three hub genes are in the centre of the 

network, suggesting that SGS3 is a central gene in Her genotype (Fig. 4.9B). Interestingly, 

there are resistance-gene products (nucleotide binding site (NBS)-leucine rich repeat (LRR) 

proteins) co-expressed in Her that fail to halt Ptr infection, which aligned with the findings 

from blue module. 
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Figure 4.9. Networks of hub genes in (a) black and (b) pink modules, respectively linked to 

specific transcriptomic data from the wheat cultivars Robigus (Rob) and Hereward (Her). Each 
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node is representative of a transcript. The dark fill colour in the nodes indicate the higher 

module membership coefficients, whereas the size is directly proportional to its gene 

significance. 

 

4.5 Discussion 

In this study, we used network analysis to elucidate key features of the wheat-Tan Spot 

pathosystem that may not have been revealed by our previous transcriptomic-metabolomic 

analyses. Following the well-established WGCNA approach, we identified eight groups of co-

expressed genes in the genotypes Her (susceptible) and Rob (resistant) either mock-inoculated 

or challenged with Ptr. This approach identified common defences deployed by both lines upon 

Ptr attack; characterised by genes in the blue module. Black and pink modules were highly 

correlated (P-value < 0.05) with the resistant and susceptible genotypes, respectively. 

Transcripts in the black module were found in higher abundance in Rob relative to Her, and 

the opposite was shown for pink module. Module hub genes are generally considered 

representative of a given module in a biological network. Therefore, we focused on the hub 

genes from modules black, pink, and blue. 

 

4.5.1 The Blue Module: P. tritici-repentis is likely to suppress basal and effector-

triggered immunity of wheat 

The observation of the common deployment of defences in interactions leading to 

disease or moderate resistance begs the question of their relative roles. Both Rob and Her are 

sensitive to ToxA, as shown by development of typical necrotic lesions upon Ptr although at 

different rates (Chapter 3). Therefore, the expression of a common set of responses to Ptr 

infection could be expected, especially as we had to conflate the time course data into single 

interaction specific data i.e., RobI and HerI. Nevertheless, it seems likely that in Her, these 

defences are at least partially ineffective or manipulated to aid infection. 
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Interactions with Ptr conform to an inverse gene-for-gene models, where disease is 

determined by the presence of R genes in the host that are targeted by the pathogen (Fenton et 

al., 2009). In wheat-Ptr pathosystem, this is illustrated by the ToxA and Tsn1 interaction (Faris 

et al., 2010). Resistance genes typically possess conserved domains, such as nucleotide-

binding site (NBS) leucine-rich repeat (LRR), which mediate effector-triggered immunity 

(ETI; Jones & Dangl, 2006). Thus, the R gene-like transcripts co-expressed in both lines (1% 

of blue module) and in the susceptible line (8.7% of pink module) could potentially represent 

susceptibility factors. The effects of such susceptibility could be seen with the elicitation of 

cell death via ToxA, and this may be being shown with the expression of the Hypersensitive-

induced response protein 1 (HIR1), that was also triggered by Ptr (Table S4.2). HIR1 is a 

plasma membrane protein associated with defence responses including localised cell death in 

rice and barley (Nadimpalli et al., 2000; Rostoks et al., 2003) and is known to interact with the 

receptor-like kinase, LRR1 (Zhou et al., 2009, 2010). This cell death mechanism undoubtedly 

is influenced by chloroplasts targeted by ToxA-producing Ptr. Differential expression analysis 

highlighted massive downregulation of chloroplastic proteins and photosynthesis pathways in 

Her whereas minor changes occurred in Rob (Chapter 3). In this network analysis, we found 

the co-expression of three ATP-dependent zinc metalloprotease FtsH genes by both lines. FtsH 

is the primary protease in thylakoid membranes, also important to protein homeostasis, 

chloroplast biogenesis and photosystem II repair (Wagner et al., 2012; Nishimura et al., 2016; 

Bečková et al., 2017; Kato & Sakamoto, 2019). FtsH activation may reflect an attempt to repair 

the photosynthetic damage caused by ToxA. Beyond R genes, the broad-spectrum resistance 

genes WIR1 (for Wheat Induced Resistance 1) and MLO-like (for Mildew resistance locus o) 

were expressed in response to Ptr. MLO is a clear susceptibility factor against B. graminis f. 

sp. hordei and M. grisea in barley by aiding in host penetration. Thus, barley mlo recessive 

lines, display resistance (Jarosch et al., 2007). WIR1 has ambivalent roles in cereal 
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pathosystems. WIR1 is linked to resistance of barley to Blumeria graminis (Douchkov et al., 

2011) and of wheat to Magnaporthe oryzae, but not to B. graminis f. sp. tritici (Tufan et al., 

2012). The elevated expression of MLO in Rob is, therefore, likely to contribute to resistance 

and possibly WIR1 as well. 

As outputs of defence elicitation, the activation of defence-related genes (including PR 

proteins) in sensitive wheat leaves treated with ToxA have been detected as early as 3 hours 

post infiltration (Pandelova et al., 2012). In our study using ToxA expressing strains, these 

defence-related genes were found co-expressing at 48- and 96-hours post inoculation (Fig. 4.7). 

The interaction between SnToxA and PR-1 induces necrosis in sensitive wheat, and this 

phenotype may be dependent on the continued up-regulation of PR-1 (Lu et al., 2014). This 

can appear paradoxical, given that PR gene expression is a common response that can lead to 

resistance, for instance wheat against leaf rust fungus (Puccinia triticina; Gao et al., 2015; 

Zhang et al., 2018). Many PR proteins are regulated by salicylic acid (SA), which aids defence 

against biotrophs but suppresses resistance against necrotrophs. Therefore, this could reflect 

the production of SA to aid the infectivity of the necrotroph Ptr, as well suggested in our 

previous study. Similar to Ptr, the increased expression of PR-2 in wheat susceptible and 

resistant to Septoria tritici attack did not have a direct link to the final phenotype (Sanaz 

Ramezanpour et al., 2012). In another case, the suppression of wheat PR-2 by Puccinia 

striiformis f. sp. tritici has been shown to occur via a microRNA (Wang et al., 2017b). 

Therefore, the mechanism through which defences are manipulated is likely to be subtle and 

most likely pathosystem specific. 

Wider impacts on host gene expression by Ptr are indicated from the overexpression 

and WRKY transcription factors, zinc finger proteins, and genes involved in methylation 

process, such as O-methyltransferases (Table S4.2). Regulation of transcription was also seen 

as the major differential feature in our genotype-specific analysis between wheat lines with 
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opposite degrees of TS resistance (Fig. 4.2, Fig. 4.10). Thus, the genes uncovered in the pink 

and blue modules could be further investigated to help elucidate how P. tritici-repentis 

modulates wheat gene expression regulation. 

Ptr elicited shifts in the transcription appear to be accompanied by metabolomic 

changes and indicated by the activation of genes coding for key enzymes. In particular CYPs, 

Fe/2OGs, CHS and phenylalanine ammonia lyase (PAL; Table S4.2). Cytochrome P450 

enzymes regulate several pathways during plant development and (a)biotic stresses, including 

the biosynthesis of cell wall components, hormones and defence metabolites such as 

benzoxazinones (Nomura et al., 2007; Xu et al., 2015; Pandian et al., 2020). The Fe/2OGs 

participate in the biosynthesis of flavonoids in addition to being involved in some pathways 

that are also catalysed by CYPs (Saito et al., 1999; Mitchell & Weng, 2019). PAL and CHS 

are key enzymes in the polyketide phenylpropanoids biosynthetic pathways, resulting in many 

defence-related metabolites, including lignins and flavonoids (Hahlbrock & Grisebach, 1979). 

Whilst, enzymes and compounds have well known roles in plant defence (Dao et al., 2011) in 

certain instances they can be linked to disease. Thus, whilst increased CHS expression is 

generally correlated with decreased susceptibility (Ibraheem et al., 2010; Ma et al., 2014; Lei 

et al., 2018), it has also been shown to not contribute to resistance against phytopathogens 

(Ortuño et al., 2011). Furthermore, PAL activity is highly involved in pathogen-induced 

accumulation of SA (Chen et al., 2009) with the potential consequences to increased 

susceptibility to Ptr that have already been referred to. Taken together, there appears to be a 

transcriptomic and metabolomic balance in defences following Ptr infection which in Her is 

tipped towards disease but in Rob, more effective resistance predominates. 
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4.5.2 The Blue Module: P. tritici-repentis influences nitrogen metabolism  

Nitrogen (N) is increasingly being recognised as an important player in both defence 

and disease development in plants. N assimilation can involve a reductase series (NO3
- → NO2

- 

→ NH4
+) followed by transamination to form amino acids that affects development and yield 

(Marschner, 1983). Glutamate synthase and dehydrogenase are the major enzymes mediating 

ammonium assimilation in planta as glutamine and glutamate, which in turn serve as donors 

for N-containing compounds and other amino acids (Lea, 1999). However, increases in applied 

N can benefit either the host or the pathogen depending on the pathosystem (Mur et al., 2017; 

Sun et al., 2020). In wheat, increased rates of N increased the severity of stripe rust (P. 

striiformis f. sp. tritici; Devadas et al., 2014) whereas NH4
+ fertilization lowered severity to 

take-all (Gaeumannomyces gramini; Brennan, 1992). Our WGCNA showed the co-expression 

of five ammonium transporters (AMTs), two cytoplasmic glutamine synthases (GLN1/GS1), a 

glutamate receptor, two aminotransferases, and three amino acid transporters. The preferential 

expression of AMTs rather than NO3
- transporters, could be important as NH4

+ induced a higher 

concentration of most free amino acids than NO3
- (Huber & Tsai, 2008) and also increases the 

levels of γ‐aminobutyric acid (GABA) which serve as a nutrient for the pathogen (Mead et al., 

2013). A shift towards preferential NH4
+ assimilation could also reduce the production of nitric 

oxide which has important defensive roles (Gupta et al., 2013). Equally, possible NH4
+ 

mediated increases in the levels of amino acids could also regulate the expression glutamine 

synthases (Fritz et al., 2006; Ruan et al., 2010). Similarly, glutamate-like receptors act as 

membrane gates sensing a broad range of amino acids in Arabidopsis (Vincill et al., 2012; 

Tapken et al., 2013). Active transport of amino acids have been shown to increase N levels, 

photosynthesis and chlorophylls in Arabidopsis and pea (Pisum sativum; Zhang et al., 2010a; 

Perchlik & Tegeder, 2017, 2018). So it may be that, with FtsH expression, these changes could 

be an attempt by the host to preserve photosynthesis following targeting by ToxA.  
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4.5.3 The Black Module: Defining the sources partial resistance to P. tritici-repentis in 

Robigus 

Positive regulation of transcription was highlighted in Rob by GO enrichment analysis. 

Ribonuclease 3 (RNase III), transcription initiation factor IIF subunit alpha (TFIIFα/TFG1), 

MADS box transcription factor, DNA-directed RNA polymerase subunit beta (RPB), 

transcripts were found co-expressing in Rob. RNase III plays a major role in maintenance of 

RNA homeostasis, including RNA processing, post-transcriptional gene regulation, 

contributing to positive responses to biotic stress (Gan et al., 2008; Olmedo & Guzmán, 2008; 

MacIntosh & Castandet, 2020). The MADS-box gene family is one of the most studied 

transcription factors in plants due to broad roles in plant development and response to stress 

(Ng & Yanofsky, 2001; Castelán-Muñoz et al., 2019; Teo et al., 2019). Guo and colleagues 

showed the down-regulation of a MADS-box gene (TaMADS2) in compatible interactions 

between wheat and a strain of P. striiformis f. sp. tritici (Guo et al., 2012). However, given the 

broad roles of MADS-box genes, these require focused analysis in Ptr challenged plants. 

Beyond transcriptional changes, post-translational modifications (as shown by expression of 

ribosome hibernation promotion factor, rRNA N-glycosidase, trigger factor, DNA-BINDING 

TRANSCRIPTION FACTOR 2, poly(ADP-ribose) and glycohydrolase 1 (PARG1), were 

prominent in the black module. Indeed, fifteen percent of the hub genes in the black module 

were F-box transcripts. F-box proteins, part of SCF (SKP1-Cullin-F-box) complex in ubiquitin 

proteasome systems, are widely distributed in the wheat genome (Hong et al., 2020) and 

influence disease resistance, among other roles (Stefanowicz et al., 2015; Li et al., 2020). 

Epigenetic changes are likely to be prominent, as the black module includes such as DNA-

BINDING TRANSCRIPTION FACTOR 2 also known as SAWADEE HOMEODOMAIN 

HOMOLOG 2 (SHH2; accession AT3G18380.3). This is an essential component in the RNA-

directed DNA methylation (RdDM) pathway by recognizing H3K9me1 and may be involved 
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in the recruitment of RNA polymerase IV (Pol-IV) in maize (Law et al., 2011; Zhang et al., 

2013; Haag et al., 2014; Wang et al., 2021). The RdDM pathway can also act via small 

interfering RNA and DNA methylation (Rymen et al., 2020; Zhang et al., 2020). These 

observations again require targeted validation, but the potential outputs of these complex 

networks need to be considered. 

We have shown that TS resistance in Rob involves cell wall modification processes 

leading to increased penetration resistance to Ptr infection (Chapter 3). We therefore expect 

this to be reflected in the black module. Indeed, we found the co-expression of cell wall 

associated receptor-like protein kinases, NBS-LRR disease resistance proteins, cellulose 

synthase, endo-(1,3)(1,4)-beta-D-glucanase, plasma membrane ATPase, antiholin-like protein 

lrgB, inositol-1-monophosphatase (IMP), and BURP domain protein (RD22). Cellulose is the 

main cell wall component and can serve as s physical barrier to phytopathogens (Menna et al., 

2021). RD22 interacts with cell wall peroxidase, protects cell integrity (Wang et al., 2012) and 

is involved in response to stress (Ding et al., 2009; Xu et al., 2010). Inositol-1-

monophosphatase play a role in de novo synthesis of inositol, a lipid involved in cell wall 

biogenesis, cell-to-cell communication, hormone signalling (Levine et al., 1962; Nourbakhsh 

et al., 2015; Sharma et al., 2020). Together, these components are likely to be important in 

barrier defence against Ptr in Rob. We also found two cysteine proteases harbouring cathepsin 

propeptide inhibitor domain (I29) acting as hub genes in the black module. Such proteases are 

one of the major classes of proteolytic enzymes involved in biological processes such as 

programmed cell death (Solomon et al., 1999) and resistance to biotic (Shindo et al., 2012) and 

abiotic stress (Liu et al., 2020b). 

Some phytopathogens, including P. tritici-repentis, manipulate the chloroplast 

structures and their functions to assist pathogenicity (Lu & Yao, 2018). Thus, by disrupting 

chloroplasts and thereby impairing photosynthesis and the production of essential and defence 
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related products, necrotrophs heighten disease development (Lu & Yao, 2018; Yang et al., 

2021). Our analysis revealed co-expression of chloroplastic proteins before and during 

pathogen infection in the resistant genotype. These include chloroplast stem-loop binding 

protein (CSP), chlorophyll a-b binding protein (CAB), phytoene synthase (PSYI), 

Ferredoxin:NADP+:reductase (FNR), 50S ribosomal large subunit proteins L6, L28 and 

GTPase. These proteins are involved in photosynthesis and downstream pathways, ribosomal 

assembly and regulation (Morales et al., 2000; Jeon et al., 2014; Goss & Hanke, 2014). We 

hypothesise that maintaining a functional chloroplast through expression of structural and 

regulatory genes in Rob may contribute to its partial resistance to Ptr. 

 

4.5.4 The Pink Module: Change associated with susceptibility to P. tritici-repentis in 

Hereward 

In this module, Her susceptibility was linked to transcription regulation, as seen in the 

overexpression of SGS3, XH/XS domain-containing family protein, PAX-interacting protein 

1 (PAXIP1/PTIP), histone acetyltransferase of the CBP family 12 (HAC12) and the 

transcription factors MADS box, bHLH, and MYB (Fig. 4.10b). The central gene in this Her 

network, SGS3, is a component of the RdDM pathway. It contains a XS domain and acts on 

stabilisation of double-stranded RNA prior to its degradation, therefore SGS3 is required for 

several posttranscriptional gene silencing (PTGS) pathways (Mourrain et al., 2000; Fukunaga 

& Doudna, 2009). Although SGS3-mediated PTGS can be a defence mechanism against 

phytopathogenic viruses (Zsef Burgyá & Havelda, 2011; Li et al., 2017), it also has endogenous 

targets, such as gene transcripts and transposable elements. Thus, PTGS regulates plant 

development, genome stability, detoxification of toxins, immunity to (a)biotic stresses (El-

Sappah et al., 2021). The roles of PTGS regulation should be investigated in the context of 

wheat-Ptr interactions as this present network study only provides indirect evidence of a role. 
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Similarly, PTIP and HAC12 that are associated with methylation and acetylation processes 

(Sterner & Berger, 2000; Cho et al., 2007), respectively, whose effects have not been 

investigated in the Tan Spot pathosystem. 

Post-translational modification (PTM) related transcripts were also found as hub 

components of the Her network. Among the genes with PTM functions, were a RING-box 

protein (RBX1) and three SENPs. While RBX1 is a component of the SCF complex and it 

mediates the ubiquitination and subsequent degradation of targeted proteins (Gray et al., 2002), 

SENPs act on the maturation of small ubiquitin-like modifiers (SUMOs) as well as their 

deconjugation from substrate proteins (Kim & Baek, 2009). PTMs have recently emerged as 

key players in plant-pathogen interactions, especially ubiquitination and SUMOs systems 

(Pogány et al., 2015; Srivastava & Sadanandom, 2020; Vozandychova et al., 2021). SUMO 

conjugation, or SUMOylation, consists of the covalently bonding of the target protein to 

SUMOs in a process similar to ubiquitin conjugation (Park et al., 2011). Ubiquitination and 

(de)SUMOylation processes alter the stability and subcellular location of substrates, thereby 

regulating components of a wide range of biological processes, including plant immunity 

(Verma et al., 2018; Linden et al., 2020). For instance, infection with a necrotrophic pathogen 

led to degradation of a SUMO protease that targets JAZ proteins (transcriptional repressors of 

JA-mediated defences) for deSUMOylation. Consequently, the accumulation of SUMOylated 

JAZ proteins resulted in increased susceptibility to the necrotroph due to attenuation of JA 

signalling (Srivastava et al., 2018).  

Chaperone proteins also play a role in post-translational modifications, most notably 

the 70 kDa and 90 kDa heat shock proteins (Hsp70, Hsp90; Nitika et al., 2020; Backe et al., 

2020), among other roles. In this study, Hsp90 and a DnaJ-like protein (also known as Hsp40 

an interacting Hsp70 partner) were found as co-expressing hub genes in the pink module. 

Cytosolic Hsp70 have been identified as SUMO targets (Sharma et al., 2021), whereas the 
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Hsp90 / Hsp70 complex have been shown to interact with a Cullin-RING ubiquitin ligase 

(CRL; Ehrlich et al., 2009). Ubiquitination via CRLs involves the recruitment of RBX1, which 

is required for interaction with a ubiquitin-conjugating enzyme (E2). This CRL-RBX1-E2 

mechanism ubiquitinates JAZ proteins which are critical for transcriptional activation of JA-

responsive genes (Pauwels & Goossens, 2011; Durand et al., 2016). Similarly, CRL-RBX1-E2 

has been shown to be important in the activation as well as the repression of SA-dependent 

signalling via the degradation of NONEXPRESSOR OF PR-1 (NPR1) and WRKY45 (Spoel 

et al., 2009; Matsushita et al., 2013; Furniss & Spoe, 2015). The role of 

ubiquitination/SUMOylation in the susceptible phenotype observed in Her needs to be further 

investigated. 

ROP/RAC GTPases participate in a variety biological process, which include plant 

development and hormone responses, and are positively regulated by guanine nucleotide 

exchange factors (ROPGEF; Berken et al., 2005; Yang & Fu, 2007; Nagawa et al., 2010). The 

pink module hub gene ROPGEF5 interacts with ROP7, which is a negative regulator of light-

induced stomatal opening (Wang et al., 2017a). ROPs have discrete signalling roles in different 

pathosystems (Pathuri et al., 2009). In barley, ROPs induced susceptibility to the biotroph 

Blumeria graminis f. sp. hordei and penetration resistance to the necrotroph Magnaporthe 

oryzae by promoting callose deposition at infection site (Pathuri et al., 2008). Additionally, 

ROP GTPases play a role in auxin signalling (Wu et al., 2011), membrane trafficking and 

cytoskeleton dynamics (Yalovsky et al., 2008). Our previous study has pointed to auxin as a 

susceptibility factor of wheat to Ptr, and polymerisation of the actin cytoskeleton to be a 

fundamental piece in barrier defences against the Tan Spot pathogen (Chapter 2). Furthermore, 

an amino acid/auxin permease (AAAP) transporter, a WAT1-related protein, and a glycine-

rich domain-containing protein 2 (GRDP2) appeared as significant elements in the Her network 

(Fig. 4.9b). In Arabidopsis, WAT1 proteins are associated with cell wall thickness and 
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regulation of intracellular auxin homeostasis (Ranocha et al., 2013), whereas overexpression 

of AtGRDP2 lead to accumulation of auxin (indole-3-acetic acid; Ortega-Amaro et al., 2015). 

Altogether, these may indicate a possible role of auxin signalling in susceptibility to Ptr. 

 

4.6 Conclusions 

Our study based on WGCNA analyses proved to be a robust approach that allowed us 

to identify 59 hub genes in module related to a cultivar with increased TS resistance and 45 

hub genes that correlated with a TS susceptible cultivar. Further targeted validation could show 

that the hub genes are important in the wheat-Ptr pathosystem and this information could be 

exploited in breeding programmes targeting TS resistance.  
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Chapter 5 

 Metabolomics links induced responses 

to Pyrenophora tritici-repentis in 

Spring Wheat cultivars to biosynthesis 

of flavonoids and bioenergetic 

metabolism 

 

5.1 Abstract 

Tan Spot disease of wheat is caused by Pyrenophora tritici-repentis (Ptr), against which few 

sources of resistant germplasm have been established but the underlying components and 

mechanisms lack elucidation. We here characterise the flag-leaf metabolome of two spring 

wheat cultivars (Triticum aestivum L. cv. PF 080719 [PF] and cv. Fundacep Horizonte [FH]) 

in response to Pyrenophora tritici-repentis (Ptr) infection. In this study, FH consistently 

displayed high susceptibility to Ptr, whereas PF exhibited resistant to moderately susceptible 

phenotypes when challenged with Ptr at the seedling stage but was more susceptible after flag 

leaf emergence. To identify components leading to Tan Spot susceptibility, the metabolic 
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scenarios in flag leaves prior to and during challenge with Ptr were investigated. Ptr induced 

56 metabolite changes common to both cultivars and 206 were distinctive to a particular 

genotype. These distinctive metabolites, considered as genotypic differences, were mostly 

elevated in PF relative to FH, and included the flavonoids dihydrophaseic acid (DPA), 

desulfoglucotropeolin (UGT4B1), 3,7-Di-O-methylquercetin, apigenin 7-O-[beta-D-apiosyl-

(1->2)-beta-D-glucoside], and 1-O-vanilloyl-beta-D-glucose. Inherently, the differentially 

accumulated metabolites characterising genotypic differences comprised significantly enriched 

pathways associated with biosynthesis of flavonoids. Metabolomic comparisons of Ptr- and 

mock-inoculated plants indicate a major metabolic shift occurred at 24 hours post inoculation 

(hpi) in FH, and at 48 hpi in PF. This shift in PF corresponded to significant accumulation of 

flavonoids, phenylpropanoids and glucosinolates. Additionally, pathway enrichment analysis 

provided direct and indirect evidence of Ptr-triggered alterations in chloroplast and 

photosynthetic machinery in both cultivars, especially in FH at 96 hpi. In PF, sugar metabolism 

as well as alterations in glycolysis and glucogenesis pathways were observed. When 

considering the wheat-Ptr interactome in an integrative network analysis, the pathways 

“flavone and flavonol biosynthesis” and “starch and sucrose metabolism” appeared as the key 

metabolic processes underlying PF-FH-Ptr interactions. These observations suggest the 

potential importance of flavone and flavonol biosynthesis as well as bioenergetic shifts in 

susceptibility to Ptr. Further, they highlight the applicability of metabolomics to provide novel 

insights into wheat pathosystems. 

 

5.2 Introduction 

The Tan Spot (TS) disease of wheat (syn. yellow spot), caused by Pyrenophora tritici-

repentis (Ptr), is source of yield losses up to 60% (Rees & Platz, 1989). The majority of yield 

loss is attributed to TS severity in the flag leaves, which in turn results in grain size reduction 
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(Rees & Platz, 1989; Bhathal et al., 2003). Ptr is a necrotrophic pathogen known to produce 

phytotoxic effectors, among them ToxA, ToxB and ToxC, that induces necrosis and chlorosis 

in sensitive lines (Strelkov et al., 1999; Effertz et al., 2002; Sarma et al., 2005). The production 

of these three toxins, either singly or in combination, is used to define the Ptr races (Lamari et 

al., 1995). World-wide, ToxA-producing Ptr races are the most common (Ali & Francl, 2003; 

Lamari et al., 2003; Gamba et al., 2012; Abdullah et al., 2017; Kokhmetova et al., 2020). ToxA 

is a proteinaceous necrotising effector that is internalised to chloroplasts via the binding protein 

ToxABP1 (Manning et al., 2007, 2008). Biochemical and transcriptomic assays have shown 

that ToxA treatment compromised photosynthesis in sensitive genotypes (Manning et al., 

2009; Pandelova et al., 2009). The sensitivity to ToxA occurs as result of the interaction with 

the R protein Tsn1 (Faris et al., 1996), following an inverse situation to the classical gene-for-

gene resistance model. The genes Tsc1 and Tsc2 which respectively confer sensitivity to Ptr 

ToxC and Ptr ToxB, have also been mapped (Effertz et al., 2002; Friesen & Faris, 2004; 

Abeysekara et al., 2010). Some quantitative trait loci (QTL) for TS resistance have been 

defined and designated Tsr (Tan Spot resistance; Faris et al., 1996, 2013a; Gamba & Lamari, 

1999; Anderson et al., 1999; Faris & Friesen, 2005b; Tadesse et al., 2006a,b; Chu et al., 2008, 

2010; Singh et al., 2010, 2016a, 2008b; Li et al., 2011; Hu et al., 2019). Eight major tsr genes 

(tsrl, tsr2, tsr3, tsr4, tsr5, tsr6, tsrhar, and tsrAri) have been mapped to different points on the 

wheat genome (McIntosh et al., 2013). However, the definition of new sources of resistance 

would be useful. 

A Brazilian based wheat breeding programme has derived Fundacep Horizonte (FH; 

Cooperativa Central Gaúcha Ltda Tecnologia/FUNDACEP) and PF 080719 (PF) which has 

been targeted following field assessments as showing differential susceptibility to Tan Spot, 

(Cunha et al., 2016). PF is a lineage developed at the Embrapa wheat breeding programme. FH 

is high-yielding spring wheat cultivar widely used in the wheat producing areas in southern 
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Brazil. To accelerate the exploitation of potential sources of resistance into elite genotypes, we 

exploited the post-genomic potential of metabolomics to characterise the defence responses in 

PF compared to FH. Recent advancements in mass spectrometry technologies have enabled 

high throughput quantitative and qualitative assessments of metabolic compounds, including 

from plants and microorganisms (Allwood et al., 2021). Metabolomics have then become an 

important technology for plant breeders and phytopathologists, especially when integrated with 

other systems biology tools (Weckwerth, 2003; Aliferis et al., 2014; Kumar et al., 2017; Rosato 

et al., 2018). The metabolomics of wheat-Ptr interactions have been characterised in seedlings 

(Chapter 3) but is has yet to be applied to plants at adult growth stages. The emergence of the 

flag leaf is an especially important stage being unambiguously linked to grain 

development/yield in several cultivars (Khaliq et al., 2008; Wazziki et al., 2015; Carmo-Silva 

et al., 2017). This reflects the flag leaf’s role in providing carbon assimilates to the grain as it 

develops (Evans & Rawson, 1970). Photosynthesis in the flag leaf is affected by genetic 

background, fertilizers, ABA content, abiotic and biotic stresses (Evans, 1983; Inoue et al., 

2004; Guóth et al., 2009; Wazziki et al., 2015). Therefore, the ability to sustain carbon 

assimilation activity during stresses such as Ptr infection would be a valuable trait for wheat 

breeding (Araus et al., 2002; Carmo-Silva et al., 2017; Yang & Luo, 2021). 

In this study, we demonstrate phenotypic and metabolic changes occurring in FH and 

PF when challenged with P. tritici-repentis. Focusing on flag leaves, our untargeted 

metabolomics approach allowed the detection of key metabolites and pathways underlying the 

responses of each cultivar to Ptr infection as well as the genotypic differences between them. 
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5.3 Material and Methods 

5.3.1 Plant materials and P. tritici-repentis inoculations 

Seeds from Triticum aestivum L. cv. PF 080719 (PF) and cv. Fundacep Horizonte (FH) 

were grown under the conditions presented in Section 2.1. Plants were inoculated with Ptr and 

followed host classification assessments as described in Sections 2.2 and 2.3. 

 

5.3.2 Metabolomics data processing and analysis 

Disks were punched out from fully extended flag leaves from each genotype at 0, 24, 

48, 72, and 96 h post inoculation with the Ptr strain BR154. Whole metabolomics extractions 

and data processing were performed following the protocols presented in Sections 2.4 and 2.5. 

Differentially accumulated metabolites (DAMs) were identified in each genotype based on 

pairwise comparisons between mock- and Ptr-inoculated samples within each time point, 

designated as PF24, PF48, PF72, PF96, FH24, FH48, FH72 and FH96. Samples collected prior 

to treatment were compared between both genotypes, designated as PF/FH. Two-sided Welch 

t-tests were performed in all these comparisons, and the features with adjusted P-values < 0.05 

after Bonferroni correction were considered significant DAMs. The peak intensity data was 

summarised by mean in each subset of genotype/treatment/hpi after log2(x+1) transformation. 

Fold changes were then calculated as the difference between inoculated (I) and mocks (M) over 

the mock treated samples, e.g. (I-M)/M. 

 

5.3.3 Functional analyses 

Molecular formulas were assigned to the explanatory features using the R package 

MFassign v0.7.7. Functional enrichment was performed by mapping the assigned features to 

KEGG metabolic network using hypergeometric, PageRank and Diffusion methods within the 

FELLA package (Kanehisa et al., 2012; Picart-Armada et al., 2018), using Aegilops tauschii 
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as reference. To extract a significant sub-network, the diffusion method was used to score the 

enriched nodes. After normalisation through z-scores, the nodes with P-value < 0.05 were 

selected. The resulting graph was imported to Cytoscape v 3.8.2 (Shannon et al., 2003) to 

construct a representative visualisation. 

 

5.4 Results 

5.4.1 Phenotypic characterisation of P. tritici-repentis interactions with FH and PF 

We first evaluated responses to Ptr challenge in FH and PF at two different 

developmental stages; the seedling stage (GS13) and during flowering (GS65). Plants were 

inoculated with three ToxA positive strains with varying levels of virulence (BR13=mild; 

BR154=moderate virulence; BR29=highly virulent), in two independent experiments. Scoring 

for disease severity indicated that response in PF varied widely from resistant to susceptible 

dependent on the Ptr virulence and growth stage (Table 5.1). At the seedling stage PF exhibited 

a resistant phenotype when challenged with the BR13 but was only moderately tolerant to 

moderately susceptible (MRMS to MS) to BR154 and BR29. At the adult stage, PF plants were 

highly susceptible (Fig. 5.1). FH seedlings exhibited MRMS to MS phenotypes, but adult plants 

were clearly susceptible to all strains of Ptr. Considering TS symptom development in 

seedlings, PF had exhibited minimal chlorosis following interaction with Ptr by 168 hpi (Fig. 

5.2). At the adult stage, chlorosis was observed in PF from 120 hpi. In FH, both chlorosis and 

lesion coalescence were observed from 120 hpi at either growth stage. 

 

Figure 5.1. Images of symptomatic flag leaves from the wheat lines Fundacep Horizonte (FH) 

and PF 080719 (PF) challenged with Pyrenophora tritici-repentis strain BR154. Scale bar = 1 

cm. 
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Table 5.1. Classification of disease scores against Pyrenophora tritici-repentis infection in the 

wheat lines PF 080719 (PF) and Fundacep Horizonte (FH) at different growth stages. 

Stage Ptr Strain 

Classification* 

PF FH 

Seedlings 

BR13 R MRMS 

BR29 MRMS MS 

BR154 MRMS MRMS 

Adults 

BR29 S S 

BR154 S S 

R=resistant; MR=moderately resistant; MRMS=moderately resistant to moderately 

susceptible; MS= moderately susceptible; S=susceptible. 

*Based on mean scores from assessments at 336 hours post inoculation (hpi). 

 

5.4.2 Metabolomic characterisation of P. tritici-repentis interactions with FH and PF 

Given the importance of the wheat flag leaf, metabolomic assessments focused on that 

stage. Flag leaf samples were collected from FH and PF at 0, 24, 48, 72 and 96 hours post 

inoculation (hpi) with Ptr strain BR154. Samples were extracted and profiled using Flow 

Infusion Electrospray High Resolution Mass Spectrometry (FIE-HRMS). The derived data 

were assessed by Principal Component Analysis (PCA). The main source of variation across 

the first principal component (PC1), accounting for 18.43% of variance, was genotype (FH vs 

PF; Fig. 5.3a). There was no significant discrimination between mock and inoculated samples 

when all time points were considered together. When different time points were considered, 

the mock-inoculated samples exhibited the greater variations compared to inoculated samples 

in both genotypes (Fig. 5.3b). 
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Figure 5.2. Images of representative leaves from the wheat lines Fundacep Horizonte (FH) and 

PF 080719 (PF) at 72, 120 and 168 h of Tan Spot disease development. Scale bar = 1 cm. 
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Figure 5.3. Principal component analysis of (a) mock-treated (M) versus leaves infected with 

Pyrenophora tritici-repentis strain BR154 (I) samples from the wheat lines PF 080719 (PF) 

and Fundacep Horizonte (FH) and (b) sampled at 0, 24, 48, 72 and 96 hours post inoculation. 

Given the relatively small metabolomic changes seen with Ptr challenge, pairwise 

comparisons between inoculated (I) versus mock-inoculated (M) samples from each line in 

each time point were performed using Welch's two-sided t-test to identify differentially 

accumulated mass ions (DAMs). A total of 1002 DAMs were identified (Fig. 5.4; Table S5.1). 

The significant differences seen between PF and FH at 0 hpi (206 DAMs) were taken as 

indicating genotypic differences. Following infection, FH had most DAMs at 24 hpi, which 

accounted for 72 % of the total for this genotype. Conversely, PF showed most DAMs at 48 

hpi compared to the M samples (Fig. 5.4a). Most of the explanatory features underlying 

genotypic differences between PF and FH were present in higher concentrations in PF, with 

log2 fold changes up to 34.85 (Table S5.1). Of these DAMs, approximately 80% are products 

from the negative ionisation reaction and only 8.25% were putatively annotated. Considering 

the annotated DAMs, the genotypic differences were reflected in different levels of hippurate, 

diacetyl, acetone cyanohydrin, and the flavonoids dihydrophaseic acid (DPA), 

desulfoglucotropeolin (UGT4B1), 3,7-Di-O-methylquercetin, apigenin 7-O-[beta-D-apiosyl-

(1->2)-beta-D-glucoside], and 1-O-vanilloyl-beta-D-glucose (Table S5.1). Three mass ions 

annotated as the flavonoids apigenin 7-O-neohesperidoside (m/z=615.14032, negative mode) 
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and vitexin (m/z=431.09912 and 432.1022, negative mode) were the only annotated 

compounds found in greater concentration in FH than in PF (log2FC between 0.75 and 0.89). 

 

Figure 5.4. Statistical analyses on metabolomics data based on comparisons between the wheat 

lines PF 080719 (PF) and Fundacep Horizonte (FH). (a) Number of differentially accumulated 

metabolites (P-value < 0.05) in mock-treated (M) versus infected (I) samples in each line and 

in PF versus FH. (b) Venn diagram displaying number of common and unique DAMs in PF 

and FH. (c) Scatter-rugged plot showing DAMs regarding m/z ratios, ionisation mode 

(negative/positive) and log2(fold change) between I and M at 24, 48, 72 and 96 hpi. Rugs in 

the x-axis illustrate the density of the m/z distributions. 

We next considered how many of the Ptr induced changes were specific to each 

genotype. As shown in the Venn diagram, only 56 DAMs were shared by PF and FH in their 

responses to Ptr (Fig. 5.4b, Table 5.2). Of these, Ptr infection induced (i) significant increases 

in concentration of 53 metabolites, (ii) the downregulation of one compound, and (iii) opposing 

accumulation in PF and FH of two compounds (Table 5.2). The m/z p337.8598 with a predicted 

molecular formula C9H2NO3P3S was the only compound downregulated in both lines; in FH 

at 24 hpi and in PF at 48 hpi (Table 5.2). The metabolite which may be a phosphatidylinositol 

diphosphate (m/z=339.8223, negative mode [M-3H]3-) exhibited a × 11.5-fold increase in 

inoculated flag leaves from FH at 24 hpi compared the controls, but it was significantly 

downregulated in PF at 96 hpi (fold change of × 1.66). Conversely, the metabolite with the 
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predicted molecular formula C15H16N2O3 (m/z=274.12589, positive mode), but which could 

not be identified, showed significant increases in PF at 72 and 96 hpi but was suppressed as 24 

hpi in FH compared to controls (Table 5.2). 

Table 5.2. Common differentially accumulated metabolites found in pairwise comparisons 

between Pyrenophora tritici-repentis inoculated and control samples from FH and PF at 24, 

48, 72 and 96 hours post inoculation. Coloured cells represent the relative log2 fold change 

values from each significant comparison, whereas blank cells are non-significant interactions. 

m/z* FH24 FH48 FH72 FH96 PF24 PF48 PF72 PF96 MF Isotope Adduct 

p359.12054 2.07     12.30   C14H20N3O6P 13C [M+H]1+ 

p419.1235    8.71  11.17   C16H26O10 13C2 [M+K]1+ 

n805.33246 4.89     7.64   C37H60O15P2  [M-H]1- 

n129.0379 10.84     6.95   C6H9OP 13C2 [M-H]1- 

p325.03995 2.94     6.60   C16H15O3P  [M+K]1+ 

n598.3089 11.79     6.21   C28H50O11 13C [M+Cl]1- 

p338.1908    4.14  6.02   C14H29N2O5P 13C [M+H]1+ 

n789.31079  5.39    5.72   C36H55O17P  [M-H]1- 

p543.24054 2.35     4.80   C23H38N2O11 18O [M+Na]1+ 

p316.09979 2.73     4.65   C9H13N7O6  [M+H]1+ 

p835.40015  9.69    4.22   C38H60NO16P  [M+NH4]1+ 

n433.19092 9.65     4.00   C21H32O7 13C2 [M+Cl]1- 

p196.05597 2.33     3.97   C5H11N2O4P 13C [M+H]1+ 

p442.1196    14.13  3.96      

p302.10339 2.30    1.03 3.94   C15H13N3O4 13C2 [M+H]1+ 

p143.07237 3.28     3.90      

p410.24127    3.06  3.63   C19H31N5O5  [M+H]1+ 

p295.168  7.91  3.18  3.56   C12H25N2O4P 13C2 [M+H]1+ 

p197.05678 2.47     3.55   C5H11N2O4P 18O [M+H]1+ 

p373.06198 4.64     3.35      

p210.07156 13.17     3.18      

p409.22824    3.85  2.96 0.90  C16H32N4O8  [M+H]1+ 

p346.04242 2.13     2.95      

n518.18787 5.55     2.85   C22H33NO13  [M-H]1- 

p394.24567  4.55    2.77   C17H36N3O5P  [M+H]1+ 

n535.2688    4.16  2.74   C26H44O9  [M+Cl]1- 

p614.22638    1.86  2.73      

n640.11554  8.35    2.59   C26H27NO18  [M-H]1- 

n569.29651    4.77  2.56   C34H44O5 13C2 [M+Cl]1- 

p178.04535 8.71     2.55      

p212.03348 1.71     2.39   C5H8NO3PS 13C [M+NH4]1+ 

n114.03838    2.83  2.36   C5H8NP 13C2 [M-H]1- 

p395.24908  5.52    2.30   C17H36N3O5P 13C [M+H]1+ 
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n525.30792    3.02  2.07   C28H46O9  [M-H]1- 

p300.14139 2.48     2.05   C9H21N3O8  [M+H]1+ 

p391.21811    1.56  1.97   C19H33N3O3 13C [M+K]1+ 

p497.14703    1.74  1.88   C23H30O8P2  [M+H]1+ 

n432.18832 2.95     1.82   C21H32O7 13C [M+Cl]1- 

n280.02603 3.30     1.76      

p440.25189    9.71  1.71   C43H74O18  [M+2H]2+ 

p201.07129 5.07     1.70      

n420.15143 5.05     1.69      

p308.18015  3.08    1.66   C14H24O4S 13C2 [M+NH4]1+ 

p132.08009 1.19     1.56      

p171.06078 2.03     1.49   C3H10N2O6  [M+H]1+ 

p111.03996 1.69     1.49      

p177.05382    2.32  1.41   C5H13O3P 18O [M+Na]1+ 

p130.04926 1.41     0.86   C6H9OP 13C [M+H]1+ 

p137.05547 0.89     0.76   C4H10NO2P 13C [M+H]1+ 

n551.19818  5.64    0.72   C25H40O7P2 18O [M+Cl]1- 

p326.05203    1.66  0.60   C7H18N3O7P  [M+K]1+ 

p168.04987 1.45     0.51   C9H20NO10P 13C [M+2H]2+ 

p337.8598 -0.60     -0.83   C9H2NO3P3S  [M+K41]1+ 

n339.8223 3.53       -0.73    

n467.15039  0.90     1.71  C20H30O10  [M+Cl37]1- 

p274.12589 -0.62      1.31 2.77 C15H16N2O3 13C [M+H]1+ 

*The prefix letters indicate the ionisation modes: n=negative, p=positive. 

Considering the specific changes occurring in each cultivar, FH had more DAMs that 

increased in concentration at all time points following Ptr infection than compounds that were 

suppressed by the pathogen whereas there was a greater number of downregulated compounds 

in PF at 24 and 96 hpi (Fig. 5.4c). Overall, Ptr induced small decreases in the levels of 

metabolites, with the greatest downregulation observed in FH at 72 hpi (log2FC of -0.98; 

m/z=n408.07086 [C16H21NO9]) and in PF at 48 hpi (log2FC of -0.94; m/z=n326.08875). The 

m/z=518.138 (negative mode) significant in PF at 72 hpi, had the overall greatest accumulation 

in response to Ptr, with log2 fold change of 119.46. When investigating the DAMs regarding 

their mass-to-charge ratios, the higher frequency of DAMs with m/z lower than 400 was notably 

in FH24 (Fig. 5.4c). 

We next examined the putative annotations of DAMs found in FH responses to Ptr 

infection. At 24 hpi, Ptr induced increases in S,S-dimethyl-beta-propiothetin, piperideine, 
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umbelliferone, phytosphingosine and the downregulation of anthranilate, L-valine, and N-

methylethanolamine phosphate. At 72 hpi, the flavonoids quercitrin, vitexin, and vitexin 2''-O-

beta-D-glucoside were significantly accumulated in flag-leaves infected with Ptr. At 96 hpi, 

there was the downregulation of 6-deoxydihydrokalafungin (DDHK), an intermediate in the 

biosynthesis of type II polyketide products. In PF at 48 hpi, there was the accumulation of 

flavonoids, phenylpropanoids and glucosinolates. These included 1-O-sinapoyl-beta-D-

glucose, coumarin, D-glucosaminate, xanthohumol, DDHK, L-homomethionine, 3-O-alpha-

mycarosylerythronolide B and L-valine (Table S5.1). This time point also included significant 

decreases in sucrose in the infected flag leaves. None of the significant m/z found in PF at 72 

and 96 hpi and in FH at 48 hpi could be assigned to known compounds. 

 

5.4.3 Insights into responses to P. tritici-repentis through pathway enrichment and 

network analysis 

To provide an overview of key metabolic changes occurring in either genotype 

following Ptr infection, pathway enrichment and integrative network analyses were performed. 

The explanatory features identified by our pairwise statistical analysis were mapped to KEGG 

ids and screened against the KEGG network using PageRank, hypergeometric and diffusion 

algorithms. Over representation analysis, performed via hypergeometric test, targeted seven 

significantly enriched pathways: “flavone and flavonol biosynthesis” (PF/FH; FH72), 

“galactose metabolism” (PF48), “starch and sucrose metabolism” (PF48), “ABC transporters” 

(PF48), and “glycosphingolipid biosynthesis” (PF48; Table S5.2). PageRank and diffusion 

models also targeted these pathways, except for “sphingolipid metabolism” which the 

hypergeometric test suggested was enriched in PF 48 (Table S5.2).  

Using a diffusion model to visualise our data (Picart-Armada et al., 2017), we observed 

that each genotype/hpi showed enrichment in a discrete set of metabolic processes except for 
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“flavone and flavonol biosynthesis” (Fig. 5.5). This aligned with the specific metabolic changes 

induced in each genotype to Ptr infection. At 24 hpi, FH was enriched in the reductive acetyl-

CoA pathway, NAD biosynthesis and tryptophan, sulphur, and one-carbon (C1 unit) 

metabolism. No significant pathways were enriched in FH at 48 hpi, but at 72 hpi there were 

shifts in N- and O-glycosylation related pathways and in biosynthesis of flavonoids. At 96 hpi, 

Ptr infection affected biosynthetic pathways of secondary metabolites, tocopherol, 

menaquinone, ubiquinone, phylloquinone and plastoquinone. These are components of 

photosynthetic processes which could be occurring as a result of chloroplast targeting by 

toxins. In PF, uridine, and pyrimidine metabolism as well as pantothenate and CoA 

biosynthesis were prominent at 24 hpi. By 48 h, the metabolic changes were linked to the 

enrichment of keratan sulfate, glycosphingolipids, nucleotide sugar, trehalose glycogen, starch, 

sucrose, galactose and other glycan, metabolism as well as glycolysis and glucogenesis 

pathways. 

 

Figure 5.5. KEGG pathways and modules enriched by explanatory features from wheat lines 

PF 080719 (PF) and Fundacep Horizonte (FH) at 0, 24, 48, 72 and 96 hours post inoculation 
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(hpi) with Pyrenophora tritici-repentis strain BR154. The width of connector lines represents 

the enrichment significance (-log10(P-value)) computed with the diffusion model. The dashed 

lines indicate overrepresented pathways (P-value < 0.05) identified with hypergeometric test. 

The information between square brackets represents the number of compounds found in the 

pathway and the total pathway size. 

To evaluate the metabolic changes in wheat plants induced by Ptr infection, an 

integrative network was constructed using the diffusion enrichment scores. Our network 

analysis resulted in a sub-graph populated with two key pathways: “flavone and flavonol 

biosynthesis” and “starch and sucrose metabolism” (Fig. 5.6). These two pathways are linked 

via D-glucose, UDP-glucose, UDP, UDP-L-rhamnose. Importantly, the photoassimilate 

sucrose connects both pathways. This links photosynthetic and bioenergetic changes in the 

responses of PF and FH to Ptr. Furthermore, the network analysis points to three enzymes 

involved in glycosyltransferase activity (galactinol-sucrose galactosyltransferase, flavonol-3-

O-glucoside L-rhamnosyltransferase, inositol 3-alpha-galactosyltransferase) and one involved 

in hydrolase activity, acting on glycosyl bonds (alpha,alpha-trehalase). These are proteins that 

could play key roles in the metabolic changes triggered by Ptr. 

 

Figure 5.6. Sub-network showing relevant metabolites, reactions, enzymes, and pathways to 

wheat-Pyrenophora tritici-repentis interactome. Explanatory features in the input are 
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highlighted as green squares to indicate the changes leading to enrichment of the presented 

pathways. 

 

5.5 Discussion 

In this study, we have dissected responses of two wheat genotypes of relevance to 

Brazilian plant breeding programmes to Ptr infection using an untargeted metabolomics 

approach. At the flag leaf stage, both PF and FH proved to be susceptible to Ptr (Fig. 5.1), 

although PF appeared to show some moderate resistance at the seedling stage. Although many 

facets of the wheat-Ptr pathosystem are well established, the metabolism underlying disease 

development is understudied. Due to the impact on yield from TS disease pressure on plants at 

reproductive stages (Bhathal et al., 2003), we focused the metabolomics assessments on flag 

leaves. 

During plant-pathogen interactions, there is a dual aspect of metabolic shifts where one 

enhances plant immunity and the other is a response induced by the pathogen to aid infection 

(Allwood et al., 2010). Although the disease components are generally specific to a 

pathosystem, phytopathogens such as Magnaporthe grisea is able to induce identical metabolic 

responses in rice, barley and Brachypodium distachyon (Parker et al., 2009). Contrary to this, 

we observed only 7.9% of responses that were common to both wheat cultivars (Fig. 5.4b). 

The DAMs that were upregulated (53) and downregulated (1) in both cultivars in response to 

Ptr infection represent a set of metabolites that could be metabolites linked to susceptibility to 

Ptr. Thus, although further interpretation of these results was limited by lack of annotation, 

these serve as candidate compounds for targeted metabolic profiling focused on identifying 

traits linked to TS susceptibility. 
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5.5.1 Untangling TS disease metabolism 

We identified the significant accumulation of compounds in the classes of flavonoids 

(quercitrin, vitexin, and vitexin 2''-O-beta-D-glucoside), and coumarin (umbelliferone) in flag 

leaves of the cultivar FH following challenge with Ptr (Table S5.1). Secondary metabolites 

derived from the phenylpropanoid pathway, such as coumarins and flavonoids, have well-

established roles in the production of, for example, defensive phytoalexins (Dixon & Paiva, 

1995). In wheat, enhanced defences have been attributed to the antioxidant properties of 

phenylpropanoid and flavonoid compounds (Gunnaiah & Kushalappa, 2014). More 

specifically, these classes of compounds have been linked to resistance to Fusarium spp. 

(Chrpová et al., 2021). For instance, vitexin and quercetin, among other flavonoid compounds, 

significantly increased with inoculation Fusarium culmorum in wheat (Buśko et al., 2014). 

However, our previous transcriptomic-based network analysis indicated the activation of the 

phenylpropanoid pathway, as seen by overexpression of PAL and CHS, to be associated with 

failed defences of wheat to Ptr (Chapter 4). Similarly, in this study, the accumulation of key 

flavonoid compounds and umbelliferone was ineffective in controlling Ptr. It may be that the 

ineffectiveness of phenylpropanoids in FH is a consequence of the lack of resistance factors. 

This is based on the premise that TS resistance relies on the activation of at least two distinct 

defence mechanisms and a lack of susceptibility factors (Chapter 3), as well as encoding 

relevant resistance genes (Faris et al., 2013). This would imply that 

phenylpropanoids/flavonoid production is most effective only when part of a wider defence 

response. Thus, when occurring as partial responses, phenylpropanoids/flavonoid defences, 

could be overcome by Ptr. A similar phenomenon could be observed with the tryptophan 

biosynthetic pathway which was significantly enriched in FH. Tryptophan is a precursor of 

phytoalexins, alkaloids, glucosinolates, and auxins (Radwanski & Last, 1995). Although 

auxins, associated with TS susceptibility, were not detected in this metabolomics analysis, the 
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toxic alkaloid piperideine (Matsuura & Fett-Neto, 2015) significantly accumulated in FH at 24 

hpi. We hypothesise that Ptr may be able to overcome the antimicrobial properties of these 

compounds. Further in vitro analyses would inform on the toxicity of piperideine and 

phenylpropanoids towards Ptr. 

The enrichment analysis of KEGG pathways also showed significant changes in the 

biosynthesis of tocopherol/tocotrienol, phylloquinone, plastoquinone (PQ), ubiquinone (UQ) 

and other terpenoid-quinone in FH at 96 h post Ptr infection (Fig. 5.5). Tocopherol (vitamin 

E) and phylloquinone (vitamin K1) are fat soluble vitamins, along with PQ, these are 

chloroplast located and play essential roles such as photosynthesis, electron transportation, 

antioxidation and membrane stability (Swiezewska, 2004; Munné-Bosch & Alegre, 2010; 

Havaux, 2020). The wheat plants in this study were challenged with a ToxA-producing strain 

of Ptr, so these results likely reflect the effects of this toxin on chloroplasts. This observation 

is in agreement with those discussed in Chapter 4 and accompanying literature. In addition, the 

enrichment of one-carbon (C1) metabolism, biosynthesis of NAD, ubiquinone (UQ) and other 

terpenoid-quinones was also identified in FH. The one carbon metabolism takes place in the 

cytosol, peroxisomes, mitochondria and chloroplast, whereas NAD and UQ pathways are 

mostly in the mitochondria (Hanson & Roje, 2001; Liu & Lu, 2016; Gakière et al., 2018). Due 

to intimate interplay between mitochondria and chloroplasts (Yoshida & Noguchi, 2011), these 

pathways represent potential targets of Ptr toxins. 

The cultivar PF showed significant changes in the biosynthesis and metabolism of 

pyrimidine by 24 h of challenge with Ptr (Fig. 5.5). Pyrimidines are key structural molecules 

involved in synthesis of DNA, RNA, lipids, carbohydrates, and glycoproteins (Kafer et al., 

2004). Uridine monophosphate is the first pyrimidine in the de novo synthesis pathway, which 

this and other pathways associated with salvage, phosphotransfer, carbohydrate metabolism, 

and degradation of pyrimidines occur in the chloroplasts and cytosol (Zrenner et al., 2006). 
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Alterations of biosynthesis and metabolism of pyrimidine pathways have been demonstrated 

to be an early signalling for programmed cell death (PCD; Stasolla et al., 2004). In this case, 

PF early responses to chloroplast perturbations provoked by ToxA could have led to PCD, 

which in turn, would have facilitated Ptr infection. Pyrimidine nucleotides are closely involved 

in the metabolism of sugars (Kafer et al., 2004). Inhibition of de novo synthesis of pyrimidine 

resulted in stimulation of the compensatory salvage pathway which has been linked to 

increased levels of uridine nucleotides, the formation of starch from sucrose as well as cell wall 

synthesis (Geigenberger et al., 2005). Therefore, the enrichment of galactose, trehalose, starch, 

and sucrose metabolism pathways seen in PF at 48 hpi could be a repercussion of the alterations 

in pyrimidines at 24 hpi. Sugars also play wider roles in host responses to phytopathogens 

(Morkunas & Ratajczak, 2014). For instance, trehalose partially induces resistance of wheat to 

powdery mildew (Blumeria graminis f. sp. tritici; Reignault et al., 2001), they also regulate 

key biological processes, including starch degradation and stomatal conductance (Figueroa & 

Lunn, 2016). Similar to the observations in PF, the infection of Fusarium graminearum in 

wheat also caused a decrease in sucrose levels (Guenther et al., 2009; Hadinezhad & Miller, 

2019). As sucrose is the primary photoassimilate in wheat (Takahashi et al., 1998), its reduction 

is indirect evidence of injuries in the photosynthetic machinery caused by Ptr. Furthermore, 

lower sugar content in flag leaves will likely have a negative effect on yield (Xu-Dong et al., 

2003). 

 

5.6 Conclusions 

Here we present the set of metabolomic changes occurring in flag-leaves during P. 

tritici repentis infection. Despite both cultivars displaying a similar degree of TS susceptibility 

at reproductive growth stage, the defence responses at metabolic level were unique to each 

cultivar. From our results, we suggest that responses that may be commonly associated with 
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resistance, specifically constitutive or biosynthesised flavonoid compounds, are part of failed 

defence mechanisms against P. tritici-repentis in wheat. This study also implies that 

saccharides play a role in TS disease development. This illustrates the usefulness of untargeted 

metabolomics to uncover key information underlying plant-pathogen interactions, as well to 

generate testable hypotheses. 
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Chapter 6 

 General discussion 

The challenge of managing TS disease of wheat is still unresolved despite the centenary 

of its discovery being upon us. Numerous efforts have been made to understand Ptr biology 

and how disease symptoms develop, and which defences are deployed against it. As described 

in Chapter 1, several genomic loci that confer some degree of resistance against TS have been 

defined in spring and winter wheat germplasm. Equally, the main Ptr pathogenicity factors 

have been described. However, all this knowledge has yet to be translated into a sustainable 

and durable TS disease management strategy that is compatible with modern production 

systems in different parts of the globe. With continuous reports of fungicide resistance in Ptr 

populations and the incessant drive to develop climate change resilient, high yielding varieties, 

the elucidation of wheat and Ptr interactions in order to develop TS resistant cultivars is 

imperative. To address this, this current project implemented a systemic assessment of 

differential responses to Ptr in wheat. In this thesis, the reactions of wheat lines at different TS 

disease stages were characterised through both uncombined and integrative analyses of 

transcriptomic, metabolomic, and phenotypic data. This involved the utilisation of a variety of 

methods, including classical phytopathological techniques as well as cutting-edge technologies 

as described in Chapter 2. 

In considering the identification of new source of resistance, in Chapter 3, it was shown 

that a MAGIC population included parental lines which showed moderate resistance. Similarly, 

a screen of spring wheat cultivars for Ptr infection resistance was described in Chapter 5. Thus, 

lines Robigus, Alchemy and PF 080719 were identified the most resistant when challenged 
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with Ptr as seedlings, where TS symptoms were limited to small necrotic lesions with only a 

limited development of chlorotic symptoms (Fig. 3.2b, 5.2). However, the latter two lines 

displayed increased susceptibility as adults, exhibiting coalescing lesions with extensive 

chlorosis. This phenomenon has also been observed by Tadesse et al. (2011) when evaluating 

wheat lines for TS resistance. Necrotic flecks became visible by 72 hpi in all plants regardless 

of their resistance level, although at different sizes, which is agreement with the observations 

made from Manning and collaborators (2009a). 

Imaging analysis obtained from periodic assessments of macro- and microscopic 

lesions revealed a significant relationship between cell wall appositions and lower number of 

lesions with the genotypes with heightened TS resistance. Cell wall appositions (CWA) in 

plants, specially callose-rich papilla, have a well-established role in suppressing pathogen 

penetration (Voigt, 2014). Upon pathogen detection, the plant initiates a cytoskeletal 

reorganisation and the synthesis of cell wall components that culminates in a physical barrier 

at the infection site, thereby hampering the infection process (Underwood, 2012; Sassmann et 

al., 2018). Using RNA-seq to detect the genes expressed during deployment of defences to Ptr 

infection, DEGs were found in several pathways associated with the cell wall and cytoskeleton 

that were changing exclusively in Robigus (Fig. 3.6). Crucially, plants treated with actin 

polymerisation inhibitor exhibited increased number of successful infection sites but 

interesting this did not contribute to more extensive disease symptoms. These observations led 

us to hypothesise that a novel TS resistance model composed of at least two mechanisms; one 

based on CWA, and subsequent mechanism(s) displayed post host cell penetration. The events 

associated with the barrier defence mechanism are illustrated in Figure 6.1. Although the exact 

components of these post barrier defences remain to be defined, this project provides some 

indications. Protein kinase PB27/RLCK185, BIG auxin transport regulator, and other 276 

unique genes (Table S3.2) as well as 59 hub co-expressing genes (Table S4.2), are potentially 
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involved in the TS resistant phenotype in Robigus (Fig. 6.1) but further studies are needed to 

unveil their specific roles within TS immunity. The metabolomics analyses showed that the 

infection with Ptr triggered a relatively small set of changes in the metabolism of Robigus 

plants. Considering the high fitness costs to hosts undergoing stress defences (Bruns, 2016) as 

well as the photosynthesis-target nature of Tan Spot disease, we hypothesise that energy 

maintenance may be a feature contributing to Ptr resistance in Robigus (Fig. 6.1). Additionally, 

analysis of untargeted metabolomics data showed the substantial accumulation of a triterpenoid 

saponin annotated as Saniculoside C (C47H76O21) in Robigus at 24 hpi (Table S3.3). Despite 

possessing antifungal properties, saponin phytoanticipins can also trigger the plant adaptive 

immune system (Trdá et al., 2019; Abdelrahman & Jogaiah, 2020). Furthermore, Cheirotoxin 

(C35H52O15) and Evonoside (C41H64O18) were DAMs in Robigus that are catalogued in the 

Toxic Plant Phytotoxin Database (Günthardt et al., 2018), and therefore are potentially agonists 

to Ptr. Other metabolites associated with TS resistance are identified in Chapters 3 and 5.  

The MAGIC population parental-line Hereward exhibited a high susceptibility to Ptr 

infections and was chosen for comparative analysis against Robigus. Both transcriptomic and 

metabolomic changes in Hereward following challenge with Ptr were substantially greater than 

those detected in Robigus (Fig. 3.5, 3.9). There was a significant downregulation of many 

pathways including cell wall organisation and, in line with known ToxA effects (Manning et 

al., 2009), photosynthetic pathways were particularly disrupted (Fig 3.6). However, Ptr 

pathogenicity is not solely dependent on known necrotrophic effectors as Ptr isolates lacking 

ToxA, ToxB and ToxC (race 4) can also be virulent (Guo et al., 2020). Susceptibility factors 

on the hosts can also enable TS disease development (Wei et al., 2020). In this transcriptomic 

study, were found a total of 9369 differentially expressed genes in the susceptible line. The 

genes salicylic acid 3-hydroxylase, NPR1 and NPR3|4 are among the DEGs found exclusively 

in Hereward (Fig. 3.12). Metabolomics analysis showed differentially accumulation of 
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Herniarin at 24 hpi by the susceptible line (Table S3.3). The accumulation of this coumarin has 

been shown to be elicited by salicylic acid (Pastírová et al., 2004). Crucially, the exogenous 

applications of salicylic acid resulted in increased susceptibility in both Robigus and Hereward, 

and therefore these SA associated genes and metabolite are potentially involved in the observed 

phenotype as a susceptibility factor. 

Integrative analyses were performed between the omics data obtained from Robigus and 

Hereward, and from the Brazilian commercial varieties Fundacep Horizonte and PF 080719. 

In Chapter 3, metabolomics and transcriptomics data were integrated using a correlation-based 

network analysis which resulted in the discovery of three hub genes acting in tandem with 117 

explanatory metabolites in Robigus. Although most of these metabolites could not be 

annotated, the targeted genes act on lignification, cellulose synthase and signalling activity. 

This discovery further supports the barrier defence theory identified by independent analyses 

as well as identifying important genes and metabolites to the TS resistance phenotype that have 

not been previously identified. Furthermore, 277 genes were found to constitute a common 

defence to Ptr infection by both Robigus and Hereward. This unsupervised integrative 

approach explored in Chapter 4 is likely to indicate failed defences of wheat against Ptr. These 

include the activation of PR proteins and the flavonoid pathway by means of chalcone synthase 

and phenylalanine ammonia lyase. Similarly, network analysis showed this pathway as central 

in the interactome between Fundacep Horizonte and PF 080719 with P. tritici-repentis (Fig. 

5.6). Moreover, sucrose was found to be another key element in this network, and it was also 

highlighted in metabolomics analysis of Hereward. Altogether, the molecular omics 

approaches, used as individual and combined methods, along with phenotypic analysis 

contributed to advance the understanding of TS disease, and even yielded candidate genes, 

metabolites, and pathways to be further investigated. These events which we postulate are 

associated with moderate resistance in Rob are shown schematically in Figure 6.1. 
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Figure 6.1. Schematic representation of events associated with moderate resistance of wheat 

line Robigus (Rob) to ToxA-producing Pyrenophora tritici-repentis (Ptr). Barrier defence and 

energy maintenance were highlighted as features of resistance. The barrier defence mechanism 

included papilla formation, cell wall appositions (CWA), overexpression of genes associated 

with hemicellulose, cellulose, pectin, actin polymerisation and vesicle trafficking. The other 

resistance feature was characterised by the modest metabolomic response, the preservation of 

photosynthetic components, and by the maintenance of pentose phosphate pathway (PPP) and 

cellular respiration, as means of TCA cycle, glycolysis, and oxidative phosphorylation. 

Responses also included the activation of chitin-induced defences, such as the chitin receptor 

CERK1 and its phosphorylation derivative PBL27/RLCK185. Transcriptional changes 

underlying phytohormone action were also prominent within the first 96 h post inoculation 

(hpi), with emphasis on the overexpression of BIG auxin/IIA transporter. Abbreviation names 

can be found in the text or hereafter. (PPi)PFK, pyrophosphate-dependent 

phosphofructokinase. 13-LOX, 13-lipoxygenase. C3’H, p-coumaroyl shikimate/quinate 3’-

hydroxylase. C4H, cinnamate 4-hydroxylase. CCR, cinnamoyl-CoA reductase. CCoA-OMT, 

caffeoyl-CoA 3-O-methyltransferase. COMT, caffeic acid O-methyltransferase. CS, citrate 

synthase. EIN2, EIN2-type ethylene signal transducer. EIN5/XRN4, EBF-modulating 

exoribonuclease. ETR/ERS, ETR/ERS-type ethylene receptor protein. F5H, ferulate 5-

hydroxylase. FBA, fructose-1,6-bisphosphate aldolase. HCF101, Fe-S cluster assembly factor 

involved in PS-I assembly. GLX1, lactoyl-glutathione lyase. IDH, isocitrate dehydrogenase. 

JAR1, jasmonoyl-amino acid synthetase. MDH, NADPH-dependent malate dehydrogenase. 

OGDH, 2-oxoglutarate dehydrogenase. PFK, ATP-dependent phosphofructokinase. PGK, 

phosphoglycerate kinase. RPE, ribulose-phosphate 3-epimerase. SDH4, membrane-anchor 

component SDH4 of succinate dehydrogenase complex. SBPase, sedoheptulose-1,7-

bisphosphatase. TAL, transaldolase. Created in biorender.com. 
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6.1 Limitations 

The present work was developed on the premise that MAGIC populations are 

genetically diverse and could harbour sources of Tan Spot resistance. However, a relevant 

question is how much diversity do the MAGIC parental lines encompass? Although these are 

elite lines, their suitability to study the underlying interactions of wheat and P. tritici-repentis 

is questionable. For instance, the most resistant line, Robigus, was only classified as moderately 

resistant. It may be that more diverse wheat germplasm could represent a viable alternative for 

exploratory studies and breeding for resistance. 

The sampling timing and methods were also limiting factors. The time points used here, 

selected based on micro and macroscopic observation of stages in the wheat-Ptr interactions, 

were informative of the disease development events rather than the initial defence cascade 

leading to resistance or susceptibility. Although earlier time points have been investigated in 

other wheat-TS studies, they could still be studied in complement with disease development 

associated time points. Furthermore, the sampling strategy did not consider potential spatial 

differences in the different responses. Whether the transcriptomic and metabolomic 

reprogramming in response to P. tritici-repentis infection occurs in the whole leaf or if it is 

more pronounced around the infection site was not tested but seems likely to be the case. 

Therefore, further studies should verify the breadth of tissue specific responses in the wheat-

Ptr interactions. 

Perhaps the biggest bottleneck in transcriptomic and metabolomic analyses of wheat is 

the lack of curated annotations. The robustness of these analyses relies on the correct 

identification and functional characterisation of transcripts and metabolites. The lack of 

annotations not only affects the interpretation, but it effectively limits the insights that can be 

made. Another limitation of these analyses is the biological and technical variability among 

replicates, which occurs in RNA-seq (McIntyre et al., 2011) and mass spectrometry based 



122 

 

metabolomics assessments (Parsons et al., 2009). Although statistical approaches can account 

for this variability, this can limit insights which could be dismissed as non-significant “noise”. 

The breadth of results presented in this thesis represent simultaneously an advantage 

and a limitation. There is a significant gap in the ability to generate a high volume of 

information versus the capacity to exploit them. Furthering each novel insight generated here 

would require substantial amount of time, resources, and scientific effort. For instance, to 

integrate the newly discovered genes associated with TS resistance -as well as previously 

identified QTLs- into breeding programmes is a complex and time-consuming task. 

 

6.2 Future work 

Using a systems biology approach, it was discovered the importance of penetration 

resistance as an effective defence of wheat against P. tritici-repentis. However, the 

mechanism(s) underlying additional defences that halt TS disease development post-

penetration remains to be elucidated. Possibly, analyses of samples taken around infection sites 

could be more informative as disproportional amounts of healthy tissues possibly dilute the 

detection of genes/metabolites that are activated only at contact points with the pathogen. It 

would be also interesting to compare the transcriptional and metabolic changes triggered by 

Ptr infection detected in the whole leaf versus the changes detected at infection sites. Similarly, 

comparative analysis of this wheat-Ptr RNA-seq data with existing wheat transcriptomic 

datasets would highlight the transcripts/pathways activated specifically for Ptr defence as well 

as the common defences deployed towards other stresses. 

Furthering a “top-down” systems biology study would require investigation of the key 

components found at each level of biological organisation. For instance, the specific role of the 

transcripts highlighted by the network and differential expression analyses have yet to be 

confirmed via molecular assays, such as by qPCR or loss-of-function mutant lines. In addition, 
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metabolite annotations should be confirmed by comparing the mass spectrometry profiles with 

that of chemical standards. The few compounds that accumulated to high levels in the first 

hours of Ptr interaction, could be isolated for characterisation and in vitro testing of potential 

antifungal activity. 

The hypothesis generating nature of high-throughput discovery methods such as FIE-

HRMS and RNA-seq, is a useful aspect for exploratory systems biology studies but 

complementary hypothesis-driven experimentation will provide the resolution needed to fully 

understand a complex pathosystem such as this. Considering the findings from transcriptomics 

and metabolomics analyses, targeted proteomics/metabolomics could provide qualitative and 

quantitative resolution on the regulatory components and mechanisms of immunity to TS 

disease. In addition to metabolic enzymes and compounds, the results presented in this thesis 

pointed to the potential involvement of gene expression regulators in the observed TS disease 

phenotype, for example epigenetic control. This question could be addressed via RT-PCR, 

qRT-PCR, chromatin immunoprecipitation (ChIP), southwestern or western blotting assays. 

Besides further understanding the molecular basis of wheat-Ptr immunity, it is also 

critical to take the findings presented in this thesis and apply them in plant breeding 

programmes focusing on TS resistance. For instance, segregating progenies of Robigus and 

Hereward crosses should be exploited and integrated into breeding programmes such as those 

in Embrapa Trigo, Brazil. Through this collaboration, Robigus resistance could be tested under 

field conditions. Furthermore, their resources could be utilised for QTL mapping in segregating 

population. 
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