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Abstract  

The deployment of resistance genes (R genes) in breeding programmes has 

been shown to be a useful strategy to reduce farmerôs reliance on fungicides 

and offset the constant disease pressures on Irelandôs primary crops. 

However, the durability of varieties with R genes can be tenuous due to the 

ability of fungal pathogens to rapidly evolve and overcome the resistant 

phenotype. Recently, the use of susceptibility genes (S genes) has emerged 

as a viable alternative. While the products of S genes can be exploited by 

pathogens to promote infection, crops with specific, non-functional S genes 

have reported strong pathogen resistance. Barley is the primary Irish tillage 

crop and current varieties are susceptible to the pathogen Rhynchosporium 

commune. The goal of this project was to investigate the barley ï R. commune 

interaction and identify and characterise the activity of candidate barley S 

genes. To achieve this, an in silico analysis first identified 682 potential barley 

orthologues to known S genes. In parallel, the temporal transcriptomic 

response of barley to two diverse R. commune isolates identified 245 of these 

genes associated with a response to R. commune. Three of these genes were 

brought forward with the aim of validating functionality via transient 

knockdown. This project has delivered important insights into early signalling 

events in barley in response to R. commune and provided a fundamental 

dataset on the transcriptomic response of barley after R. commune infection 

that will support future investigations into the barley x R. commune interaction.  
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1 Introduction 

1.1 Importance of Barley in Ireland 

Barley is the most important cereal crop in Ireland, grown on over 193,000 

hectares (ha), producing 1,430 thousand tonnes of grain to the marketplace 

(CSO, 2021). The primary use of this grain is in animal feed production (87%), 

and the remainder is used by the malting industry and in food production 

(Teagasc, 2017). Spring barley accounts for 1,004,000 tonnes produced in 

Ireland, with winter varieties accounting for the remaining 426,000 tonnes. 

While winter varieties are higher yielding (8.3 tonnes/ha in 2020) due to their 

longer growing season compared to spring varieties (7.1 tonnes/ha in 2020) 

(CSO, 2021), spring varieties are often favoured due to lower costs associated 

with growing.  

Winter barley requires a vernalisation period to initiate flowering, and as such, 

it is usually sown in late autumn. However, this can be a challenge as poor 

weather conditions can affect soil quality during the sowing season. 

Additionally, winter barley is at higher risk of diseases due to weather 

conditions, which are favourable to pathogens. Therefore, winter barley 

requires higher fungicide inputs compared to spring sown barley, which 

progresses more rapidly through the growth stages. A two-spray programme 

at half rates has been recommended for spring barley while winter barley 

requires a third application before flag leaf emergence (Collins and Phelan, 

2020). Despite savings on materials costs, there are also challenges 

associated with spring barley such as delay to harvesting in the autumn due 

to inclement weather, need for higher seeding rates and ultimately a lower 

yield potential (Collins and Phelan, 2017). 

While Ireland has a cool temperate climate and long day length suitable for 

barley growth, it is also an ideal environment for many barley pathogens 

including barley scald (Rhynchosporium commune), ramularia (Ramularia 

collo-cygni), net blotch (Pyrenophora teres), and powdery mildew (Blumeria 

graminis f. sp. Hordei, Bgh.) (Walters et. al., 2012). Barley scald is one of the 

most significant diseases, present in all barley growing regions worldwide with 

the potential to reduce grain quality and induce yield losses of up to 40% (Xi 
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et. al., 2000).  In Ireland, yield loss due to leaf scald of over 10% has been 

previously reported (Dunne, 2001). 

1.2 Plant immunity 

To protect against the range of pathogens they are exposed to, plants have 

developed a two-part innate immune system (Jones and Dangl, 2006). The 

first line of active defence occurs on the plant cell surface. Pattern-recognition 

receptors (PRRs) in the cell membrane are able to detect pathogen associated 

molecular patterns (PAMPs). This recognition event initiates signal 

transduction pathways and results in the onset of a defence response. PRRs 

are usually receptor like kinases (RLKs) or receptor like proteins (RLPs). 

PAMPs include highly conserved pathogen molecules such as bacterial 

flagellin or the fungal cell wall component chitin (Macho and Zipfel, 2014, 

Spoel and Dong, 2012). For example, in the model plant Arabidopsis thaliana, 

CHITIN ELICITOR RECEPTOR LIKE KINASE 1 (CERK1) encodes a PRR for 

chitin recognition (Miya et al., 2007). PRR-based recognition of these 

conserved molecular patterns activates PAMP triggered immunity (PTI). PTI 

responses include ion fluxes, production of reactive oxygen species (ROS), 

activation of downstream mitogen-activated protein kinase (MAPK) cascades, 

and the activation of immune hormone signalling pathways, such as salicylic 

acid (SA), jasmonic acid (JA) or ethylene signalling. In response to SA 

signalling in particular, the production of anti-microbial and pathogenesis 

related (PR) proteins contributes to protecting the plant against host and non-

host pathogens (Spoel and Dong, 2012). 

Adapted pathogens can bypass PTI through the delivery of effector proteins 

into the plant cells. Effector proteins can act in the cell cytoplasm, or in the 

apoplastic space, as well as in organelles including the nucleus, to supress 

the plant immune response. Effectors have been identified that facilitate 

different stages of infection, including effective penetration of host cells, 

inhibition of PRR activity and downstream PTI responses (Jones and Dangl, 

2006). This is referred to as effector triggered susceptibility (ETS). The second 

line of plant immunity involves the detection of these effector proteins via 

intracellular immune resistance proteins (R proteins) and activation of so-
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called effector triggered immunity (ETI). Most R proteins are nucleotide-

binding leucine-rich-repeat containing proteins (NLR proteins), of which there 

are three functionally distinct groups: those with an N-terminal domain 

consisting of a coiled coil (CNL), those with an N-terminal Toll/Interleukin-1 

receptor (TNL) and those with a RPW8-like CC domain (RPW8) (RNL) (Han, 

2019). ETI is an accelerated and stronger PTI response and often (but not 

necessarily) culminates in a hypersensitive response (HR), which is 

characterised by programmed cell death of the infected cells (Jones and 

Dangl, 2006, Spoel and Dong, 2012). HR is also associated with the transfer 

of defence signals to uninfected neighbouring cells and organs resulting in a 

distal immune response referred to as systemic acquired resistance (SAR).  

The Flor (1971) gene-for-gene model proposes that for each gene that initiates 

an immune response in the plant, there is a corresponding avirulence (Avr) 

gene in the pathogen. Avirulence genes usually encode for secreted proteins 

essential for pathogenicity (effector proteins), expressed at different stages of 

infection. In the gene-for-gene model, plants activate an immune response 

upon R protein mediated detection of a pathogen Avr product. Many models 

have been suggested regarding the underlying R protein perception of 

effectors. R proteins may directly recognise effectors, guard other effector 

targets and initiate response as a result of perturbations in these óguardeeô 

proteins, or act as decoys to prevent effectors from reaching their intended 

target (van der Hoorn and Kamoun, 2008). 

The Guard Model proposes that R proteins óguardô proteins that are targeted 

by pathogen effectors and react in response to pathogen induced changes in 

these óguardeeô proteins (Dangl and Jones, 2001, Mackey et al., 2003). For 

example, in Arabidopsis, AvrPphB SUSCEPTIBLE 1 (PBS1) is targeted by 

Pseudomonas syringae pv. tomato (Pst) effector AvrPphB. This effector binds 

to and cleaves PBS1, which then initiates RESISTANT TO P. syringae 5 

(RPS5)-mediated resistance. In this case, RPS5 is the óguardô protein, which 

initiates an immune response when its óguardeeô protein PBS1 is cleaved by 

the pathogen effector AvrPphB (Swiderski and Innes, 2001). 
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The decoy model proposes that so called ódecoyô proteins mimic effector 

targets to trap effectors in a recognition event (van der Hoorn and Kamoun, 

2008). This model implies that the effector target guarded by R proteins is a 

decoy that mimics the operative effector target. For example, Pst effectors 

AvrPto and AvrPtoB target and inhibit RLKs involved in immune signalling. 

AvrPto and AvrPtoB are recognised by the tomato R protein PTO. PTO, when 

bound to a second host protein PRF, mimics these target RLKs, and on 

recognition of AvrPto and AvrPtoB initiate an immune response (Paulus and 

van der Hoorn, 2018). 

The so-called ózig-zagô model, proposed by Jones and Dangl (2006), pictures 

the events of plant microbe interactions and the resulting arms race (Figure 

1.1), which comprises four phases. During the first phase, plant PRRs 

recognise PAMPs and initiate an immune response (PTI). The second phase 

is when the pathogen effectors bypass PTI and induce effector triggered 

susceptibility (ETS). Phase three only occurs when an effector is recognised 

by plant R proteins, resulting in ETI. As a result of increased selection 

pressures, the pathogen either sheds this recognised effector or expands its 

range of effectors, suppressing ETI and triggering ETS once more (Jones and 

Dangl, 2006). This in turn, drives the selection of novel host R-genes in the 

recognition of new pathogen effectors. This repetition results in a molecular 

óarms raceô between pathogen and plant (Andersen et al., 2016, Jones and 

Dangl, 2006).    

A pathogen may also have more than one effector that evolves independently 

to alter the same host target through different mechanisms. In Arabidopsis, 

RPM1 INTERACTING PROTEIN 4 (RIN4), a regulator of both PTI and ETI, is 

targeted by at least two Pst effectors: AvrRtp2 and AvrRpm1. RESISTANCE 

TO P. syringae 2 (RPS2) and RESISTANCE TO P. syringae pv maculicola 1 

(RPM1), two Arabidopsis R proteins, then detect effector induced 

perturbations of RIN4 and activate ETI (Kim et al., 2005).  Alternatively, a 

single effector protein can manipulate multiple host targets. For example, the 

Blumeria graminis f. sp. Hordei, (Bgh) effector BEC1054 was shown to interact 

with BARLEY GLUTATHIONE-S-TRANSFERASE (GST), MALATE 
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DEHYDROGENASE (MDH) and PATHOGENESIS-RELATED PROTEIN 5 

(PR5) in vitro (Pennington et. al., 2016). 

 

 

Figure 1.1: The zig-zag model. PAMPs are recognised by PRRs, which 
initiates PTI. Successful pathogens secrete effector molecules into the cell, 
inducing ETS. One effector (red) may be recognised by a plant R protein, 
activating ETI. Due to selection pressures, the pathogen may lose these (red) 
effectors recognised by R proteins, and other unrecognised effectors may 
evolve (blue). This óarms raceô between effectors and R-proteins continues as 
selection pressures change. Figure from Jones and Dangl, 2006.  

 

Increasing evidence indicates that PTI and ETI are not two distinct processes 

and are in fact functionally linked. For example, ETI mediated resistance in 

Arabidopsis against Pst effector protein AvrRpt2 is compromised in PRR 

mutants (Yuan et. al., 2021). Additionally, pre-activation of ETI in Arabidopsis 

lines expressing the Pst effector protein AvrRps4 increased PTI-induced ROS 

production after PAMP treatment, while ETI activation alone did not (Ngou et. 

al., 2021). However, the zig-zag model (Figure 1.1) is still relevant to describe 

how host resistance can be overcome by adapted pathogens, and in turn, how 

selection pressures drive the evolution of new R genes and associated 

immune responses. This is particularly important in the context of crop 

breeding, as many crop varieties are initially highly resistant to important 

pathogens, but this resistance breaks down after years of commercial use.  
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For example, virulent Zymoseptoria tritici has also been detected on the 

previously resistant wheat cultivar (cv) Cellule (Kildea et. al., 2020). This is as 

a result of Z. tritici isolates undergoing rapid selection to evade detection by 

the wheat R gene Stb16q (Kildea et. al., 2021). 

The purpose of models is to provide a representation of complex real-life 

systems. While the zig-zag model has been an extremely useful tool to 

illustrate events in plant-pathogen interactions, it has its shortcomings. For 

instance, while the four phases are described in a sequential manner, it is 

important to note that it is not a representation of a single interaction. Phases 

three and four occur as a result of selection pressures and as such occur on 

a population level. For example, the potato late blight pathogen Phytophtora 

infestans undergoes major population shifts in response to selective 

pressures. Particularly, the P. infestans strain 13_A2 was found to rapidly 

increase in field populations on both moderately resistant and susceptible 

potato cultivars (cvs). Genome sequencing of this strain revealed six novel 

effectors compared to the reference genome, including a homolog of Avr2 that 

could evade detection by potato resistance genes (Cooke et. al., 2012).  

Furthering our knowledge of the plant immune system, particularly of 

components of PTI and ETI in a particular pathosystem is essential for 

developing breeding strategies for new resistant crop cultivars in the future.  

1.3 Rhynchosporium commune 

1.3.1 Taxonomy and origin 

R. commune is a haploid ascomycete, with high genetic diversity and a 

relatively short life cycle; normally several generations occur in one growing 

season (Zhan et. al., 2008). It reduces tiller production and causes substantial 

lesion formation on the barley leaf blade (Figure 1.2 A, B), and can be isolated 

from leaves displaying lesions (Figure 1.2 C). First isolated from rye plants in 

the Netherlands and named Marsonia secalis Oud. (Oudemans, 1897), the 

pathogen was reclassified in 1901 as Rhynchosporium graminicola Heinsen 

due to its beak shaped conidia (Figure 1.2 D) (Heinsen, 1901). By 1921 it had 

been renamed Rhynchosporium secalis (Oud) J.J. Davis in compliance with 
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the International Rules of Nomenclature, and was characterised as infecting 

barley, rye, and other grasses (Avrova and Knogge, 2012, Davis, 1921). 

 

Figure 1.2: A) Leaf scald on susceptible winter barley, KWS Cassia, in the field 
(Oak Park, Co. Carlow, Ireland). B) Typical scald lesion on Cassia leaf. 
Lesions are typically light brown/grey, surrounded by a dark brown margin C) 
R. commune in culture. D) Typical R. commune spores. 

 

Evidence for host specialisation by Rhynchosporium secalis was described by 

Zaffarano et. al., (2006). The same group carried out infection studies and 

showed that different Rhynchosporium secalis isolates specifically infected 

barley, rye or Agropyron species (Zaffarano et. al., 2008).  Following this, 

based on phylogenetic analysis and their different hosts, Rhynchosporium 

secalis was re-classified into three distinct species (Zaffarano et al., 2011); R. 

commune, R. secalis and R. agropyri. R. commune is shown to infect barley, 

Italian ryegrass and other Hordeum species such as Hordeum murinum (King 

et. al., 2013). The name R. secalis was kept for isolates infecting rye and 
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triticale, while R. agropyri isolates specifically infect Agropyron species 

(Zaffarano et al., 2011). It has been proposed that the three species originated 

from a common unknown ancestor (Zaffarano et. al., 2008).  R. orthosporium 

is a fourth distinct member of the Rhynchosporium genus, which is 

morphologically distinct from the other three Rhynchosporium species, 

producing cylindrical conidia instead of the typical beak shaped conidia of the 

other Rhynchosporium species. R. orthosporium specifically infects cat grass 

(Dactylis glomerata) (Caldwell, 1937). 

The area of origin of a pathogen is generally accepted to be the centre of its 

highest genetic diversity (McDonald, 2015).  As such, if R. commune 

originated as a true barley pathogen, high genetic diversity should be found 

where barley was first domesticated, in the Fertile Crescent of the Middle East. 

However, gene diversity analyses conducted by Zaffarano et al., (2006) 

suggest that this is not the case. In their study, 1,366 isolates from 31 field 

locations across five continents were analysed and showed highest allele 

richness in Scandinavia followed by Switzerland, with significantly lower allele 

richness in the Fertile Crescent and other regions tested. The lowest genetic 

diversity was observed in Syrian populations. These results are in agreement 

with the first recorded case of scald disease being reported in Europe 

(Oudemans, 1897). Furthermore, analysis into the nucleotide sequences of 

the R. commune NECROSIS INDUCING PROTEIN 1 (NIP1) avirulence gene 

identified 37 distinct haplotypes, with the highest haplotype diversity being 

found in Norway, and the least diversity being observed in Syria and Jordan 

(Brunner et. al., 2007). Altogether, these analyses suggest that barley is not 

the original host of R. commune, and instead that the pathogen originated in 

Northern Europe on a different host, possibly a different Hordeum relative or 

endemic grass species, before making a host switch sometime after the 

introduction of barley to Europe (approximately 8,000 years ago, Jones et. al., 

2011; Zaffarano et al., 2006). However, while the original host of R. commune 

remains unknown, this proposed centre of origin is supported by the cool 

temperate climate in Northern Europe that is preferred by R. commune. 
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1.3.2 Genetic Diversity 

The high genetic diversity of R. commune is proposed to be as a result of many 

factors, including large population size, high spontaneous mutation rate, gene 

flow and asexual reproduction (Goodwin et al., 1994, McDermott et al., 1989, 

Zaffarano et al., 2006). R. commune reproduces asexually via production of 

spores, which are produced directly from the hyphae. Given the high genetic 

diversity of R. commune, it is very likely that it also reproduces sexually, as 

sexual reproduction results in greater genetic diversity than asexual 

reproduction (McDonald, 2015), however, this has not yet been confirmed. 

Ascomycetes require two genetically distinct parents for sexual reproduction. 

The mating type is determined by Mating Type (MAT) loci, of which there are 

two distinct idiomorphs. Similar to its close relative Tapesia yallundae, the R. 

commune MAT1-2 locus contains a single gene encoding a protein with a high-

mobility group (HMG) DNA-binding domain, while the MAT1-1 locus encodes 

a HMG domain protein with an additional DNA-binding alpha-box domain. 

Isolates of both these mating types have been identified in UK populations of 

R. commune (Foster and Fitt, 2003).  However, the presence of MAT genes is 

not sufficient to confirm sexual reproduction as MAT genes have also been 

identified in the asexual fungus Fusarium oxysporum (Arie et al., 2000). Partial 

sequencing of the HMG and alpha-box domains in R. commune, showed that 

the frequencies of these two MAT loci were overall equal for a collection of 

1101 R. commune isolates from 21 geographic locations globally. However, 

this equilibrium did not always hold when looking at diversity within specific 

regions, particularly in Australia and Switzerland (Linde et. al., 2003). Equal 

mating type distribution is consistent with sexual reproduction and random 

mating, and it could be argued that the sexual cycle is infrequent in populations 

with unequal mating type frequencies. Given the high genetic diversity of R. 

commune that is consistent with sexual reproduction, it is most likely that 

sexual reproduction does occur, however no sexual stage has been identified, 

and there has not been sufficient work done in this area to provide evidence 

to definitively confirm this. 
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1.3.3 Epidemiology 

R. commune is likely to be a seed borne pathogen, but as seed infection is 

often symptomless, visual analysis of seeds is not sufficient to determine seed 

quality. Older studies by Skoropad (1959) and Kay and Owen (1973) show 

that under controlled conditions, seed borne inoculum can cause a 

transmission rate of 2-6% from symptomless seed. Symptomless seed 

infection can result in the long-range dispersal of R. commune, particularly 

with increasing demands for intensification of barley cultivation. Chemical 

treatment of seed can reduce disease incidence, however an ability to detect 

and quantify R. commune load on infected seed is important to further reduce 

spread of virulent R. commune strains and reduce reliance on current available 

chemicals.  

Secondary spread of disease is likely to occur via splash dispersal of conidia 

(Figure 1.3). However, the extent of this is difficult to determine. Simulated 

rainfall experiments by Fitt et. al., (1986) show that water borne conidia in rain 

droplets can infect surrounding plants and upper leaves. Water droplets 

collected after simulated and natural rainfall over infected plants were both 

shown to contain R. commune conidia. However, the effect of rain dispersal is 

likely to be underestimated, as during natural rainfall and heavy simulated 

rainfall it was impossible to measure number of conidia per droplet (Fitt et. al., 

1986). Additional variations in field conditions (e.g.: temperature, soil quality, 

changing rainfall intensity) mean that rain simulation experiments may not 

adequately describe field transmission of a pathogen. In an alternative 

approach to assess splash dispersal, Karisto et. al., (2022) inoculated the 

centre of experimental winter wheat plots with two Z. tritici isolates. After three 

months, quantitative PCR (qPCR) of leaf samples to detect the presence of Z. 

tritici showed a disease dispersal distance of up to one metre. However, there 

was no indication of whether the seed was tested prior to sowing, and if 

disease incidence was entirely as a result of splash-dispersal.  

R. commune disease can be broken into two distinct phases that cover its 

hemibiotrophic nature, with an initial biotrophic asymptomatic phase, 

preceding the necrotic stage through which visual symptoms appear following 
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host cell death (Horbach et al., 2011). Infection commences with the arrival of 

conidia on the leaf surface, which produce hyphae that penetrate the cuticle 

via apressoria, rather than entering through the stomata (Jones and Ayres, 

1972; Thirugnanasambandan et. al., 2011). Successful penetration is followed 

by subcuticular growth of hyphae along the cell walls (Thirugnanasambandan 

et. al., 2011). Throughout the infection, the pathogen is confined to the plant 

apoplastic space. Conidia form directly from hyphae, which then erupt through 

the leaf cuticle. During the asymptomatic growth phase, unlike other biotrophic 

pathogens such as Bgh (powdery mildew), R. commune does not produce 

feeding structures such as haustoria. Instead, it is thought to gain nutrients 

directly from host cells. Measurement of osmotic pressure and electrolyte 

leakage of cells of infected plants showed increased permeability of the host 

cells (Jones and Ayres, 1972), however the molecular mechanism behind this 

remains unclear. The increased permeability was greater in susceptible 

varieties compared to resistant varieties, but mycelium growth was also 

significantly reduced in the resistant variety (Jones and Ayres, 1972), making 

it difficult to draw clear conclusions.   

The first sign of disease symptoms is observed by the collapse of mesophyll 

cells from extensive mycelia growth, resulting in classic scald lesion formation. 

Under field conditions, symptoms generally appear during the stem elongation 

phase (Zadoks Growth Stage (GS) 30-39, Zadoks et. al., 1974), and it is during 

this phase that rainfall likely contributes to splash-infection of upper leaves and 

surrounding plants (Figure 1.3).  
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Figure 1.3: R. commune life cycle throughout the growing season (Figure from 
Avrova and Knogge, 2012). The primary source of inoculum is from infected 
seed and debris. Infected seed is usually symptomless, especially during 
seedling growth. Symptoms begin to appear during the stem elongation stage 
of growth, with the appearance of scald like lesions. This gives rise to a 
secondary source of inoculum via splash dispersal of conidia from lesions to 
upper leaves and seeds, and to neighbouring plants during rainy weather.  

 

Based on older literature, the percentage of leaf area displaying scald like 

lesions on the flag leaf typically results in yield loss (r = 0.49) (James et. al., 

1968), as a result of reduced photosynthetic area during infection. This is 

similar to other cereal pathogens such as the wheat pathogen Z. tritici which 

induces large necrotic lesions on the wheat leaf blade resulting in yield loss of 

up to 50% when the flag leaf is infected (King et. al., 1983).  
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A consistent challenge with the control of R. commune is detecting the 

pathogen in the field in the absence of visual symptoms. As a result of this 

situation, farmers apply fungicide programmes based on growth stage of the 

host, as opposed to presence / absence of disease. Multiple molecular 

diagnostic techniques have been developed to detect the pathogen at low 

levels in symptomless leaves and seeds. An enzyme-linked immunosorbent 

assay (ELISA) has been used to detect infection in symptomless leaves from 

naturally infected field trials and artificially infected plants grown in controlled 

atmosphere growth chambers (Foroughi-Wher et. al., 1996). Since then, more 

sensitive DNA detection methods based on polymerase chain reaction (PCR) 

have also been developed to identify infection in symptomless seed and 

leaves (Lee et. al., 2001; Fountaine et. al., 2007). The use of quantitative PCR 

(qPCR) involving detection of R. commune genomic DNA (gDNA) has 

revealed that colonisation actually occurs over most of the growing season in 

both resistant and susceptible barley cultivars (from a selection of 10 cultivars 

from the United Kingdom (UK) Recommended Growing list). R. commune 

DNA was detected as early as GS13 (three leaf stage). Interestingly, for some 

resistant cultivars, colonisation level of the pathogen was very high when 

compared to visual assessment of symptoms. For example, the increase in 

fungal biomass in resistant cultivar (cv) Leonie followed a similar pattern to 

susceptible cv. Vertige (Fountaine et. al., 2007). While disease pressure 

during these trials was reported to be low, there is no indication that seeds 

used were tested for R. commune prior to sowing, and therefore the level of 

inoculum available from seed on the different varieties is unclear. As the field 

trials were carried out according to the UKs Home-Grown Cereals Authority 

(HGCA) guidelines, it is likely that the seed had been chemically treated to 

reduce disease incidence, however this is not indicated in the text. Regardless, 

chemical treatment would not completely eliminate risk of disease. 

1.4 Disease control 

1.4.1 Integrated pest management 

Integrated pest management (IPM) is a key concept introduced for control of 

crop pests. This was first defined in 1959 as a combination of biological and 
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chemical measures to control pest outbreaks (Stern et al., 1959). Since then, 

IPM has expanded to allow for the management of multiple pests 

simultaneously, through an integrated system of multiple control strategies. 

This includes prevention through agronomic practices, chemical and biological 

control, as well as forecasting disease pressures. A particular emphasis is 

placed on prioritising biological, physical and other non-chemical methods 

over chemical control, to reduce reliance on conventional pesticides (FAO, 

2020). IPM is essential to combat issues such as pesticide resistance and 

environmental contamination (Ehler, 2006). However, these definitions of IPM 

are very broad, and difficulties often arise on how each measure should be 

applied to individual farms, given their different needs. Farmers often have 

different perceptions on what IPM includes and find difficulties in distinguishing 

what actions specifically fall under the banner of IPM (Kildea et al., 2019). 

Current strategies to control the spread of R. commune involve a combination 

of chemical and biological mechanisms as well as agronomic practices. 

Infected straw and crop debris usually provide a major source of inoculum as 

well as increasing potential for splash dispersal during rainy weather (Fitt et 

al., 1986).   As such, agronomic practices such as crop rotations and stubble 

management are key to reducing the amount of inoculum available in the 

following growing season. Delaying sowing date also has the potential to 

reduce disease pressure in barley. Walking the crops regularly to monitor for 

pests and disease is also recommended (Teagasc et. al., 2020). 

1.4.2 Chemical Control 

Chemical control involves the use of plant protection products such as 

fungicides to reduce disease incidence. Fungicides are commonly used as a 

foliar treatment sprayed over the crop canopy, but are also applied as granular 

products to soil, and in seed treatments (Poole and Arnaudin, 2014). Single 

site fungicides bind to specific protein targets and disrupt cellular processes 

and therefore can provide a high level of control at low doses. However, 

fungicide resistance can then arise through point mutations in genes encoding 

for target proteins. Multisite fungicides target a range of cellular processes 

(Lucas et al., 2015). Current fungicide programmes for barley involve the use 
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of demethylation inhibitors (DMIs or triazoles), quinone outside inhibitors 

(Qols) or succinate dehydrogenase inhibitors (SDHIs), all of which are single 

site. Taking into account that over 193,000 ha of barley was grown in the last 

year (CSO 2021), over ú16 million was spent on fungicide sprays on barley 

crops. 

Benzimidazoles were previously used in the control of R. commune, by 

targeting ɓ-tubulin in the pathogen. Specifically, benzimidazoles bind to ɓ-

tubulin and prevent microtubule assembly, resulting in mitotic failure (Butters 

et. al., 1999). However, by the early 1990ôs, resistant R. commune populations 

were reported in the UK (Locke and Phillips, 1995). A point mutation in the ɓ-

tubulin gene (E198A) was later attributed to resistance to benzimidazoles, 

reducing their binding efficiency to ɓ-tubulin (Ma and Michailides, 2005). As a 

result, benzimidazoles are no longer recommended for control of leaf scald.  

Resistance to DMI fungicides, which are currently used, has not yet been 

reported in R. commune.  However, mechanisms of resistance have been 

identified in other crop pathogens such as Bgh, through a point mutation in the 

target site CYP51 - a cytochrome P450 demethylase (Wyand and Brown, 

2005, FRAC 2012). Paralogs of the CYP51 gene are present in R. commune; 

CYP51A and CYP51B (Hawkins et al., 2014). To date, no mutations in R. 

commune CYP51 genes conferring resistance to DMI fungicides have been 

identified. However, eyespot pathogens Oculimacula yallundae and 

Oculimacula acuformis, both closely related to R. commune, have varying 

degrees of sensitivity to DMI fungicides. While many CYP51 mutations have 

been identified in sensitive strains, no mutation in O. yallundae or O. acuformis 

has been directly related to DMI sensitivity (Albertini et. al., 2003). 

The protein target for QoI fungicides which are currently used in the control of 

R. commune is MITOCHONDRIAL CYTOCHROME B. As this class of 

fungicide also has a single target-site mode of action, there is a significant risk 

of resistance development, as witnessed in the wheat - Z. tritici host-pathogen 

interaction. Z. tritici resistance to QoIs was first reported in 2002 (Fraaijie et. 

al., 2003). Resistance to QoIs occurs as a result of a point mutation in the 

mitochondrial cytochrome b (G143A). In 2008, a small number of 
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Rhynchosporium populations were identified with complete resistance to Qols 

in France, with a number of isolates containing the G143A mutation. This 

mutation was also identified at low frequencies in the UK and Spain (FRAC, 

2015). In Ireland, this mutation was found at four sites (Phelan et al., 2017), 

confirming that QoIs are vulnerable. Of significance, complete resistance to 

QoIs has been reported in other barley pathogens such as Ramularia collo-

cygni (FRAC, 2012). 

There is also concern that increased over-reliance on SDHIs will also result in 

pathogen resistance (Sierotzki and Scalliet, 2013), however there are no 

reported cases of SDHI resistant R. commune isolates to date. To preserve 

the efficacy of remaining chemistries, it is important that all necessary 

measures to reduce fungicide resistance are taken, such as only using 

fungicides when needed and using the lowest doses required for control. It can 

also be useful to use a mixture of active substances, so as not to over rely on 

a single activity and drive insensitivity (Corkley et. al., 2021). 

Multisite fungicides are advantageous, as they have a lower risk of resistance 

occurring. As these chemicals interrupt multiple protein groups, their mode of 

action is not organism specific or site-specific. In contrast to fungicides with a 

target site specific mode of action, resistance to multisite fungicides cannot 

arise as a result of a single point mutation. Multisite fungicides generally form 

part of disease control programmes as a óback upô to reduce overreliance on 

single site fungicides. However, in the EU, pesticide availability is reducing as 

a result of the Pesticide Authorisation Directive 91/414/EEC requiring a risk 

assessment for approval of the use of pesticides combined with Regulation 

(EC) 1107/2009 that requires all registered pesticides to meet very strict 

standards being approved for use (European Parliament, 2009). These 

increased restrictions have limited pesticide availability and will impact crop 

production in Ireland and the rest of the EU (Jess et al., 2014). In 2019, 

chlorothalonil, a major multi-site fungicide, did not meet these standards due 

to fears over health, environmental damage and groundwater contamination, 

and its use was prohibited in 2020.   
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This has increased the importance of applying an integrated approach to 

disease management. As such, there is a need to focus on increasing the 

resilience and efficiency of crop varieties, and include this in disease 

management strategies (Lin, 2011). Specifically, this highlights the importance 

of improving our understanding of host-pathogen interactions to identify key 

genes or signalling pathways involved in resistance or susceptibility to a 

particular pathogen (Stout and Davis, 2009). These genes or pathways can 

then be targeted to aid in breeding for cultivars with increased and durable 

genetic resistance. 

1.4.3 Genetic control 

The spread of crop pathogens is also controlled through breeding for resistant 

crop varieties. The two types of cultivar resistance are single gene (R gene) 

resistance (or qualitative resistance) which provides almost complete disease 

control but is often race-specific and can be overcome by emergence of new 

strains. In contrast, multi-gene resistance (or quantitative resistance), which 

offers partial control that is usually more durable as it is not race-specific, 

which is affected by disease pressure.  

Identification of novel R genes plays a key role in breeding for disease 

resistance. Many R genes have been characterised in different plant species 

and are being used to develop disease resistant crop varieties in crop 

improvement research programmes (Gururani et. al., 2012). In barley, 

Andersen et al. (2016) identified 175 CNL genes, through identification of 

barley orthologs to Arabidopsis and rice CNL genes. The high frequency of 

splice variants and multiple exons have contributed to the rapid diversification 

of barley R genes (Andersen et al., 2016). Sixteen major R genes that confer 

resistance to R. commune have been identified in barley, as described in 

(Zhan et al., 2008). Studies involving R gene mediated resistance in the barley 

x R. commune pathosystem have focused primarily on the major resistant 

genes RRS1 and RRS2.  RRS1 gives resistance to R. commune strains 

encoding the corresponding Avr allele AvrRrs1, which codes for a NECROSIS 

INDUCING PROTEIN NIP1. This protein is involved in the lesion forming stage 

of infection (Rohe et. al., 1995). Two other R. commune avirulence genes NIP2 
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and NIP3 have also been identified. These three NIP proteins are the only 

secreted effector proteins identified in R. commune. Expression analysis 

shows that NIP1 is expressed in R. commune spores, while NIP2 and NIP3 

are only expressed after inoculation of the host plant (Kirsten et. al., 2012). 

NIP1 and NIP3 stimulate plant plasma membrane localised H+-ATPase, 

although the molecular mechanism involved remains unknown. The function 

of NIP2 also remains unknown (Kirsten et. al., 2012). More recently, distinct 

NIP1 paralogs (NIP1A and NIP1B) have been identified in different 

Rhynchosporium species (Mohd-Assaad et. al., 2019).  

In contrast to single R gene mediated resistance, quantitative resistance is 

often controlled by several genes, offering partial resistance to multiple strains 

(Zhan et. al., 2008). Regions of the genome containing the genes associated 

with quantitative traits are referred to as quantitative trait loci (QTLs). Barley 

cultivars with partial quantitative resistance still develop symptoms, however 

they may be less severe, or appear at later growth stages. As quantitative 

resistance does not rely on the recognition of specific avirulence genes in the 

pathogen, it does not impose the same selection pressures on the pathogen 

as qualitative R gene mediated resistance. Therefore, quantitative resistance 

can be viewed as more durable than qualitative resistance.  Quantitative 

disease resistance is usually associated with a reduction in disease symptoms 

rather than complete absence of symptoms. This can be a result of host effects 

on latent period, reducing spore germination or production, but the molecular 

events involved in quantitative resistance are not as well described as major 

R gene mediated resistance in the barley x R. commune pathosystem.   

Deletion or alteration of a pathogen Avr gene previously recognised by a host 

R gene triggers ETS. Therefore, single gene mediated resistance such as the 

RRS1/NIP1 interaction is vulnerable to breakdown.  In 614 R. commune 

isolates analysed, NIP1 gene deletion was observed in 45% of strains. As a 

result, strains lacking this effector are overcoming RRS1 mediated resistance. 

However, a NIP1 deletion does not appear to affect fungal virulence, indicating 

the presence of other virulence genes. Interestingly NIP2 deletion was only 

detected in 8% of strains, and NIP3 deletion only in 0.3% of strains. It is hence 
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possible that these proteins are more essential to the pathogen (Schurch et. 

al., 2004).  

In the barley x R. commune pathosystem, óresistanceô refers to the absence of 

visual disease symptoms. As such, it does not necessarily indicate a lack of 

pathogen colonisation (Zhan et. al., 2008). This is evident from work by 

Fountaine et. al., (2007) described earlier, in which pathogen DNA was 

detected in both resistant and susceptible barley cultivars across the growing 

season, despite the lack of visible necrotic symptoms. Additionally, infection 

time-course experiments using a green fluorescent protein (GFP) expressing 

strain of R. commune on resistant cv. Atlas46 and susceptible cv. Atlas 

showed that spores germinate normally in both the resistant and susceptible 

lines (Thirugnanasambandam et. al., 2011). In the susceptible line, hyphal 

growth resulted in an extensive network during the latent phase. In contrast, 

in the resistant line, while branched hyphae grew in the extracellular space, 

growth was limited and disorganised (Thirugnanasambandam et. al., 2011). In 

summary, resistant barley lines do not appear to stop R. commune 

colonisation, however, can impede hyphal development and growth. However, 

the molecular events involved in this resistance mechanism remain unknown. 

Currently most commercial barley varieties only provide moderate levels of 

resistance to R. commune, and even the most resistant varieties (resistant 

rating = 8) on the Department of Agriculture, Food and the Marine (DAFM) 

recommended growing list still require fungicide treatments for control (DAFM 

2022).  This highlights the need to identify novel and durable sources of 

resistance that do not rely on race specific recognition of R. commune.  

1.5 Breeding for host resistance  

Domestication of crops is an evolutionary process in which humans have used 

wild species to establish new forms of crops with traits that met human needs, 

such as yield and edibility (Purugganan, 2019). During domestication, only 

seed from crops with the most favourable traits were selected for the next 

generation. As a result of this, genetic bottlenecks occur during domestication, 

specifically when only a subset of wild populations are selected for cultivation. 

This, combined with loss of genetic diversity through breeding programmes, 
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has led to a significant reduction of the genetic sources of resistance in modern 

cultivars compared to their wild relatives (Alqudah et. al., 2020). As such, wild 

relatives may be a useful resource for disease resistance. For example, 

Pikering et. al., (2006) demonstrated the transfer of a resistance allele from 

Hordeum bulbosum to generate a R. commune resistant hybrid line by 

crossing with susceptible barley cv. Emir. This line was then backcrossed with 

Emir, with resulting seed showing no visual symptoms under glasshouse 

conditions after infection with R. commune. However, during subsequent field 

trials disease pressure was reported to be low and visual symptoms were not 

reported.   

Conventional breeding plays an essential role in crop improvement; however 

this method has drawbacks. Conventional breeding methods require 

examination of large populations over multiple generations, which is both time 

and labour intensive (Breseghello and Coelho, 2013). Response of cultivars in 

field trials are also influenced by environmental factors such as temperature, 

rainfall and challenge by other pests, highlighting the importance of testing 

new cultivars under field conditions. 

Advancements in DNA sequencing technology and genetic engineering have 

increased our ability to breed for enhanced disease resistance. As the barley 

genome has been sequenced (The International Barley Genome Sequencing 

Consortium, 2012), candidate R genes can be identified through 

bioinformatics analysis or identification of molecular markers by comparing 

sequence data from different cultivars to the reference genome (cv. Morex). 

Marker assisted selection (MAS) breeding is used to enhance traditional 

breeding programmes.  DNA markers that reveal sites of variation in different 

cultivars are identified and used to select parental genotypes in breeding 

programmes. This allows for selection of traits that are difficult to assess for in 

phenotypic assays (Edwards and Batley, 2010). As indicated in Section 1.4.3, 

quantitative resistance only provides partial resistance and while symptoms 

may appear, they may be less severe, develop later or have reduced spore 

production. 
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In experimental conditions, the resistance or susceptible phenotype of a barley 

cultivar is usually determined by the specific R. commune strain it is exposed 

to. Therefore, identification of resistance is strongly influenced by the genetic 

composition of the specific R. commune strain or population used in the trials. 

Natural inoculum contains a mixture of strains, as would occur under normal 

field conditions. This provides the ability to challenge cultivars with a number 

of virulence factors. Single strain experiments can give additional information 

by showing differential response of barley cultivars.   

There have also been incidences where R gene resistance can be engineered 

in crops through the identification and characterisation of R genes from 

different cultivars. For example, the R gene RPG1 which encodes an RLK 

confers resistance to many pathotypes of Puccinia graminis (cause of stem 

rust) and was cloned from barley cv. Morex, and efficiently transferred to the 

stem rust susceptible barley cultivar Golden Promise (Horvath et al., 2003). 

Transfer of R gene mediated resistance has also been demonstrated through 

the identification and characterisation of R genes from different plant species. 

One instance of this was demonstrated by Zhao et al., (2004) as the R gene 

ZmRXO1 identified in maize, conferred resistance to Burkholderia 

andropogonis (cause of bacterial stripe in maize) in maize, and also to the 

non-host rice pathogen Xoo (cause of bacterial streak in rice). It was later 

shown that ZmRXO1 is functional in rice for the control of X. oryzae (Zhao et 

al., 2005). This approach is not limited to the usage of R genes for disease 

resistance. Field inoculation of transgenic tomato lines expressing the 

Arabidopsis PRR EF-TU RECEPTOR (EFR) with Ralstonia solanacearum 

(causal agent of bacterial wilt) showed a reduction in disease severity over two 

years (Reduction of 66 % in 2015 and 23 % in 2016). However, disease 

incidence in non-transgenic lines was reported to be much lower in 2016 

compared to 2015 (23 % and 82 % respectively), indicating low disease 

pressure in 2016. As such, the durability of these transgenic approaches is 

unclear (Kunwar et. al., 2018). 

Another common breeding strategy to improve the durability of R gene 

mediated resistance is the stacking of multiple R genes that are effective 

against the same pathogen strains through different mechanisms. This can be 
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achieved by cross-breeding pre-existing R genes. In this case, it would offer 

more durable resistance as the pathogen would have to evolve multiple 

evasion strategies to establish infection (Dangl et al., 2013, Halpin, 2005). 

MAS and plant transformation have greatly improved the efficiency of selecting 

and stacking R genes.  R gene stacking was demonstrated in potato cultivar 

Désirée, which is susceptible to the late blight pathogen P. infestans by 

combining three potato R genes Rpi-sto1, Rpi-vnt1.1, and Rpi-blb3 using 

Agrobacterium-mediated transformation (AMT) (Zhu et. al., 2012). 

Breeding for R gene mediated resistance has been the primary focus in plant 

breeding programmes aimed at improving disease resistance.  However, the 

narrow genetic base of cultivated barley can result in genetic vulnerability 

(Muñoz-Amatraín et. al., 2014). Single gene resistance is at particular risk to 

crop pathogens with high genetic variation, such as R. commune. Any 

mutation in the avirulence gene leading to the non-recognition by the 

corresponding plant R gene will restore virulence, and render that particular 

cultivar susceptible, as illustrated by the zig-zag model. Often, new resistant 

crop cultivars are introduced, and soon becomes popular and are grown over 

a large area. However, when a new resistant R. commune isolate emerges, it 

can quickly spread due to lack of competition. This has been observed in 

Ireland in the spring barley cv Doyen. Doyen was classed with high resistance 

to R. commune and widely used in Ireland with no reports of severe disease 

up until 2006. In this year, severe disease levels were reported. By comparing 

cv Doyen resistance to other R. commune isolates which were isolated from 

barley cvs Lux, Tavern and Wicket, it was determined that the high disease 

levels observed on cv Doyen in 2006 was not as a result of seasonal 

pressures, but as a result of the emergence of a new isolate of R. commune 

(OôSullivan et. al., 2007). This shows how resistant cvs can break down within 

a single growing season. It is possible that the new isolate had been present 

at a low frequency and built up in cv. Doyen due to lack of competition. As cv 

Doyen was very popular at the time due to its resistance rating, this race then 

increased and became widespread within a single growing season. In 

summary, there is an increasing need for more durable resistance strategies, 

which do not solely rely on R gene mediated resistance.  
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1.5.1 Susceptibility genes 

Identification of pathogen effector targets has proved to be a useful tool in 

breeding for host resistance. Host genes encoding effector targets can be 

referred to as susceptibility (S) genes (Pavan et al., 2010, van Schie and 

Takken, 2014). More broadly, any plant gene that facilitates pathogen infection 

can be considered an S gene. For example, genes involved in negative 

regulation of the immune response are considered as S genes, as their activity 

in the absence of infection results in the suppression of immunity. These can 

be targeted by pathogen effectors and activated to increase susceptibility. 

When S genes become dysfunctional, for example through mutation, 

pathogens are impeded from colonising the plant, resulting in a resistant 

phenotype. In this case, by removing a specific S gene function, the pathogen 

loses a host factor required for a compatible host-pathogen interaction (van 

Schie and Takken, 2014, Zaidi et al., 2018). In summary, S genes are 

dominant genes whose impairment can result in recessive based resistance 

(Pavan et. al., 2010).  

S-genes can be grouped into three different types, depending on how they 

facilitate pathogen infection. Type 1 are genes that allow for compatibility and 

aid early pathogen establishment. Mutations in these types of S-genes prevent 

pathogen penetration, conferring a non-host type of resistance (van Schie and 

Takken, 2014). For example, ENHANCED DISEASE RESISTANCE 3 (EDR3) 

in Arabidopsis is an S gene that was found in a screen to identify mutants with 

increased resistance to Erysiphe cichoracearum, a biotrophic pathogen that 

requires living host cells for colonisation. The edr3 mutants showed increased 

cell death and reduced powdery mildew spore production as a result of nutrient 

deprivation. However, the edr3 mutants also showed increased susceptibility 

to the necrotrophic fungal pathogen Botrytis cinerea (Tang 2006).  

Type 2 S genes are involved in the modulation of host defences to facilitate 

infection. Their targets include positive and negative regulators of plant 

immunity such as genes involved in controlling PTI (van Schie and Takken, 

2014). JA and SA are two plant hormones involved in plant defence; JA is 

typically required for defence against necrotrophs and insects, while SA is 
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classically required for defence against biotrophs. The antagonistic interaction 

between JA and SA means that the JA pathway can supress the SA defence 

pathway and the SA pathway can supress the JA defence pathway (Turner et. 

al., 2002). In Arabidopsis, bHLH3, bHLH13, bHLH14 and bHLH17 supress the 

JA response (Huang et al., 2018). These genes encode for transcription 

factors and were shown to function redundantly. Quadruple mutants of these 

transcription factors reduced susceptibility to the necrotroph Botrytis cinerea 

in Arabidopsis (Song et. al., 2013). After inoculation of quadruple mutant 

Arabidopsis plants, the JA-regulated defence genes ETHYLENE RESPONSE 

FACTOR 1 (ERF1), PLANT DEFENSIN 1.2 (PDF1.2), LIPOXYGENASE 2 

(LOX2) and THIONIN 2.1 (THI2.1) were highly induced upon pathogen 

perception (Song et. al., 2013). However, while having increased resistance 

to a necrotrophic pathogen, the quadruple mutant lines showed increased JA 

induced susceptibility to the hemibiotrophic pathogen Pst.  Theoretically, any 

genes coding for proteins involved in the JA and SA signalling pathways (such 

as the Arabidopsis bHLH genes) can be considered S genes, given that their 

activity can be a benefit to either biotrophic or necrotrophic pathogens. 

Type 3 S genes facilitate the post penetration needs of the invading pathogen, 

where pathogens use host machinery for their metabolic requirement and 

proliferation (van Schie and Takken, 2014). A classic example would be 

pathogenic viruses (such as potyviruses), which target and activate host genes 

involved in DNA or RNA replication to complete their life cycle. The plant 

machinery can also be exploited by pathogens for nutrition. In rice, SWEET 

proteins (SUGARS WILL EVENTUALLY BE EXPORTED TRANSPORTED) 

contribute towards Xoo susceptibility. SWEET11 acts as a sugar transporter, 

loading the apoplastic space with carbohydrates which then provide nutrition 

for the pathogen. Xoo secretes the PthXo1 effector into host cells where it 

directly interacts with the SWEET11 promoter, specifically activating its 

expression. pthXo1 mutants, show reduced pathogenicity as a result of 

reduced transcription of host SWEET11. In agreement with this, RNA 

interference (RNAi) of rice SWEET genes confers resistance to Xoo (Chen et 

al., 2010). 
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1.5.2 R genes Vs S genes 

S genes can be described as dominant genes, whose impairment leads to 

recessive resistance traits. Mutations in dominant genes that would otherwise 

promote infection are thought to be more durable than dominant R gene 

mediated resistance. S gene mediated resistance does not rely on the 

recognition of a specific pathogen effector, and resistance is instead based on 

a óloss of compatibilityô. As such, this type of resistance cannot be overcome 

by changes in the pathogen population, either through expansion of effector 

repertoire or loss of existing effectors. Additionally, it could confer broad range 

resistance against many strains, as opposed to being strain specific, as it 

would not require recognition of specific effectors as observed with R gene 

mediated resistance.  However, as S genes are involved in many primary 

functions including development, flowering and stress response, interruption 

of S gene function is usually accompanied with some form of fitness penalty, 

for example: reduced growth, reduced yield, or reduced tolerance to other 

biotic and abiotic stress (Van Schie and Takken, 2014). As such, not all S 

genes are suitable to be targeted for editing. For example, MPK4 is a negative 

regulator of SA production in Arabidopsis, involved in both PTI and ETI. 

Removal of MPK4 leads to a build-up of SA, conferring resistance to Pst. 

However, mpk4 mutants also displayed dwarfism and spontaneous lesion 

formation (Petersen et al., 2000). Additionally, many S genes play central roles 

in immune signalling pathways such as hormone signalling, and removal of 

their function may lead to increased resistance to one pathogen but also 

increased susceptibility to another. It is important to first determine the function 

and suitability of an S gene for use in resistance breeding (Gawehns et al., 

2013). 

1.5.3 Engineering for S gene mediated resistance 

One of the best described instances of S gene mediated resistance is the 

barley MILDEW LOCUS O (MLO) for Bgh resistance (Jørgensen, 1992). 

Powdery mildews are a group of disease causing fungi found to infect most 

staple crops worldwide. They are obligate biotrophs that infect living epidermal 

cells in order to reproduce. They show a high degree of host specificity, so that 
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the barley powdery mildew fungus, Bgh, can infect barley but does not grow 

on other cereal crops (Eichmann et al., 2010, Schweizer, 2007). MLO is a 

widely conserved plant gene involved in negative regulation of plant immunity. 

The 60-kDa MLO protein is predicted to have six membrane spanning helices 

and is thought to have a role in callose deposition (Jørgensen, 1992; Büschges 

et al., 1997).  

Loss of MLO function in barley shows complete non-host resistance to 

otherwise virulent Bgh. A number of barley varieties with mlo loss of function 

mutations are used as a source of resistance in Europe (Jørgensen, 1992), 

and continue to show resistance after almost 30 years, illustrating the durability 

of this approach. Recessive mlo mediated resistance is characterised by rapid 

papillae formation and callose deposition at the encounter site of the pathogen, 

forming a barrier and preventing pathogen penetration, hence making this a 

type 1 S gene (Jørgensen, 1992, Skou et al., 1984). It has also been 

suggested that mlo mediated resistance to Bgh may also be a result of 

increased hydrogen peroxide production and cell death (Piffanelli et. al., 

2002).  

Orthologues of MLO have also been shown to act as S genes in other plant 

species, including Arabidopsis (Consonni et. al., 2006), wheat (Wang et. al., 

2014) and oat (Reilly et. al., 2021). Indeed, due to the presence of MLO 

proteins in ancient plant lineages, it has been suggested that MLOs are 

required for other biological roles and were then exploited by powdery mildew 

pathogens to promote susceptibility. For example, AtMLO7 has been 

described in the context of pollen tube reception, under the regulation of the 

receptor like kinase FERONIA (FER) (Kessler et. al. 2010). Interestingly, 

recessive mutations in FER also showed mlo-like increased resistance to the 

powdery mildew Golovinomyces orontii on the Landsberg erecta (Ler) 

Arabidopsis accession. This was shown by reduced penetration, as well as 

reduced colony establishment and conidiophore production (Kessler et. al., 

2010).  

However, there is a trade-off between durable resistance to powdery mildew 

and undesirable pleiotropic effects observed in barley mlo mutants.  
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Spontaneous necrotic leaf spotting observed in barley mlo mutants can cause 

reduced grain yield and quality (Jørgensen, 1992), due to reduced green leaf 

area intercepting sunlight. In Arabidopsis, both mlo and fer mutants show a 

spontaneous cell death phenotype as well as increased hydrogen peroxide 

production. In barley, mutations in mlo also result in increased susceptibility to 

other pathogens such as R. collo-cygni, as shown by McGrann et. al., (2014) 

under both laboratory conditions and in field trials (McGrann et. al., 2014). 

Additionally, Jarosch et al., (1999) showed that mlo-5 mutants display 

increased susceptibility to the rice blast pathogen Magnaporthe grisea under 

laboratory conditions. Interestingly, functioning MLO may also reduce 

susceptibility to R. commune, as suggested in field trials conducted by 

Makepeace et. al., (2007). However, this was observed through a field 

evaluation, and the relative expression levels of MLO after infection was not 

examined in this study. Additionally, functioning MLO is also required for the 

colonisation of the beneficial root endophyte Serendipita indica due to the 

enhanced papillae formation impeding colonisation (Hilbert et. al., 2020). 

Therefore, it is beneficial to know the role of the S gene in question - what the 

primary function of the candidate S gene is. Knowledge of the function of S 

gene candidates or their orthologues will give an insight into potential 

pleiotrophic effects that may arise as a result of reduced S gene function. 

In recent years, the importance of S genes and their potential in resistance 

breeding has been highlighted. However, there is limited information available 

on S genes in barley outside of the Bgh pathosystem. As R. commune has a 

hemibiotrophic lifestyle compared to Bgh biotrophic lifestyle, there is potential 

to employ a similar S gene mediated resistance strategy in combination with 

other IPM control methods to ensure a more durable solution to the 

management of this pathogen. 

1.6 Project Aims 

The work described in this thesis aims to: 

(1) examine the interaction between susceptible and resistant barley cultivars 

and the pathogen R. commune to identify a timeline of disease progression 

and corresponding host responses for selected R. commune isolates.  
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(2) identify candidate S genes in barley that promote R. commune infection 

through molecular and bioinformatics approaches. 

(3) establish a transient expression system in barley to interrupt candidate S 

gene activity and examine the response of barley lines with reduced candidate 

S gene activity to R. commune.    

1.6.1 Examining the interaction between barley and R. commune 

The first aim is to examine the interaction between selected barley cultivars 

and Irish R. commune isolates to gain understanding of the disease 

timecourse of the selected isolates. There are many examples in the literature 

of studies to characterise colonisation of barley leaf tissue by different R. 

commune isolates. In the literature, a number of methods were established 

including field studies (Atkins et al., 2010), glasshouse or controlled 

atmosphere growth chambers (Al-Daoude et al., 2014, Jackson and Webster, 

1976) and detached leaf assays (Newton et al., 2001, Thirugnanasambandam 

et al., 2011). The different protocols described combined with the high genetic 

variability across different R. commune strains can greatly influence the 

infection timecourse. Chapter 2 details the establishment of the most suitable 

and reproducible protocol for the inoculation of barley with the R. commune 

isolates used in this project.  

Once a reliable and reproducible protocol had been established, inoculation 

experiments were carried out using two R. commune strains and two barley 

cultivars, one susceptible (KWS Cassia ï referred to as Cassia for remainder 

of thesis, resistance rating = 4) and one resistant (KWS Infinity ï referred to 

as Infinity for remainder of thesis, resistance rating = 7), which are both 

currently on the DAFM Winter Barley Recommended List (DAFM 2022). 

Assessment of visual symptoms over time and quantification of fungal biomass 

at several timepoints throughout the infection timecourse was then carried out. 

The aim was to assess the virulence and reproduction of the pathogen during 

latent and necrotic stages. Additionally, reverse transcription qPCR (RT-

qPCR) on total RNA from infected leaf tissue was carried out with the aim to 

identify the expression levels of genes known to be involved in the plant 

immune response. This was necessary to assess how the different cultivars 
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were responding to the different isolates over time, but also to identify key 

timepoints in the infection process, including latent phase duration and onset 

of the host immune response. 

1.6.2 Identification of candidate S gene targets 

The second aim of this project is to identify potential barley S genes that may 

play a role in susceptibility to R. commune. This was done using an in silico 

approach and transcriptomics. The in silico approach consisted of sequence 

similarity searches of known S genes in other plant species (using an 

extensive list of S genes published by van Schie and Takken, 2014) to identify 

potential barley orthologues to these known S genes. The second approach 

involved global transcriptome analysis of infected barley to identify specific 

genes or pathways that are activated or repressed in susceptible or resistant 

cultivars, and in response to two different R. commune isolates at the key 

timepoints identified in the first project aim.  

1.6.3 Functional analysis of identified S gene candidates 

The third aim of this thesis was to analyse the role of candidate S genes in R. 

commune infection through knock down of S gene activity. Chapter 4 details 

attempts made to establish a transient expression system in three barley cvs 

Cassia, Infinity and Golden Promise using Agrobacterium tumefaciens leaf 

infiltration. Chapter 4 also describes the generation of an RNAi construct to 

knockdown S gene function to test the hypothesis that elimination of candidate 

S gene activity can result in a resistance like phenotype.  
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2 Establishing R. commune disease screening protocols to 

characterise infection process in barley cultivars. 

2.1 Introduction 

The life cycle and different stages of R. commune infection in barley are well 

characterised (Avrova and Knogge, 2012, Lehnackers and Knogge, 1990), 

however the specific molecular interactions of different R. commune isolates 

with barley cultivars are complex and not as well understood. As shown by 

Fountaine et al., (2007), resistance ratings of commercial barley cultivars do 

not correlate with infection levels determined by quantitative PCR (qPCR), 

indicating that the pathogen is capable of growing and completing its life cycle 

within the tissues of so-called resistant plants, without producing any 

symptoms. This can lead to the production of infected seed, which in turn 

contributes to the spread of disease across growing seasons. The barely 

response to early infection events between germination of conidia on the leaf 

surface and symptom appearance still remain largely unclear. 

Many studies have been carried out to characterise colonisation of barley leaf 

tissue by different R. commune isolates using a variety of methods including 

field studies (Atkins et al., 2010, Topp et. al., 2019), glasshouse or controlled 

atmosphere growth chambers (Al-Daoude et al., 2014, Jackson and Webster, 

1976) and detached leaf assays (Newton et al., 2001, Thirugnanasambandam 

et al., 2011). There is large variation in disease outcomes observed under 

similar experimental conditions. For example, Newton et. al., (2001) identified 

1x105 spores/ml as the optimum spore concentration for a detached leaf assay 

using three Scottish R. commune isolates and recorded lesion formation 8 

days post inoculation (dpi) in susceptible barley cvs Maris Mink and Proctor. 

This observation is different to the detached leaf assay later described by 

Thirugnanasambandam et. al., (2011). However, in this work a GFP-tagged 

R. commune isolate was studied in the susceptible cultivar Atlas. In this 

cultivar, visible symptoms were not observed until much later, at 21dpi. This 

shows how R. commune isolate and barley cultivar selection can greatly affect 

disease progression.  
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There are also notable differences across the literature in the experimental 

conditions used in studying the barley x R. commune interaction in planta. 

Differences are observed in volume and concentration of the spore 

suspension used during inoculation, which ranges from 103 to 107 spores/ml 

in both whole plant and detached leaf assays, as well as variations in 

temperature (ranging 15-18°C) and relative humidity (RH) (ranging 80-100%) 

at which the plants are grown (Abang et al., 2006, Newton et al., 2001, 

Thirugnanasambandam et al., 2011, Xue and Hall, 1992). These factors, 

combined with the genetic differences in the R. commune isolates used in 

different labs can affect the outcome of infection and the duration of the 

asymptomatic period. This also highlights the need to optimise a protocol 

suitable for the specific isolates and barley cvs examined in this chapter. 

The use of molecular diagnostic tools is well established for the detection of 

pathogens in barley and other crop species. While an ELISA has been 

successfully used to detect R. commune in asymptomatic barley (Foroughi-

Wehr et al., 1996), genomic DNA (gDNA) detection by PCR is thought to be 

more sensitive (Pandey et. al., 2015). R. commune has indeed been detected 

in asymptomatic barley using standard PCR (Lee et al., 2001) and quantitative 

PCR (qPCR) (Fountaine et al., 2007) on gDNA.  According to Fountaine et. 

al., (2007), R. commune DNA quantification carried out using a locked nucleic 

acid (LNA) probe assay is the most sensitive of three assays tested (SYBR-

Green I, TaqMan probe and LNA probe), when measuring R. commune 

biomass accumulation in asymptomatic leaf tissue. The use of qPCR to 

monitor fungal biomass has also been demonstrated to be suitable for the 

detection of other crop pathogens, such as for the detection of Fusarium 

graminearum in asymptomatic wheat kernels (Horevaj et al., 2011), as well as 

multiple other Fusarium strains in infected wheat leaves, ears and grain 

(Waalwijk et al., 2004). qPCR methods have also been used in the diagnosis 

of the soybean rust pathogens Phakopsora pachyrhizi and Phakopsora 

meibomiae (Frederick et al., 2002). 

Monitoring the response of the plant host is also important to understand 

plant/pathogen interactions. In this case, quantification of mRNA by reverse 

transcription qPCR (RT-qPCR) is a highly sensitive and commonly used tool 
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to quantify host defence related gene expression during pathogen infection. 

For example, RT-qPCR was used to determine the relative expression of the 

PTI marker gene WRKY7 in tobacco and in potato treated with different 

PAMPs (flg22, chitin and Pep13) (Wang 2019).  

Monitoring the expression of host defence related genes could provide 

valuable information to establish an efficient and standardized R. commune 

infection protocol, as well as to characterise the dynamic transcriptional 

changes of specific barley genes at early and late timepoints after infection. 

Compared to Arabidopsis, fewer genes in barley have been clearly established 

as markers for plant response to pathogens. Below are some genes that were 

identified as being of potential relevance to the barley x R. commune 

interaction.  

SA signalling plays an important role in the response to biotrophic and hemi-

biotrophic pathogens (Tanaka et. al., 2015). Despite this, the role of SA 

signalling in response to R. commune in barley is not documented. However 

preliminary work involving treatment of barley leaves with SA prior to R. 

commune infection has been described (Griffe, 2017). Inoculation of barley 

with R. commune isolate L73a showed delayed lesion formation in SA primed 

seedlings (8 dpi) compared to control (water) treated seedlings (6 dpi). 

Inoculation with a GFP tagged R. commune isolate also showed constricted 

hyphal growth in SA primed leaf sections at 6 dpi in a detached leaf assay 

(Griffe, 2017). This suggests that SA induced defence may play an important 

role during the early defence response to R. commune.   As a result, genes 

associated with SA signalling or acting downstream of SA signalling, are 

potentially of interest to monitor barley response to R. commune, particularly 

during the biotrophic infection phase. For example, expression of 

PATHOGENESIS RELATED PROTEIN 1 gene (PR1) has been shown to be 

induced by various pathogens in different plant species and is also associated 

with systemic acquired response (SAR) (Durrant and Dong, 2004). PR1, PR5 

and PR9 have been shown to be expressed in the mesophyll of both resistant 

and susceptible barley lines within 24 h after infection R. commune isolate 

UK7. This activation is prolonged until 72 hpi in susceptible cv Atlas, which 

lacks the rrs1 R gene compared to resistant Atlas 46 (RRS1) (Steiner-Lange 
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et al., 2003). The NONEXPRESSER OF PR GENES 1 (NPR1) protein is 

considered to be a master regulator of SA signalling and SAR, acting upstream 

of PR genes (Ding et. al., 2018). NPR1 was also shown to be required for SA 

mediated suppression of JA responses (Sopel et. al., 2003). Therefore, 

monitoring NPR1 expression is also likely to be of interest when studying 

barley x R. commune interaction.   

SA also induces the expression of downstream transcription factors, such as 

WRKY33, that regulate important aspects of the plantôs defence responses 

(Zheng et al., 2006). In Arabidopsis, AtWRKY33 expression is significantly 

increased in Arabidopsis after pathogen infection, including B. cinerea and 

Alternaria brassicicola (Zheng et. al., 2006; Tao et. al., 2021), and is expressed 

at low levels in healthy plants. Disruption of AtWWRKY33 results in increased 

susceptibility to the necrotrophic pathogens B. cinerea and A. brassicicola 

(Zheng et. al., 2006). Barley WRKY43 and WRKY50 have been identified as 

orthologues to AtWRKY33 (Liu et al., 2014), and could potentially play a similar 

role in activation of immune response genes in the context of R. commune 

infection. 

Another important regulator of plant defences against pathogens is the small 

molecule nitric oxide (NO), whose concentration is tightly regulated via both 

production and scavenging mechanisms (Shapiro, 2005). Plant hemoglobins, 

including HEMOGLOBIN (HB), scavenge NO under stress conditions (Gro  

et. al., 2013). In Arabidopsis, hemoglobins influence both the SA and 

JA/ethylene defence signalling pathways in response to hemibiotrophic Pst 

and necrotrophic B. cinerea pathogens (Mur et al., 2012). Monitoring HB 

expression in barley in response to R. commune could be relevant, not only 

because of the hemi-biotrophic lifestyle of the pathogen, but also because of 

the central role of NO signalling in plant defences against pathogens. 

Previously, Al-Daoude et al., (2014) described the expression profile of RAR1 

in response to R. commune (isolate Rs46) infection of the resistant German 

barley cv Banteng. RAR1 showed an increase of expression levels at 2 dpi, 

reaching its highest level at 5 dpi. Although this was shown using semi-

quantitative RT-PCR as opposed to RT-qPCR, these results point to (i) a 
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potential role of RAR1 in response to R. commune, and (ii) the fact that RAR1 

might be a good marker to monitor barley response to R. commune. RAR1 

encodes a zinc ion binding protein and is required for resistance signalling 

triggered by multiple R proteins, acting upstream of ROS production during 

ETI (Shirasu et al., 1999). The RAR1 protein interacts and forms a complex 

with SGT1 and HSP90 in barley during the immune response (Austin et al., 

2002). SGT1 has also been shown to be a positive regulator of R gene 

mediated resistance (Austin et. al., 2002; Peart et. al., 2002). In Arabidopsis, 

there are two functionally redundant SGT1 proteins. Compared to wild type 

(WT) plants, rar1 sgt1a double mutants in Arabidopsis showed increased 

bacterial growth of Pst DC3000 expressing the effectors avrRpt2, avrRpm1 or 

avrPphB at 3 dpi (Azevedo et. al., 2006), indicating that they are more 

susceptible. Additionally, the RAR1/SGT1 complex is required for barley 

MILDEW LOCUS A (Mla) mediated resistance to the powdery mildew fungus 

Bgh (Austin et. al., 2002). 

BAX-INHIBITOR 1 (BI1) is a known conserved cell death regulator in animals 

and plants (Hückelhoven, 2004). Mutations in plant cell death regulators often 

show enhanced resistance to biotrophic pathogens, which require living host 

tissue to complete their life cycle or enhanced susceptibility to necrotrophic 

pathogens. Specifically, BI1 expression was shown to increase after 

inoculation of susceptible barley cv Ingrid with Bgh. Additionally, virus and 

transient induced gene silencing (VIGS and TIGS) of barley BI1 resulted in 

enhanced resistance to Bgh (Eichmann et. al., 2010). It has also been 

suggested at barley BI1 functions downstream of MLO, as overexpression of 

BI1 partially restored susceptibility to Bgh in mlo mutants (Eichmann et. al., 

2006). 

The best characterised S-gene in barley is MILDEW LOCUS O (MLO) which, 

as described in section 1.5.3, is involved in barley susceptibility to Bgh 

(Jorgenson 1992). Interestingly, it has also been suggested that active MLO 

may also reduce susceptibility to R. commune (Makepeace et al., 2007). This 

was determined in field trials and scoring disease incidence in cvs with and 

without functioning MLO. In addition, there is evidence that loss of MLO 

function can increase susceptibility to other barley pathogens such as 
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hemibiotrophic Magnaporthe oryzae (Jarosch et al., 1999), suggesting that 

MLO may not act as a susceptibility gene in all pathosystems. 

2.2 Chapter Aims 

The primary aim of this chapter was to identify the optimum growth conditions 

at which plants should be inoculated via different inoculation methods using a 

selection of Irish R. commune isolates and a number of barley cultivars. The 

barley cultivars were selected due to their diverse response to R. commune 

based disease response ratings (rr) as assigned by DAFM. These disease 

ratings are on a scale of 1-9, with 1 representing full susceptibility, and 9 

representing full resistance. Different protocols were tested, including a pilot 

glasshouse study in spring barley against six Irish R. commune isolates, a 

detached leaf assay based on methods described in Newton et. al., (2001) in 

spring and winter barley against a single R. commune isolate. Finally, the use 

of a controlled atmosphere growth chamber proved the most reliable in 

producing a reproducible method to characterise the interaction between two 

R. commune isolates against susceptible and resistant winter barley cvs 

Cassia (rr = 4) and Infinity (rr = 7) (DAFM, 2022).  

Once the experimental method had been optimised, the secondary objective 

of this chapter was to characterise the R. commune isolates in Cassia and 

Infinity to establish an infection timeline and identify significant timepoints 

during infection at which genome-wide gene expression changes could be 

monitored. The infection timecourse was established using three approaches: 

(i) an assessment of the visual onset of symptoms to determine the timing of 

the latent and necrotic stages of the disease;  

(ii) to follow the infection from the viewpoint of the pathogen, gDNA was 

collected from infected leaf tissue at multiple timepoints to quantify the 

accumulation of fungal biomass over time, using qPCR as described by 

(Fountaine et al., 2007); 

(iii) to monitor the plant response to the infection, RT-qPCR was used to 

quantify the expression of defence related genes described above over the 

infection timecourse. These infection assays were carried out to identify the 
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appropriate sampling timepoints for a global transcriptome analysis study 

described in chapter 3. 

  



37 
 

 

2.3 Methods 

2.3.1 Barley seed sterilisation  

For the seedling assays described in section 2.3.2, barley seeds were first 

washed in 70% (v/v) ethanol for 3 minutes (min), then rinsed in sterile distilled 

water (SDW) three times for 1 min. Seeds were then washed in 25% sodium 

hypochlorite (v/v) for 20 min and rinsed in SDW until all the sodium 

hypochlorite was removed (8-15 washes). The seeds were air dried in sterile 

9 cm Petri dishes under a laminar hood. Seeds were not checked for R. 

commune infection as they were sterilised prior to use.  

2.3.2 Barley growth conditions 

2.3.2.1 Glasshouse assay 

Seeds of barley cultivars (cvs) Golden Promise, Propino, Tesla, Snakebite  

and Sanette (Table 2.1) were sown in 10 cm pots filled with John Innes #2 soil, 

two seeds per pot, and grown in a glasshouse at 18ęC under lights with a 16 

hour light period until growth stage  (GS) 13 (third leaf unfolded).  

Table 2.1: List of barley cultivars and corresponding resistance ratings.  

Cultivar Rating Resistance Sowing Reference 

Cassia 4 Susceptible Winter DAFM, 2022 

Golden Promise 5 Moderately susceptible Spring HGCA, 1990 

Snakebite 5 Moderately susceptible Spring DAFM, 2012 

Propino 6 Moderately resistant Spring DAFM, 2019 

Tesla 7 Good resistance Spring HGCA 2015 

Sanette 7 Good resistance Spring DAFM, 2017 

Infinity 7 Good resistance Winter DAFM, 2022 

 

2.3.2.2 Detached leaf assay 

Sterilised barley seeds of cvs Propino, Golden Promise and Cassia (Table 2.1) 

were stratified on filter paper moistened with SDW at 4ęC in the dark for 7 days 

to synchronise germination of spring and winter varieties. Using forceps, sterile 

seeds were transferred into 15 ml falcon tubes with 2 ml 0.5X seed germination 

media (SGM) (Appendix 1), one seed per tube. The tubes were placed at 18ęC 

under 24 h light and grown until GS11 (first leaf fully unfolded). 
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2.3.2.3 Controlled atmosphere growth chamber assay 

Sterilised barley seeds of cvs Infinity (Table 2.1) and Cassia were stratified on 

filter paper moistened with SDW at 4ęC in the dark for 7 days. Seeds were 

then transferred into 9 cm pots filled with John Innes #2 soil, one seed per pot. 

Plants were grown in controlled growth chambers (Snijders Micro Clima 

MC1750) at 18ęC, 80% relative humidity (RH) at a 16 h day photoperiod until 

GS13. 

2.3.3 Isolation of R. commune field isolates 

Leaves displaying scald lesions were collected from fungicide evaluation plots 

(i.e., no fungicide treatment control plots) of Cassia and Propino in Oak Park, 

Co. Carlow, Ireland (Table 2.2). Leaf sections were left to dry at room 

temperature for 48 h. Sections of the leaf displaying lesions were excised and 

washed under running water for 2 h. Lesions were then surface sterilised by 

placing in 70% (v/v) ethanol for 20 seconds (s) to remove the outer waxy layer 

of the leaf and transferred to 10% (v/v) sodium hypochlorite for 2 min.  The 

leaf sections were then rinsed three times in SDW. The cleaned leaf sections 

were dried between two sheets of sterile filter paper. Using a scalpel, the 

lesions were cut into four sections and placed onto Czapek Dox agar (CDA) 

(Appendix 1) with chloramphenicol (50 mg/L) and streptomycin (50 mg/L). 

Plates were sealed with Parafilm and incubated at 18ęC in the dark for 14 days. 

This procedure was carried out to isolate the 2018 R. commune isolate 

OP18(9), used in this thesis (Table 2.2). The remaining R. commune isolates 

used in this thesis were provided by Dr. Kildea (Teagasc, Table 2.2). All were 

isolated using a similar protocol. 
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Table 2.2: List of R. commune isolates used in this chapter. 

Isolate Year Collected Cultivar Location 

OP18(9) 2018 Cassia Oak Park, Co. Carlow 

OP16(27) 2016 Cassia Oak Park, Co. Carlow 

OP16(21) 2016 Cassia Oak Park, Co. Carlow 

OP16(22) 2016 Cassia Oak Park, Co. Carlow 

OP16(16) 2016 Cassia Oak Park, Co. Carlow 

L15 2015 Unknown Lagganstown, Co. Tipperary 

44.07 2007 Cassia Oak Park, Co. Carlow 

 

2.3.4 Fungal growth conditions  

After two weeks of growth on CDA, sporulating mycelia were scraped off the 

initial isolation plates and transferred into a 1.5 ml microcentrifuge tube 

containing 1 ml SDW and vortexed for 5 seconds. 100 µl of the mix was 

pipetted onto ten freshly prepared CDA plates with chloramphenicol (50 mg/L) 

and streptomycin (50 mg/L) and spread using an inoculation spreader. Plates 

were sealed with Parafilm and incubated at 18ęC in the dark for 14 days. 

2.3.5 Spore suspension preparation 

R. commune spores were harvested by flooding two week old plates with 5 ml 

SDW and scraping the sporulating mycelia loose with an inoculation spreader. 

The suspension was filtered through a double layer of muslin cloth. The spore 

concentration was calculated using a GlassticÊ slide, with hemocytometer 

type grid to count spores and the concentration adjusted to 1x106 spores/ml 

or 1x107 spores/ml (dependent on experimental requirements) using SDW. 

For spray inoculation of seedlings (sections 2.3.6.1 and 2.3.6.3), the spore 

suspension was transferred into a handheld spray bottle with 0.1% (v/v) Tween 

20 to act as a surfactant.   

2.3.6 Barley x R. commune host-pathogen assays 

2.3.6.1 Pilot glasshouse experiments to test inoculation protocol 

R. commune spores from isolates 44.07, OP16(22), OP16(21), OP16(16), 

OP16(27) and L15 (Table 2.2) were harvested as described in section 2.3.5 

with spore concentration adjusted to 1x106 spores/ml. A mock treatment of 

SDW with 0.1% (v/v) Tween 20 was used as a control.  
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Two test screens were carried out in glasshouses. At GS13 (third leaf fully 

unfolded), 4-8 seedlings of barley cvs Propino, Tesla, Sanette, Snakebite and 

Golden Promise (Table 2.1) were spray inoculated until run off and covered 

with plastic bags for 48 h to maintain RH close to 100%. The seedlings were 

placed in a glasshouse at 18 °C, under lights to maintain a 16 h photoperiod. 

After 48 h the bags were removed. The seedlings were monitored every 2-3 

days for disease symptoms, which were scored as percentage of leaf area 

displaying scald like lesions, and total loss of green leaf area as described by 

James (1971). 

2.3.6.2 Detached leaf assay to quantify fungal biomass accumulation in 

barley.  

Seeds of barley cvs Cassia, Propino and Golden Promise (Table 2.1) were 

grown as described in section 2.3.2.2. A 4-5 cm section of the first unfolded 

leaf was cut using a scalpel blade. Six leaf sections from 6 independent plants 

were placed into a 10 cm square petri dish containing 1% (w/v) agar with 

benzimidazole (100 mg/L). The cut ends of the leaf were sandwiched between 

cut strips of 1% (w/v) water agar (Figure 2.1) to minimize the potential for 

senescence. A brush was used to gently abrade the leaf surface at the two 

points of inoculation. 10 µl of a 1x106 spores/ml suspension (R. commune 

isolate 44.07, Table 2.2) was pipetted onto the abraded area, with two 

inoculation points per leaf section. 10 µl of distilled water was used as a mock 

treated control. The plates were sealed using micropore tape and incubated 

at 18ęC for 10 days (16 h day photoperiod). Leaf sections were collected 10 

days post inoculation (dpi) and freeze-dried for DNA extraction (section 2.3.7) 

and R. commune biomass quantification (section 2.3.9). 
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Figure 2.1: Detached leaf assay set up. 4-5 cm leaf sections of the first 
unfolded leaf from six individual plants were placed on water agar with the cut 
ends sandwiched between two layers of agar to slow down senescence and 
to hold leaf sections in place. Inoculation point indicated in red along the 
midvein. 

 

2.3.6.3 Growth chamber assay to investigate fungal biomass 

accumulation and barley response to R. commune. 

R. commune spores from isolates OP18(9) and 44.07 were harvested as 

previously described in section 2.3.5 and the spore concentration was 

adjusted to either 1x106 or 1x107 spores/ml. A mock treatment of SDW with 

0.1% Tween 20 (v/v) was used as a control. 

Eighteen Cassia and Infinity seedlings per treatment were spray inoculated at 

GS13 until run off and covered with plastic bags to keep RH at 100% to aid 

fungal penetration. After 48 h the plastic bags were removed, and seedlings 

kept at 80% RH. Disease was scored as the percentage of leaf area displaying 

scald like lesions and as total loss of green leaf area at 0, 2, 7, 10, 14, 17, 19 

and 21 dpi for the 1x106 spores/ml treatment. The second emerged leaf (leaf 

2) was harvested at each timepoint except at 17 and 19 dpi and flash frozen 
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in liquid nitrogen and stored at -80ęC prior to nucleic acid extraction (2.3.7). 

Following this, a second analysis was carried out at a higher inoculation dose 

of 1x107 spores/ml to increase disease incidence and elicit a stronger host 

response. Leaf 2 was collected for nucleic acid extraction at 0, 0.5, 1, 1.5, 2, 

5, and 12 dpi.  

2.3.7 Genomic DNA (gDNA) extraction 

Two extraction processes were used: a manual CTAB-based approach for 

gDNA extraction from whole leaves (glasshouse and growth chamber assays) 

or from R. commune mycelia and an automated extraction system for gDNA 

extraction from leaf sections from the detached leaf assay.  

For the manual CTAB method, 100 mg of frozen leaf tissue or 50 mg freeze 

dried R. commune mycelia was ground to a fine powder in liquid nitrogen using 

a mortar and pestle. The powder was then transferred to a 2 ml 

microcentrifuge tube. A 1:10 volume of 2% (w/v) CTAB buffer (Appendix 1) 

was added to the ground tissue, mixed and incubated at 65ęC for 20 min. One 

volume of 24:1 chloroform: isoamyl alcohol (IAA) was added and the tube was 

vortexed for 30 s, followed by centrifugation at 11,000g for 10 min. The 

aqueous (upper) layer was removed and transferred into a fresh 1.5 ml 

microcentrifuge tube. 3 µl RNaseA was added and incubated at 37°C for 15 

min to remove residual RNA contamination and the chloroform: IAA separation 

step was repeated. One volume of isopropanol was added to the supernatant, 

and the solution incubated at -20ęC for 1 h. The samples were centrifuged at 

11,000g for 15 min to pellet the DNA. The isopropanol was removed, and the 

pellet washed twice in 70% (v/v) ethanol. Pellets were air dried and re-

suspended in 50 µl SDW. DNA quality and quantity were determined on 1% 

(w/v) agarose gel at 60 V for 1 h and on a Nanodrop spectrophotometer, 

respectively. 

For automated DNA extraction, leaf sections were freeze-dried at -50ęC for 48 

h in 96 deep well plates and milled to a fine powder using steel 3 mm beads 

in a Retsch mixer mill. DNA extraction was carried out using the MagMAX 

Plant DNA Extraction Kit (Thermo Fisher Scientific) on the KingFisherÊ Flex 

Purification System following manufacturerôs guidelines. DNA quality and 
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quantity were determined on 1% agarose gel at 60 V for 1 h and on a Nanodrop 

spectrophotometer, respectively. 

2.3.8 RNA extraction and cDNA synthesis 

For RNA isolation, 150 mg of frozen tissue was ground to a fine powder in 

liquid nitrogen using a mortar and pestle. Total RNA was extracted using the 

SpectrumÊ Plant Total RNA kit (Sigma-Aldrich) or the RNeasy® Plant Mini 

Kit (Qiagen) according to the manufacturerôs protocol. RNA quality and 

quantity were determined by visualisation of rRNA on a 1% agarose gel at 60 

V for 45 min, and on a Nanodrop spectrophotometer, respectively. 

Comparison of RNA yield from both kits showed significantly higher RNA yield 

from the Sigma-Aldrich kit (t-test, p < 0.05) (Appendix 2, Supplemental figure 

S2.1), which was then used for all subsequent RNA extractions. Residual 

gDNA was eliminated using 2 µl gDNA wipeout solution from the Quantitect® 

Reverse Transcription Kit (Qiagen). 1 µg total RNA was then reverse 

transcribed using oligo-dT primers to produce cDNA for each sample using the 

QuantitectÈ Reverse Transcription Kit (Qiagen) according to manufacturerôs 

protocol. cDNA was stored at -20ęC until needed. 

2.3.9 Quantification of R. commune gDNA 

DNA was extracted from 50 mg freeze dried mycelia from R. commune isolate 

44.07 using the CTAB method as described in section 2.3.7. Total DNA 

concentration was determined on a Nanodrop spectrophotometer and 

adjusted to 100 ng/µl. A ten-fold serial dilution of the gDNA was prepared 

ranging from 100 ng/µl to 100 fg/µl. qPCR using a locked nucleic acid (LNA) 

probe (Table 2.3) was carried out in triplicate on each sample in the serial 

dilution to quantify the R. commune cytochrome B gene [Gene ID: 

DQ463419.1] as described by Fountaine et. al., (2007). Each well on a 96 well 

plate contained 1 µl template gDNA and 9 µl mastermix. The mastermix 

comprised of 1X PCR mastermix (Biorad), 0.4 µM forward primer (Rsrtpcr1F), 

0.4 µM reverse primer (Rsrtpcr1R), 0.1 µM LNA fluorogenic probe (Rsrtpcr1P) 

and SDW. The sequence of the primers and fluorescent probe used are shown 

in Table 2.3. Volumes and component ratios were calculated and made up in 

master mixes to minimise the impact of pipetting.  Amplification and detection 
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was carried out in a Roche LC96 lightcycler under the following conditions: 1 

cycle at 94ęC for 10 minutes, followed by 45 cycles at 95ęC for 15 s and 60ęC 

for 1 min. The fluorescence from the probe was recorded at 60ęC for each 

cycle. Two negative controls (i) uninfected barley gDNA and (ii) a no-template 

control (SDW in the place of gDNA template), and one positive control (100 ng 

R. commune gDNA) were run simultaneously with experimental samples on 

each qPCR plate. The Cq value obtained was plotted against the 

concentration of R. commune gDNA to produce a standard curve (Appendix 

2, Supplemental Figure S2.2). This process was repeated with each sample 

spiked with 100 ng of barley DNA to show that the presence of barley DNA did 

not interfere with the amplification of the R. commune cytochrome B region. 

Two biological replicates were completed in triplicate to generate the standard 

curves.  

Fungal biomass accumulation in inoculated plants was determined similarly 

using the same qPCR method measuring the R. commune Cytochrome B 

gene but following gDNA extraction from inoculated leaf tissue (as outlined in 

section 2.3.7). Quantification of fungal biomass was determined in ng R. 

commune DNA / 100 ng total DNA extracted by comparing Cq values of 

experimental samples against the established standard curve. 

 

Table 2.3: Primer and probe sequences for detection of genomic R. commune 
cytochrome B by qPCR (sequences from Fountaine et. al., 2007). 

 

Primer/probe 
name 

Type Sequence 5ôĄ3ô 

Rsrtpcr1F Forward 
primer 

ATGTGCTTCCTTATGGACAGATGT 

Rsrtpcr1R Reverse 
primer 

ATTATTAACAGAAAAACCCCCTCAGAT 

Rsrtpcr1P LNA probe /56-FAM/TAT 
G+AG+GTGCC+AC+AGT/3BHQ_1/ 
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2.3.10 Barley gene expression analysis 

Suitable reference genes for normalisation of RT-qPCR data are usually 

housekeeping genes that have constant and stable expression that is 

unaffected by the experiment. However, some studies have shown that it is 

important to identify suitable reference genes for a particular pathosystem. For 

example, the cycle of quantification (Cq) of 14 candidate reference genes in 

cucumber after infection with Pectobacterium carotovorum subsp. Brasiliense 

(Pcb) showed that commonly used reference genes were not expressed to the 

same level, and that some were not suitable for gene expression normalisation 

due to changes in Cq values after Pcb infection (Yuan et. al., 2022). Hence, to 

allow for the robust analysis of the relative expression of selected barley genes 

thought to be involved in barley immune signalling in response to R. commune 

infection, the suitability of five candidate reference genes were tested. 

Candidate housekeeping genes for normalisation were selected based on 

their use in literature: UBIQUITIN (UBI), ELONGATION FACTOR 2 (EF2), 

GLYCERALDEHYDE PHOSPHATE DEHYDROGENASE (GAPDH), 

TUBULIN Ŭ and ACTIN (Table 2.4) (Miricescu, 2019; Gines et. al., 2018; 

Ferdous et. al., 2015). The Cq values of these genes were examined for each 

treatment across all timepoints in R. commune and mock treated barley tissue 

using RT-qPCR to determine if expression was stable over the course of the 

experiment. TUBULIN Ŭ and ACTIN were selected for normalisation of target 

genes of interest. 
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Table 2.4: Barley housekeeping genes and primer sequences tested for 
normalisation of RT-qPCR expression data. 

Primer name Gene  Sequence (5ô Ą 3ô) Reference 

HvActin_AM45_F1 Actin 
GCAAGTGGCGTACTACT
GGTATCGTTC 

Miricescu (2019) 

HvActin_AM46_R1 Actin 
GGATCTTCATAAGGGAG
TCCGTGAGAT 

Miricescu (2019) 

GAPDH_AM49_F3 GAPDH 
GCTCACTTGAAGGGTGG
TGCC  

Miricescu (2019) 

GAPDH_AM50_R3 GAPDH 
TGATGGCATGAACAGTG
GTCATCAGAC 

Miricescu (2019) 

UBI-F2 UBI 
CCAGAAGGCTTAGAGGT
GGCTTG  

This study 

UBI-R2 UBI 
GCATCGCATTACAGGAG
TAGGCG 

This study 

TubulinAlpha_F1 
Tubulin 
Ŭ 

TGGTCATTACACCATTGG
CAAGGAGA 

This study 

TubulinAlpha_R1 
Tubulin 
Ŭ 

GTGTATGTTGGGCGCTC
AATGTCA 

This study 

EF2_F2 EF2 
CAAGAGAGTTGGGTCGT
CTATCGC 

This study 

EF2_R2 EF2 
CTCGGCCTGAGTTCGGA
ACAC 

This study 

 

qPCR using cDNA generated from total RNA extracted from leaves of R. 

commune treated plants was carried out in 96 well plates, with each sample 

represented by the gene of interest and two reference genes (TUBULIN Ŭ and 

ACTIN). Barley target genes of interest are shown in Table 2.5. Individual 

reactions contained 1 µl cDNA, 1 µM of each primer and 1x Quantifast SYBR 

Green® PCR Master Mix (Qiagen) in a final volume of 10 µl. Plates were run 

on a Roche LC96 Lightcycler under the following conditions: initial heat 

activation at 95ęC for 5 min, followed by 40 cycles of denaturing at 95ęC for 10 

s and a combined annealing/extension step at 60ęC for 30s. Data acquisition 

was at the combined annealing/extension step. The mean Cq value generated 

from the two reference genes was used to calculate the relative gene 

expression of target genes for each sample by calculating 2ȹCq.  
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Table 2.5: Barley target genes and primer sequences used for RT-qPCR.  

 

Primer name Gene ID Sequence (5ô Ą 3ô) Reference 

NPR1_F1 HORVU3Hr1G019230 TGCATTGAGATACTG
GAGGAAGCTGA 

This study 

NPR1_R1 HORVU3Hr1G019230 CTCGCCAAAGCCAC
TCGGT 

This study 

WRKY50_F2 
HORVU3Hr1G088200 CCAAGAGGAGGAAA

GACGGTGG 
This study 

WRKY50_R2 
HORVU3Hr1G088200 GTGCACTTGTAGTA

GCTCCTCGG 
This study 

WRKY43_F2 HORVU1Hr1G070250 AGTCGGCGGCTCGA
ATTGC 

This study 

WRKY43_R2 HORVU1Hr1G070250 CTCAACTGGTGGGA
GACTCGTAC 

This study 

RAR1_F1 HORVU2Hr1G097800 TGTTCTGACCATGG
ATCACAGCC 

This study 

RAR1_R1 HORVU2Hr1G097800 GCAGCATCATGGTT
ATCCTTCTCCTT 

This study 

BI1_F1 HORVU6Hr1G014450 AGTCTATGAGGAGC
AGAGGAAGAGG 

This study 

BI1_R1 HORVU6Hr1G014450 GCGATGGCGGTTCC
GACAA 

This study 

PR1_F2 HORVU7Hr1G033530 AACGATTTAGCTAGA
GGGACCGAGC 

This study 

PR1_R2 HORVU7Hr1G033530 GACTGAATGTTCTGT
GCTTATCGAGGTC 

This study 

SGT_F1 HORVU3Hr1G055920 TGATCGTATTGCTGA
GGAGGCTAGC 

This study 

SGT_R1 HORVU3Hr1G055920 TTGTTCAATGCAGCA
TCACCGTCA 

This study 

HB_AM51_F1 HORVU4Hr1G066200 CGGGAAGGAAGCCA
TGTCTGC 

Miricescu 
(2019) 

HB_AM_R1 HORVU4Hr1G066200 TCTGCCTCGCCGAC
GG 

Miricescu 
(2019) 

CERK1_F1 HORVU3Hr1G084510 
GAGAAGCTGCTGTG
GGAGTCC This study 

CERK1_R1 HORVU3Hr1G084510 
ACCTCGTACATCGA
CGGTCGT This study 

MLO_F1 HORVU4Hr1G082710 
CCTCTCGTGATCCT
CTTGTGTGT This study 

MLO_R2 HORVU4Hr1G082710 
CGTTCTGGAACAAC
GTCAGGTGT This study 
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2.3.11 Statistical analyses 

For gene expression analysis (section 2.3.10), expression of a gene of interest 

relative to mock treatment was calculated by the 2ȹCq method. The mean 

relative expression for three plants was determined within a single biological 

replicate. Three biological replicates were carried out. An analysis of variance 

(ANOVA) was completed followed by Tukey pairwise comparisons to 

determine significant differences between R. commune and mock treated data 

at a given timepoint using R (version 4.0.2). In section 2.2.4, in which there 

were multiple R. commune treatments at different doses, a two-way ANOVA 

was carried out to determine significant differences in mean relative 

expression between R. commune treated and mock, and between different R. 

commune inoculation doses at a given timepoint. 
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2.4 Results 

2.4.1 Pilot study of R. commune in barley in glasshouse conditions 

In order to identify suitable conditions to study the barley x R. commune 

interaction, a pilot study was carried out in which a selection of barley cultivars 

were inoculated with Irish R. commune isolates collected between 2007 and 

2016. Barley cvs were selected according to their resistance rating (rr) as 

defined by DAFM in Ireland and Home-grown cereals authority (HGCA) in the 

UK. In the first replicate of the pilot study, barley cvs Tesla, Sanette, Propino 

and Snakebite (Table 2.1) were selected, and spray inoculated with one each 

of the following R. commune isolates: OP16(27), OP16(16), 44.07, L15, 

OP16(21), OP16(22) (Table 2.2), as described in section 2.3.6.1.  

Figure 2.2 shows the mean percentage green leaf area displaying scald like 

lesions in each cultivar for each R. commune treatment, and a mock (water) 

control. Data is for one biological replicate, consisting of 10 seedlings per 

treatment. Surprisingly, the more resistant cv, Tesla, showed higher levels of 

R. commune symptoms, an average of up to 20% of leaf area showing scald 

lesions on leaf 2 at 23 dpi after treatment with the 44.07, OP16(27) and 

OP16(22) isolates, and up to 15% on leaf 3 in response to all treatments. In 

comparison, the most susceptible cv Snakebite showed between 0 and 12% 

mean leaf area displaying scald lesions on leaf 2, and less than 10% mean 

leaf area on leaf 3 in response to all treatments. The OP16(16) R. commune 

isolate induced symptom appearance at 15 dpi, which is earlier than other 

isolates, where lesion area increased between 15 and 20 dpi in both leaf 2 and 

3. This was recorded in all barley cvs. Unexpectedly, lesion appearance was 

recorded even on Mock treated samples. Particularly, for the resistant Tesla 

cv, over 30% of leaf 2 displayed lesions in the mock treated samples (Figure 

2.2). This was higher than any of the R. commune treatments and is indicative 

of a problem with either the experimental design or with the conditions or seed 

used.  
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Figure 2.2: Percentage of leaf area displaying scald lesions after R. commune 
inoculation at 1 x 106

 spores/ml of different barley cvs of increasing 
susceptibility to R. commune. Data is for one biological replicate, with each 
data point representing the mean leaf area of 10 seedlings. Error bars 
represent standard error of the mean (SEM). 

 

In addition to scald lesions, barley leaf sections also showed other stress like 

symptoms including wilting, yellowing and necrosis after R. commune 

inoculation. This was also observed in leaf 2 of Tesla and Sanette mock 
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treated seedlings (Figure 2.3).  By 21 dpi, it was difficult to distinguish between 

necrotic regions of the leaf and scald lesions. To account for all changes in 

leaf tissue after R. commune infection, total green leaf area was also recorded 

for each treatment and is shown in Figure 2.3. Loss of green leaf area was 

more severe in leaf 2 compared to leaf 3 for all cvs. Despite being the most 

susceptible cv, Snakebite showed the highest green leaf area on leaf 2 by 23 

dpi. Loss of green leaf area in this cv was most severe in response to the 

OP16(16) isolate, with a mean loss of 75% in leaf 2 and 30% in leaf 3. In 

contrast, the most resistant cv, Tesla, showed a mean loss of green leaf area 

of up to 50% in leaf 2 at 23 dpi, in response to all treatments.  

As with lesion formation in Figure 2.2, seedlings inoculated with the OP16(16) 

R. commune isolate displayed a reduction in green leaf area by 15 dpi, which 

is earlier than seedlings inoculated with the other R. commune isolates, where 

green leaf area began to decrease between 15 and 20 dpi in Sanette, and 

between 20 and 23 dpi in Tesla and Propino.  Importantly, this data also shows 

that green leaf area was reduced in leaf 2 of Tesla, Sanette and Propino after 

inoculation with a mock treatment. This data hence points to problems with the 

growth conditions.  
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Figure 2.3: Mean green leaf area recorded as percentage after R. commune 
inoculation at 1 x 106 spores/ml of barley cvs of increasing susceptibility to R. 
commune. Data is for one biological replicate, with each data point 
representing the mean leaf area of 10 seedlings. Error bars represent SEM.  

 

A second replicate of this pilot study was completed, however in this replicate, 

the R. commune isolate L15 was excluded due to contamination of a portion 

of the CDA plates, meaning that a spore concentration of 1 x 106 spores/ml 



53 
 

could not be achieved. Additionally, the barley cv Snakebite was excluded due 

to poor germination. The barley cv Golden Promise was introduced instead; 

similar to Snakebite, Golden Promise is also classified as susceptible to R. 

commune. Disease progression was also scored at 26 dpi instead of 23 dpi. 

As a result of these changes, data for the second replicate is presented 

separately. Similar to the first replicate, seedlings were spray inoculated at a 

concentration of 1 x 106 spores/ml as described in section 2.3.6.1. Similarly, 

disease incidence was scored as percentage leaf area displaying scald lesions 

(Figure 2.4) and loss of green leaf area (Figure 2.5).  

Lesion formation was observed in resistant Tesla in response to all treatments 

(Figure 2.4). By 26 dpi, lesions covered on average up to 20% of the leaf area 

regardless of treatment. This is similar to lesion appearance by 23 dpi 

observed in the first replicate (Figure 2.2).  Also similar to the first replicate, 

the more susceptible cv Sanette showed less symptoms compared to Tesla 

and Propino in leaf 3. Interestingly, despite being classed as susceptible, 

Golden Promise showed the least amount of lesions compared to the other 

cvs, with mean percentage leaf area displaying lesions observed being less 

than 20% in response to all treatments in leaves 2 and 3. However, as with 

the first replicate, other stress symptoms were observed including yellowing 

and necrosis in both R. commune and mock treated plants. Therefore, mean 

loss of green leaf area was also examined for the second replicate (Figure 

2.5).  

Loss of green leaf area in Tesla is most severe in response to the OP16(21) 

and OP16(27) in leaf two (46.67% and 32.5% green leaf area at 26 dpi 

respectively). However, there was large variation between seedlings of the 

same treatment. For example, in Tesla after inoculation with the OP16(27) 

isolate, by 26 dpi, 4 of the 6 seedlings showed complete loss of green leaf 

area on leaf 2 (0%) while the remaining two seedlings remained healthy (100% 

and 95% green leaf area).  
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Figure 2.4: Mean percentage leaf area displaying scald lesions after R. 
commune inoculation at 1 x 106 spores/ml of barley cvs of increasing 
susceptibility to R. commune. Data is for one biological replicate, with each 
data point representing the mean leaf area. Number of seedlings inoculated: 
Tesla and Sanette n = 6, Propino and Golden Promise n = 8. Error bars 
represent SEM.  

 

Propino showed greater loss of green leaf area in response to OP16(16) 

compared to the other cvs. (12.5% green leaf area remaining in leaf 2 at 26 
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dpi, and 40% remaining on leaf 3). However, similar to Tesla, this cv also 

showed severe loss of green leaf area in response to OP16(21) and OP16(27) 

isolates. In the more susceptible cv Sanette, inoculation with OP16(27) 

resulted in the greatest loss of green leaf area compared to the other 

treatments (15.8% remaining in leaf 2, and 47.5% on leaf 3). However, this 

was also variable between seedlings, with 3 of 6 seedlings showing complete 

loss of green leaf area in leaf 3 (0%) and the remaining 3 seedlings staying 

healthy (95-100% green leaf area). Golden Promise suffered the least loss of 

green leaf area after R. commune treatment, despite being the most 

susceptible cv. A loss of green leaf area between 10 and 25% was observed 

in all cvs by 26 dpi in mock treated samples. 

These results indicated issues with growth conditions and experimental set up. 

As a result of problems such as potential cross contamination between R. 

commune and mock treated seedlings, inconsistencies between seedlings 

under the same treatment and issues experienced with temperature control in 

the glasshouse, it was not likely that data presented for the two replicates 

accurately depicted the interaction between the different cvs and R. commune 

isolates. Therefore, it was concluded that this method was not appropriate for 

analysis of host responses to R. commune. In the following sections, the use 

of a detached leaf assay and controlled atmosphere growth chambers are 

described, with the aim to overcome the problems encountered in the 

glasshouse.   
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Figure 2.5: Mean percentage green leaf after R. commune inoculation at 1 x 
106 spores/ml of barley cvs of increasing susceptibility to R. commune. Data 
is for one biological replicate. Number of seedlings inoculated: Tesla and 
Sanette n = 6, Propino and Golden Promise n = 8. Error bars represent SEM. 

 



57 
 

2.4.2 Quantification of fungal growth in barley using a detached leaf assay 

In order to establish a method of examining R. commune proliferation in barley 

with complete control over external environment, as well as allowing to screen 

a larger number of technical replicates to determine variation between 

samples, a detached leaf assay was used as described in section 2.3.6.2. Leaf 

sections of Golden Promise, Propino and Cassia (Table 2.1) were inoculated 

with the 44.07 R. commune isolate (Table 2.2) at a dose of 1 x 106 spores/ml. 

This isolate was selected as due to its high spore production in culture. These 

cultivars were selected to include one resistant and one susceptible cv. Cassia 

was also included to monitor the 44.07 isolate in a winter cv. Additionally, the 

44.07 isolate was originally isolated from Cassia plots in 2007. Lesion 

appearance was observed between 8 and 10 dpi. At 10 dpi, senescence was 

observed at the cut ends of the leaf sections particularly in Golden Promise. 

Senescence from the cut ends was less evident in Propino and Cassia. Leaf 

samples were collected, and lesions counted at 10 dpi (Figure 2.6).  

The most severe symptoms after R. commune treatment were observed in 

Golden Promise. In Golden Promise samples inoculated with R. commune, a 

higher proportion of leaf sections showed two lesions (mean leaf sections 

=16.3 across 3 replicates), compared to Cassia (mean = 5.3) and Propino 

(mean = 5). Propino had the highest mean number of leaf sections with zero 

lesions at 10 dpi (28.3, compared to 22.6 in Cassia and 12 in Golden Promise). 

Notably, lesions observed in Golden Promise appeared larger than those in 

Propino. However, lesion size was not quantified as in many of the leaf 

sections it was difficult to accurately distinguish between senescence due to 

scald lesions and senescence from the cut ends.  
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Figure 2.6: The number lesions on a single leaf section (totalling 144 leaf 
sections across three replicates) observed 10 dpi with 44.07 R. commune 
isolate at 1 x 106 spores/ml in Cassia (susceptible, 4) (red), Golden Promise 
(moderately susceptible, 5) (yellow) and Propino (Moderately resistant, 6) 
(purple).  

 

DNA extraction was carried out on each of the leaf sections followed by qPCR 

to quantify fungal biomass accumulation at 10 dpi, using a standard curve 

(Appendix 2, Supplemental Figure S2.2). This was done to determine if there 

was a correlation between symptom appearance and fungal load. As shown 

in Figure 2.7, despite showing more severe symptoms (as indicated by the 

number of lesions) after inoculation with the 44.07 isolate, Golden Promise 

showed the lowest concentration of R. commune DNA (in ng) per 100 ng total 

DNA at 10 dpi. This could suggest that it takes less of the pathogen to result 

in lesion formation. A mixed effects ANOVA followed by Tukeyôs multiple 

comparisons test concluded that Propino shows a significantly higher 
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concentration of R. commune DNA per 100 ng DNA extracted compared to 

Golden Promise (p-adj = 0.004). At the same time, the Propino leaf sections 

remain intact with less severe symptoms appearing. This data suggests that 

despite Propino being a resistant barley cultivar, R. commune is still able to 

proliferate inside its leaf tissue, but without this resulting in severe visible 

symptoms. Interestingly, Cassia showed no significant difference in the level 

of R. commune detected in the leaf sections compared to Propino (Figure 2.7, 

p-adj = 0.13), despite a DAFM rr of 4 in Cassia, compared to Propino (rr of 6). 

This result correlates to similar lesion counts observed between Cassia and 

Propino in Figure 2.6. Indeed, while the rr against R. commune for Propino 

was 6 (moderately resistant) in 2019, this cv was previously categorised as 

resistant (rr = 7) up until 2012 (DAFM 2012), suggesting there might be a level 

of resistance breakdown.  

The detached leaf assay solved previous issues experienced in the 

glasshouse, as leaf sections were kept in petri dishes sealed with micropore 

tape, and different treatments were kept separately. As the aim of this work 

was to investigate the barley x R. commune interaction from the host 

perspective in addition to fungal proliferation over time, barley gene 

expression analysis on genes thought to play a role in the immune response 

to R. commune would also be required. While the detached leaf assay is 

suitable for quantifying fungal proliferation and lesion formation, it may pose 

problems to study the barley response. For example, wounding responses 

from cutting leaf sections would not be differentiable from immune responses, 

as many features of these two stress signalling pathways are shared. 

Therefore, this chapter also focused on developing a different in planta assay.  
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Figure 2.7: Quantification of R. commune gDNA as determined by qPCR and 
quantified against a standard curve in different barley cvs in a detached leaf 
assay, 10 dpi with 20 µl R. commune isolate 44.07 at 1 x 106 spores/ml. 
Untreated samples inoculated with 20 µl water. Letters indicate significant 
differences in R. commune concentration between all treatment x cv 
combinations, as determined by mixed effects ANOVA and Tukeyôs pairwise 
comparison test (p-adj < 0.05). Data representing three independent 
replicates, each consisting of 48 leaf sections.  

 

2.4.3 Optimisation of conditions to investigate in planta fungal biomass 

accumulation and barley response to R. commune. 

In order to more accurately examine the barley x R. commune interaction, it 

was necessary to optimise conditions for a disease screening assay in barley 

seedlings using controlled atmosphere growth chambers. This allowed for the 
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inoculation of whole seedlings similar to glasshouse screens (Section 2.4.1) 

to monitor disease progression and symptom appearance, while the use of 

controlled atmosphere growth chambers allowed for stricter control over 

temperature, potential contaminations, as well as RH, which can be increased 

to aid pathogen establishment. This assay could also be used to determine 

fungal biomass accumulation and to monitor gene expression changes without 

any additional stress responses being induced through wounding.  

A screen using the barley cv Cassia (Table 2.1) was completed. This cv was 

chosen as it is classed as susceptible to R. commune (rr = 4), and the 

detached leaf assay (section 2.4.2) showed that it was susceptible to lesion 

formation and fungal biomass accumulation. This cv is also currently on the 

recommended growing list, unlike Golden Promise. Cassia seedlings were 

spray inoculated with two R. commune isolates at a 1 x 106 spores/ml: 44.07 

which had previously shown virulence in Cassia through the detached leaf 

assay, and OP18(9) (Table 2.2). The OP18(9) isolate was also assessed to 

include a more recent isolate to determine any isolate specific responses in 

barley. OP18(9) was isolated from Cassia plots in 2018, while 44.07 was 

isolated from Cassia in 2007, which may also provide insight into changes in 

virulence in R. commune over time.  

As in Section 2.4.1, disease was quantified as onset of visual symptoms, 

including percentage of leaf area displaying scald lesions, and total green leaf 

area. These measurements were recorded at 0, 2, 7, 10, 14, 17, 19 and 21 

dpi. Six plants were examined at each timepoint, and three biological 

replicates were completed. Lesions began to appear between 14 and 17 dpi 

on leaf 2 (Figure 2.8). Lesion formation and cell death were more apparent in 

response to the OP18(9) isolate, compared to the 44.07 isolate (Figure 2.8). 

However, by 21 dpi, over the three replicates, 7 out of 18 leaves showed 

complete necrosis in response to the 44.07 isolate, and 8 out of 18 leaves in 

response to OP18(9).  
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Figure 2.8: Onset of lesion formation on leaf 2 in susceptible cv Cassia 
between 14 and 21 dpi after inoculation with 44.07 or OP18(9) R. commune 
isolates at 1 x 106 spores/ml or mock (water) control. Images are 
representative of three replicates, each consisting of six individual seedlings.  

 

To quantify the progression of symptoms in Cassia, mean percentage leaf 

area displaying scald lesions was recorded similar to section 2.4.1 (Figure 

2.9). After recording symptoms leaf 2 and 3 were collected for nucleic acid 

extraction for quantification of fungal biomass accumulation and barley gene 

expression analysis. Therefore the data in Figure 2.9 does not represent 

repeat measurements from the same leaf over time. Lesions begin to appear 

on both leaves 2 and 3 between 14 and 17 dpi in response to both isolates 

(Figure 2.9). This is more pronounced in response to OP18(9) on leaf 2 and 

leaf 3 at 19 dpi however a two-way ANOVA indicated no statistically significant 

difference in lesion area between OP18(9) and 44.07 at any timepoint (p-adj 

> 0.05). 
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Figure 2.9: Mean percentage leaf area displaying scald lesions on Leaf 2 and 
3 of cv Cassia after inoculation with R. commune isolates OP18(9) or 44.07 at 
1 x 106 spores/ml. Mock treatment of water. Data for 3 biological replicates, 
each containing six individual plants per timepoint (n = 3), error bars represent 
SEM.  

 

Similar to the pilot glasshouse experiments, seedlings displayed other stress 

symptoms such as yellowing, wilting and necrosis (Figure 2.8), but is not 

represented in Figure 2.9, which only quantified lesion area. Additionally, by 

21 dpi, the presence of necrotic tissue made it difficult to distinguish between 

lesion boarder and necrotic regions. Hence, there is an apparent drop in mean 

leaf area displaying scald lesions between 19 and 21 dpi in response to the 

OP18(9) (Figure 2.9). In leaf 2, a drop of 11.6% leaf area displaying lesions is 

observed, and a drop of 0.25% is found in leaf 3. To complement these results, 

the mean loss of green leaf area in response to each treatment was also 

calculated (Figure 2.10). In both R. commune and mock treated seedlings, 
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small regions (< 1% of total leaf area) of leaves showed loss of green leaf area 

(as seen in Figure 2.8 water treatment at 19 dpi), particularly at the leaf tip.   

 

 

Figure 2.10: Mean percentage green leaf after R. commune inoculation of cv 
Cassia at 1 x 106 spores/ml. Mock treatment of water. Data for 3 biological 
replicates, each containing six individual plants per timepoint (n = 3), error bars 
represent SEM.  

 

Both leaf 2 and leaf 3 began to show stress symptoms as observed by loss of 

green leaf area between 14 and 17 dpi in response to both R. commune 

isolates. In leaf 2, green leaf area is seen to reduce to similar levels in 

response to both isolates. While loss of green leaf area appears more severe 

at 21 dpi in response to OP18(9) compared to 44.07 at 21 dpi, a two-way 

ANOVA showed this was not a significant difference (p-adj > 0.05).  
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At each timepoint, tissue was collected from leaf 2 for gDNA isolation, followed 

by quantification of fungal biomass accumulation using qPCR and a standard 

curve, as described in section 2.3.9. No tissue was collected at 17 and 19 dpi 

due to limited plant numbers. gDNA of R. commune was detected in both 

44.07 and OP18(9) treated samples at 0 dpi, which was expected since the 0 

dpi samples were collected within 1 min after spray inoculation. R. commune. 

gDNA levels remain low until 10 dpi, after which levels started to increase. This 

corresponded to the timepoint at which symptoms appeared on the leaf 

surface. A tenfold increase in mean R. commune DNA concentration was seen 

between 14 and 21 dpi in 44.07, and a 7 fold increase between 14 and 21 dpi 

was observed in OP18(9) (Figure 2.11).  

 

 

Figure 2.11: Temporal quantification of R. commune gDNA as determined by 
qPCR and quantified against a standard curve in Cassia (rr = 4) inoculated 
with OP18(9) (purple) or 44.07 (isolate) isolates or a mock water treatment 
(green). Error bars represent SEM, n = 3.  

In order to gauge the response of Cassia (susceptible, rr = 4, Table 2.2), the 

expression level of genes thought to be involved in defence against pathogens 

(Table 2.5) was examined using RT-qPCR. Prior to this, the Cq values of five 
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candidate housekeeping genes were investigated for normalisation of 

expression data: UBI, ACTIN, TUBULIN Ŭ, GAPDH and EF2 (Table 2.2). This 

was done to identify genes that showed stable Cq values in both R. commune 

and mock treated samples across the infection timecourse. The Cq values for 

each reference gene in response to each treatment are presented in Figure 

2.12. 

 

Figure 2.12: Cq values of candidate barley reference genes at each timepoint. 
Data is from three individual samples from one biological replicate. ACT: 
ACTIN, TUB: TUBULIN Ŭ, UBI: UBIQUITIN, EF2: ELONGATION FACTOR 2. 
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GAPDH and UBI showed large variation across samples in response to the 

44.07 isolate at 14 dpi and therefore were not considered as suitable reference 

genes. While Cq values for EF2 were stable across all timepoints for each 

treatment, amplification of gDNA was also observed with the primers used for 

this gene (data not shown). As Cq values were also stable across the 

timepoints for each treatment for ACTIN and TUBULIN Ŭ, the mean Cq of 

these two genes was used to calculate relative defence gene expression.  

A subsequent gene expression analysis using RT-qPCR was completed 

identify defence related barley genes whose expression changed following 

inoculation with the 2 strains of R. commune in Cassia.  NPR1 relative 

expression in R. commune treated samples was comparable to that in mock 

treated samples until 14 dpi, when an apparent increase in mean relative 

expression was observed (Figure 2.13). However, this increase was not found 

to be significant in response to the OP18(9) treatment compared to the mock 

treatment. Specifically, over a 2 fold increase compared to mock was observed 

for the 44.07 treatment, whereas a 1 fold increase in mean relative expression 

was observed relative to the mock treated samples after inoculation with 

OP18(9) at 14 dpi, however this was also not found to be statistically 

significant.  

Mean relative expression of PR1 remained low in mock treated samples 

compared to R. commune treated samples (Figure 2.13). Following R. 

commune inoculation, mean relative expression increased after 10 dpi. 

However, there was high variation between replicates (Figure 2.13). This 

observed increase in relative expression compared to mock treatment was 

found to be significant at 21 dpi in response to OP18(9), but not 44.07, despite 

an over 5 fold increase.    
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Figure 2.13: Expression of SA response genes NPR1 and PR1 relative to 
reference genes in Cassia after treatment with R. commune isolates 44.07 and 
OP18(9) at 1 x 106 spores/ml. Significant differences between OP18(9) R. 
commune and mock treated samples at 21 dpi indicated, as determined by 
ANOVA and post hoc pairwise comparisons (n = 3) **: p-adj < 0.01 

 

Assuming a level of functional conservation between AtWRKY33 and its 

proposed barley orthologues WRKY43 and WRKY50, the relative expression 

of these two barley transcription factors was also analysed. While in response 

to the 44.07 isolate, the relative expression of WRKY43 appeared to increase 

between 7 and 21 dpi compared to mock treatment, this was not found to be 

statistically significant due to large differences observed between replicates 

(Figure 2.14). Similarly, relative expression levels of WRKY50 remained low 

in all treatments until 21 dpi. The increase in WRKY43 and WRK50 expression 
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was stronger at 21 dpi in the presence of both strains but was more 

pronounced with OP18(9). Differences were nevertheless not statistically 

significant (Figure 2.14).  

 

 

Figure 2.14: Expression levels of proposed orthologues to AtWRKY33: 
WRKY43 and WRKY50 relative to housekeeping genes in Cassia after 
treatment with R. commune isolates 44.07 and OP18(9) at 1 x 106 spores/ml. 
No significant change in relative expression between R. commune treated 
samples and mock samples at any timepoint (n = 3).  
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The relative expression levels of two genes that have been shown to be 

involved in the barley x R. commune interaction: RAR1 and SGT1 (Austin et. 

al., 2002) were also investigated. However, there were no significant changes 

in relative expression of these two genes between R. commune and mock 

treated seedlings at any of the timepoints tested (Figure 2.15).  

Due to its known role in cell death regulation, the expression of the BI1 gene 

was also examined. It is possible that the activity of this gene may increase as 

R. commune transitions from the latent to the necrotic phase. However, while 

transcripts were detected at low levels across all timepoints, there was no 

change in expression after inoculation with either R. commune isolate (Figure 

2.16).  

The relative expression of HB was also investigated due to its role in NO and 

ROS signalling during early immune response. However, between 0 and 10 

dpi, no HB transcripts were detected. Indeed, the majority of samples tested 

only showed amplification of HB within the last 6 cycles (of 40 cycles) in the 

qPCR, which may be a PCR artefact. While there was an apparent change in 

HB expression at 14 dpi in response to 44.07, and at 21 dpi in response to 

both isolates (Figure 2.17), this was only detected in two of the three 

replicates, and therefore was not found to be significant.  



71 
 

 

Figure 2.15: Expression levels RAR1 and SGT1 genes involved in R gene 
mediated immunity relative to housekeeping genes in Cassia after treatment 
with R. commune isolates 44.07 and OP18(9) at 1 x 106 spores/ml. No 
significant change in relative expression between R. commune treated 
samples and mock samples at any timepoint (n = 3).  
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Figure 2.16: Expression of the conserved cell death regulator BI1 relative to 
housekeeping genes in Cassia after treatment with R. commune isolates 44.07 
and OP18(9) at 1 x 106 spores/ml. No significant change in relative expression 
between R. commune treated samples and mock samples at any timepoint (n 
= 3). 

 

Figure 2.17: Expression of HB relative to housekeeping genes in Cassia after 
treatment with R. commune isolates 44.07 and OP18(9) at 1 x 106 spores/ml. 
ANOVA showed no significant change in relative expression between R. 
commune treated samples and mock samples at any timepoint (n = 3). 

Lastly, MLO is one of the best characterised S genes in barley. Although its 

role as an S gene has primarily been described in the barley x Bgh interaction, 
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it has been suggested that active MLO may reduce susceptibility to R. 

commune (Makepeace et al., 2007). Here, the relative expression of this gene 

in response to the two R. commune isolates was examined and found no 

statistically significant differences in relative expression between R. commune 

and Mock treated samples (Figure 2.18), despite an apparent increase in MLO 

expression at 21 dpi. 

 

 

Figure 2.18: Expression of the known S gene MLO relative to housekeeping 
genes in Cassia after treatment with R. commune isolates 44.07 and OP18(9) 
at 1 x 106 spores/ml. No significant change in relative expression between R. 
commune treated samples and mock samples at any timepoint (n = 3).  

 

Of these genes tested, there were no statistically significant changes in 

expression in R. commune treated barley compared to mock treated barley 

between 0 and 14 dpi (Figures 2.13 ï 2.18), with the exception of PR1 which 

was found to be significantly expressed at higher levels in Cassia at 21 days 

after treatment with OP18(9), compared to mock treatment (Figure 2.13).  
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2.4.4 Optimisation of inoculation parameters to investigate barley response 

to R. commune isolates.  

Given the low relative expression levels observed for each of the defence 

related genes and the absence of statistically significant changes in 

expression between mock and R. commune treated seedlings, it was 

hypothesised that a peak in expression at earlier timepoints might have been 

missed, especially because many of these genes are thought to be involved 

in early immune signalling.  Hence, the expression of these genes between 0 

and 2 dpi were next examined. The inoculation process was repeated in 

Cassia (Susceptible, Table 2.1), as described in section 2.3.6.3, with tissue 

from leaf 2 being collected at 0, 6, 12, 24, 36, 48 and 120 (5 dpi) hours post 

inoculation (hpi) for gene expression analysis. Despite the onset of visual 

symptoms observed after inoculation at 1 x 106 spores/ml, in section 2.4.3, no 

significant changes in expression of selected defence related genes were 

observed after R. commune treatment compared to mock. Therefore, to 

ensure a more robust host response, R. commune treatments with a ten-fold 

increase in dose from 1 x 106 spores/ml to 1 x 107 spores/ml were also tested. 

At the earlier timepoints, no changes in NPR1 expression were detected after 

inoculation with R. commune at 1 x 106 spores/ml (Figure 2.19). In contrast, 

inoculation at a 1 x 107 spores/ml rate resulted in an apparent 2 fold increase 

in relative expression of NPR1 in response to OP18(9) at 6 hpi, and 2.5 fold 

increase at 12 hpi. However, variation between replicates meant that this was 

not found to be significant. Increased NPR1 relative expression was also 

observed in response to the higher dose of the 44.07 isolate after 12 hpi until 

36 hpi, at which time point, the difference was statistically significant (p-adj < 

0.001). This increased expression at 36 hpi was not observed in response to 

the higher dose of the OP18(9) isolate (Figure 2.19).  

Similar to NPR1, no changes in PR1 expression were detected after 

inoculation with R. commune at 1 x 106 spores/ml (Figure 2.20). Interestingly, 

the expression of PR1 was only shown to increase in response to the high 

dose of OP18(9) at 36 hpi compared to mock (Figure 2.20).  This shows that 

activation of these SA response genes occurs during the early immune 
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response in an isolate dependent manner. No changes in PR1 expression was 

detected in response to 44.07 (Figure 2.20).  

 

Figure 2.19: Expression of NPR1 relative to reference genes in Cassia after 
treatment with R. commune isolates 44.07 and OP18(9). Treatments marked 
óhighô are inoculated at a dose of 1 x 107 spores/ml. Otherwise, a 1 x 106 
spores/ml dose was used.  Significant differences between 44.07 R. commune 
treatment at 1 x 107 spores/ml and mock treatments at 36 hpi indicated: ***: p-
adj < 0.001, and between different doses of the 44.07 R. commune isolate at 
36 hpi indicated *: p-adj < 0.05. n = 3. 
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Figure 2.20: Expression of PR1 relative to reference genes in Cassia after 
treatment with R. commune isolates 44.07 and OP18(9). Treatments marked 
óhighô are inoculated at a dose of 1 x 107 spores/ml. Otherwise, a 1 x 106 
spores/ml dose was used. Significant difference between OP18(9) R. 
commune treatment at 1 x 107 spores/ml and mock treatments at 36 hpi and 
between OP18(9) and 44.07 R. commune isolates at 1 x 107 spores/ml dose 
at 120 hpi indicated with *: p-adj < 0.05 (n = 3) 

 

Despite up-regulation of NPR1 and PR1 at 36 hpi, the relative expression of 

WRKY43 and WRKY50 did not show any changes after R. commune infection 

at 1 x 106 spores/ml or 1 x 107 spores/ml compared to mock treatment at any 

of the earlier timepoints (Figures 2.21 and 2.22), and the apparent increase in 

WRKY43 expression at 36 hpi in response to 44.07 was not statistically 

significant (Figure 2.21). No changes in WRKY50 relative expression between 

R. commune and mock treated samples at the earlier timepoints, regardless 

of inoculation dose (Figure 2.22).  

 

 

PR1 
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Figure 2.21: Expression of WRKY43 relative to reference genes in Cassia after 
treatment with R. commune isolates 44.07 and OP18(9). Treatments marked 
óhighô are inoculated at a dose of 1 x 107 spores/ml. Otherwise, a 1 x 106 
spores/ml dose was used. Significant differences between OP18(9) and 44.07 
R. commune treatments at 1 x 106 spores/ml at 6 hpi indicated with *: p-adj < 
0.05 (n = 3) 

 

WRKY43 
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Figure 2.22: Expression of WRKY50 relative to reference genes in Cassia after 
treatment with R. commune isolates 44.07 and OP18(9). Treatments marked 
óhighô are inoculated at a dose of 1 x 107 spores/ml.  Otherwise, a 1 x 106 
spores/ml dose was used. No significant changes in WRKY50 relative 
expression were detected between R. commune and mock treated samples (n 
= 3) 

 

At the early timepoints, there were no changes in RAR1 or SGT1 relative 

expression detected between samples treated with R. commune at 1 x 106 

spores/ml (Figures 2.23 and 2.24). Surprisingly, at 36 hpi, relative expression 

of both RAR1 and SGT1 appears reduced in response to the 1 x 107 dose of 

OP18(9) compared to all other treatments. This was not observed in response 

to the 1 x 107 dose of the 44.07 isolate. The reduction in relative expression of 

these genes compared to mock was not determined to be significant.  
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Figure 2.23: Expression of RAR1 relative to reference genes in Cassia after 
treatment with R. commune isolates 44.07 and OP18(9). Treatments marked 
óhighô are inoculated at a dose of 1 x 107 spores/ml. Otherwise, a 1 x 106 
spores/ml dose was used. Significant differences between 44.07 and OP18(9) 
R. commune treatments at 1 x 106 spores/ml at 6 hpi indicated with *: p-adj < 
0.05 (n = 3).  
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Figure 2.24: Expression of SGT1 relative to reference genes in Cassia after 
treatment with R. commune isolates 44.07 and OP18(9). Treatments marked 
óhighô are inoculated at a dose of 1 x 107 spores/ml. Otherwise, a 1 x 106 
spores/ml dose was used. Significant differences between OP18(9) 
treatments at different inoculation doses at 36 hpi indicated *: p-adj < 0.05 (n 
= 3) 

 

Inoculation with R. commune at a 1 x 106 spores/ml dose did not induce any 

changes in HB expression relative to mock treatment at the earlier timepoints 

(Figure 2.25). However, a higher pathogen load at 1 x107 spores/ml did result 

in an increase in relative expression at these timepoints. Specifically, an 

apparent 10-fold increase in HB expression in response to the higher dose of 

OP18(9) is observed at 12 and 24 hpi (Figure 2.25). This onset of increased 

HB relative expression is delayed in response to 44.07 at the same inoculation 

dose, and an apparent almost 4-fold increase is observed at 36 hpi. However, 

this increase in transcription of HB was only observed in 2 of three replicates. 

At 120 hpi (5 dpi), there is also an over 25-fold increase in HB expression in 

response to 44.07 high dose only (Figure 2.25). This suggests the role of HB 

in early immune response to R. commune may be isolate dependant.  

SGT1 
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Transcription remains low in untreated samples and samples inoculated with 

either isolate at 1 x 106 spores/ml at all timepoints (Figure 2.25).  

 

 

Figure 2.25: Expression of HB relative to reference genes in Cassia after 
treatment with R. commune isolates 44.07 and OP18(9). Treatments marked 
óhighô are inoculated at a dose of 1 x 107 spores/ml. Significant differences 
between 1 x 107 spores/ml dose of the 44.07 R. commune treatment and 1 x 
106 spores/ml 44.07 R. commune treatment at 120 hpi indicated with ** (p-adj 
< 0.01). Significant differences between 44.07 R. commune treatment at 1 x 
107 spores/ml and mock treatment at 120 hpi indicated with *. Significant 
increase in expression between 44.07 and OP18(9) treated samples at the 1 
x 107 spores/ml dose also indicated with *: p-adj < 0.05, p-adj < 0.01, n = 3. 

 

Although there was a level of variation between replicates, the higher 

inoculation load was found to induce a stronger response in Cassia in 

response to both R. commune isolates, particularly in NPR1, PR1 and HB 

expression. As such, the remaining work in this chapter was completed using 

a 107 spores/ml inoculation dose. As significant changes in relative expression 

were detected in these genes at earlier timepoints, it was concluded that it is 

likely that key defence signalling is active during these stages.  
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2.4.5 Comparison of susceptible and resistant barley cvs in response to R. 

commune.  

The experiments described in sections 2.2.3 and 2.4.4 indicated that the 

inoculation method on seedlings grown in controlled growth chambers was 

suitable to study the interaction of the 44.07 and OP18(9) R. commune isolates 

in Cassia, as both pathogen biomass accumulation and host responses could 

be quantified from leaf tissue. The secondary aim of this chapter was to identify 

the appropriate conditions for a global transcriptome analysis to identify 

candidate S genes that may contribute to barley susceptibility to R. commune. 

In section 2.4.4, it was determined that defence signalling pathways such as 

SA signalling are likely to be active at early infection stages (between 12-48 

hpi). The aim of the global transcriptome analysis was to identify differences 

between one susceptible and one resistant barley cv, to determine any 

conserved defence responses and/or susceptible specific R. commune 

response genes. Therefore, prior to RNA sequencing (RNAseq), any changes 

in relative expression of PR1, NPR1, WRKY43, WRKY50 and HB in the 

resistant cv Infinity was determined.  Infinity was chosen as, it is a winter cv 

currently on the recommended growing list (DAFM, 2022). Unlike Cassia (rr = 

4, Table 2.2), Infinity is classified as resistant to R. commune (rr = 7, Table 

2.2) (Table 2.1).  

The inoculation process was repeated in both Cassia and Infinity, maintaining 

the inoculation dose at 107 spores/ml. Tissue was collected for gene 

expression analysis at 0, 12, 24, 36, and 48 hpi to specifically focus on early 

defence responses. A final timepoint of 288 hpi (12 dpi) was also included for 

gene expression analysis, as this corresponds to the time at which symptoms 

appear in the susceptible cv, Cassia. In contrast, scald lesions were not 

observed on the resistant cv, Infinity, at 14dpi in response to either isolate after 

inoculation at 107 spores/ml concentration (Figure 2.26). Wilting and yellowing 

were also observed in Cassia at 17 dpi in response to both R. commune 

isolates. Interestingly, despite being classed as a moderately resistant cv, 

Infinity leaf sections displayed a susceptible phenotype at 17 dpi in response 

to the OP18(9) R. commune isolate, suggesting that this might be a more 

virulent isolate compared to 44.07. However more severe symptoms were 
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observed in susceptible Cassia in response to OP18(9) (Figure 2.26).  In this 

instance, the Infinity x OP18(9) interaction appears to be a susceptible 

interaction.  

 

Figure 2.26: Onset of lesion formation on leaf 2 in susceptible cv Cassia and 
resistant cv Infinity at 12 and 17 dpi after inoculation with 44.07 or OP18(9) R. 
commune isolates at 1 x 107 spores/ml. Mock treatment with water with 0.1% 
Tween 20. Images are representative of three replicates. 

 

Leaves from three individual plants were pooled for gene expression analysis. 

A peak in PR1 relative expression was recorded at 12 hpi in response to 44.07 

in Cassia where a tenfold increase is observed relative to mock (Figure 2.27). 
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A similar peak in expression was observed in section 2.4.4 under the same 

conditions (Figure 2.20). In Infinity, there was also an apparent 5 fold increase 

in PR1 relative expression observed in response to the 44.07 isolate at 12 hpi, 

however this was not found to be significant. This response at 12 hpi was not 

recorded in seedlings inoculated with the OP18(9) isolate in either cv (Figure 

2.27). There was also increased PR1 relative expression in Cassia in response 

to the OP18(9) isolate at 36 hpi but not in response to 44.07. This suggests 

that the timing of PR1 activation during early stages of R. commune infection 

in Cassia may be isolate dependent.  This was not observed in Infinity.  

 

Figure 2.27: Expression of PR1 relative to reference genes in Cassia and 
Infinity after treatment with R. commune isolates 44.07 and OP18(9) at a dose 
of 1 x 107 spores/ml. Significant differences between mock treated and 44.07 
treated samples in Cassia at 24 hpi is indicated with a * (p-adj < 0.05). 
Significant difference in relative PR1 expression after OP18(19) and 44.07 
treatment in Cassia at 48 hpi indicated with ** (p-adj < 0.01) (n = 3). 
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Interestingly, relative expression of NPR1 increased 4 fold at 12 hpi in 

response to 44.07 in Cassia, compared to mock treated Cassia (Figure 2.28). 

As such, increased PR1 expression in Cassia at 12 hpi (Figure 2.27) may be 

as a result of NPR1 mediated SA signalling, which in turn activates 

downstream PR1. This was not observed in Infinity. Similar to PR1, values for 

NPR1 relative expression remain below 1 in response to all treatments in 

Cassia and Infinity at 0 and 12 hpi for all replicates. However, in Figure 2.19, 

when previously testing the two different inoculation doses in Cassia, 

increased NPR1 expression was observed in response to 44.07 at the 1 x 107 

dose at 36 hpi, which was not recorded in Figure 2.28.  

An increase in WRKY43 relative expression was recorded in Cassia in 

response to the 44.07 isolate at 24 hpi compared to mock. This was also 

obsered at 36 and 48 hpi however this was not found to be significant (Figure 

2.29). An induction of WRKY43 in Infinity at 24 hpi in response to 44.07 was 

also observed, but this was not as pronounced as in Cassia (8 fold increase 

compared to mock in Cassia, 6 fold increase compared to mock in Infinity), 

and not found to be significant (Figure 2.29). 
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Figure 2.28: Expression of NPR1 relative to reference genes in Cassia and 
Infinity after treatment with R. commune isolates 44.07 and OP18(9) at a dose 
of 1 x 107 spores/ml. Significant differences between mock treated and 44.07 
treated Cassia at 24 hpi is indicated with a *: (p-adj < 0.05, as determined by 
two way ANOVA, n = 3). No significant changes in expression observed in 
Infinity after R. commune treatment. 
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Figure 2.29: Expression of WRKY43 relative to reference genes in Cassia and 
Infinity after treatment with R. commune isolates 44.07 and OP18(9) at a dose 
of 1 x 107 spores/ml. Significant differences between mock and 44.07 treated 
Cassia at 24 hpi is indicated with a * (p-adj < 0.05, as determined by two way 
ANOVA, n = 3). No significant changes in expression observed in Infinity after 
R. commune treatment. 

 

An apparent 0.7 fold increase of WRKY50 expression in response to 44.07 

relative to mock was observed in Cassia at 24 hpi and 2.2 fold increase at 48 

hpi (Figure 2.30). Also, at 48 hpi in Cassia a 1.5 fold increase in WRKY50 

relative expression compared to mock was recorded in response to the 

OP18(9) isolate. However, this increase in expression at these timepoints was 

not significant (Figure 2.30). This is similar to Figure 2.21, where there was no 

change in WRKY50 expression after treatment with either isolate at 107 

spores/ml at any timepoint in Cassia. Changes in WRKY50 expression 
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between R. commune and mock treated samples in Infinity were also not 

detected (Figure 2.30). 

 

 

Figure 2.30: Expression of WRKY50 relative to reference genes in Cassia and 
Infinity after treatment with R. commune isolates 44.07 and OP18(9) at a dose 
of 1 x 107 spores/ml. No significant changes between R. commune and mock 
treated samples (n = 3).  

 

Relative quantification of HB showed an increase in expression at 24 hpi in 

both Cassia and Infinity in response to both isolates (Figure 2.31). In Cassia, 

while a 3.4 fold and 7.6 fold increase compared to mock was observed at 24 

hpi in response to OP18(9) and 44.07 respectively, values recorded remained 
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low (mean 2ȹCq = 4.07e-3 in response to OP18(9) and 9.07e-3 in response to 

44.07). 

 

 

Figure 2.31: Expression of HB relative to reference genes in Cassia and Infinity 
after treatment with R. commune isolates 44.07 and OP18(9) at a dose of 1 x 
107 spores/ml. No significant differences detected between R. commune and 
mock treated samples in either cv (n = 3) 

 

This is similar to Infinity at 24 hpi, where an almost 20 fold increase is observed 

in response to 44.07 compared to mock, but value remain relatively low (mean 

2ȹCq = 1.1e-2) compared to other genes tested. However, in Infinity, this was 

inconsistent across replicates, with one replicate showing very low expression 
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relative to reference genes (2ȹCq = 4.6e-4). Values for HB relative expression 

in both cvs remain very low (> 0.025) across all treatments and timepoints 

(Figure 2.31). Previously, in Figure 2.15, in non-pooled samples, increased 

relative expression values of HB compared to mock treatment was only 

detected in response to the 1 x107 spores/ml dose of 44.07 in Cassia at 120 h 

(5 dpi).  

  



91 
 

2.5 Discussion 

The first aim of this chapter was to identify a suitable protocol to study the 

interaction between different barley cvs against R. commune, to quantify the 

pathogenicity of Irish R. commune isolates and evaluate the response of 

barley cvs after R. commune inoculation. This was required to achieve the 

second aim of this chapter, which was to identify relevant timepoints in the 

barley x R. commune interaction. 

Glasshouse pilot study 

This was a preliminary screen to test the suitability of glasshouse use in 

studying the barley x R. commune interaction. This was also done to test the 

hypothesis that disease incidence of a given barley cv to R. commune is 

isolate dependant. To assess this, five barley cvs were inoculated with 

different R. commune isolates, and disease incidence was quantified as leaf 

area displaying scald lesions, and loss of green leaf area. Results displayed 

in Figures 2.2-2.5 indeed suggest that disease incidence on a given barley cv 

is R. commune isolate dependent. This was unsurprising and agrees with 

findings described by Arabi et. al., (2010) who showed that the disease 

incidence on 5 barley cvs varied dependent on R. commune isolate (of 49 R. 

commune isolates tested) (Arabi et. al., 2010). This is also observed in other 

crop pathosystems, for example, the disease incidence on wheat cultivars 

Gallant and Stigg varied significantly depending on which Z. tritici isolate they 

were exposed to (of 14 Z. tritici isolates tested) (Rahman et. al., 2020).  In 

section 2.4.1, resistant cv Sanette showed a greater loss of green leaf area in 

response to OP16(16) compared to other R. commune treatments (Figures 

2.4 and 2.6). However, these results were inconclusive because mock treated 

plants also showed disease symptoms. Although plants in the glasshouse 

were positioned in a random block design, they were placed in close proximity. 

It is possible that cross contamination between treatments occurred, so that 

mock treated plants may have been inadvertently exposed to a level of R. 

commune inoculum resulting in disease symptoms (Figures 2.3 and 2.5). If 

this was indeed the case, the lesions in R. commune treated plants cannot be 

accurately attributed to a single isolate. While the seed was not tested for R. 

commune infection, seed was collected from glasshouse plants with no 
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exposure to R. commune and sterilised prior to use to reduce potential for 

asymptomatic seed borne infection.  

For an accurate quantitative assessment of pathogenicity, pre and post 

inoculation conditions must be strictly controlled as plants exposed to high 

temperature can affect both susceptibility and resistance to pathogen infection 

(Dhingra and Sinclair, 1995). For example, tomato hypersensitive response 

marker gene HIN1 expression was detected at higher levels at 20°C compared 

to 33°C as early as 0.5 h after treatment with Cladosporium fulvum elicitor 

Avr9, as determined by northern blot analysis (Jong et. al., 2002). Conversely, 

increased temperature from 15°C to 35°C resulted in increased transcription 

of wheat stripe rust R gene WKS1.1 both in the presence and the absence of 

Puccinia striiformis f. sp. tritici at 9 and 16 dpi (Fu et. al., 2009), suggesting 

that increased temperatures may also potentially improve resistance.  

Due to weather conditions in Oak Park in 2018, during which time this work 

was completed, temperature increases (17-30°C) were recorded in the 

glasshouse despite cooling systems in place, resulting in unstable growth 

conditions. As the optimum growing temp for R. commune is ~ 18°C, increased 

temperature may have affected disease incidence in the cvs tested and the 

expression of defence related genes. In addition, heat stress could also 

contribute to loss of green leaf area, so the results documented may be 

unreliable. Therefore, it was necessary to investigate other approaches that 

would allow stricter control over experimental conditions.  

Detached Leaf Assay 

A detached leaf assay for the investigation of host pathogen interactions has 

advantages including reduced plant material needed, reduced inoculum and 

space requirements, and reduction of the risk of cross contamination. 

However, disadvantages include that this is a more artificial system compared 

to whole seedling/plant inoculation, it induces a wounding response in the 

plant and has temporal limitations due to leaf tissue senescence. 

Despite these limitations, a detached leaf assay has been used in assessing 

the resistance of crop species to different pathogens. For example, Brown and 
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Cooke (2005) described the use of a detached leaf assay to assess resistance 

of barley, oat and wheat cvs to Fusarium head blight disease, specifically to 

determine changes in the length of latent period on different cvs. Similar to the 

work in section 2.4.2, Sayler and Yang (2007) used a detached leaf assay to 

quantify accumulation of the rice sheath blight pathogen Rhizoctonia solani in 

a susceptible and a resistant Oryza sativa subsp. japonica cvs. In that study, 

a standard curve was prepared similarly to that described in section 2.3.9, 

using serial dilution of pathogen DNA from 100 ng to 1 pg. However, dilutions 

of less than 1 pg were not tested. In section 2.3.9, gDNA in dilutions as low as 

0.1 pg was successfully detected.  

In section 2.4.2 it was hypothesised that, as colonisation of R. commune still 

occurs in the absence of visual symptoms in the field (Fountaine et. al., 2007), 

this may also occur under detached leaf conditions. If this was the case, this 

type of assay could be used to examine the pathogenicity of a given R. 

commune isolate in different barley cvs. As shown in section 2.4.2, fungal 

biomass accumulation was indeed greater in resistant Propino compared to 

susceptible Golden Promise, despite more severe symptoms observed in 

Golden Promise (Figure 2.7), however the timecourse of this work was limited 

to the timeframe during which cut leaf sections could survive on agar. It is 

possible that the wounding response induced by cutting the leaf may also 

affect susceptibility to the pathogen. For example, higher crown rust incidence 

was reported in detached leaves compared to non-detached leaves (Dhingra 

and Sinclair, 1995). An alternative proposed by Dhingra and Sinclair (1995) 

was to inoculate barley leaves of whole seedlings using R. commune inoculum 

in soft agar, which is then placed on selected spots along the leaf surface using 

a brush. This would allow for the application of more than two inoculation 

points on a single leaf or inoculation of multiple leaves followed by 

quantification of lesion formation induced by a single isolate, without the issue 

of cutting and wounding leaf sections. 

In conclusion, while the detached leaf assay provided useful data in 

determining pathogenicity of the 44.07 isolate on different barley cvs and also 

demonstrated the efficacy of the qPCR protocol and standard curve 

generated, temporal and physiological limitations due to senescence would be 
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disadvantageous as this work aimed to study changes in host gene expression 

over time. Additionally, to achieve the aim of identifying host responses to R. 

commune that may contribute to susceptibility, a detached leaf assay was not 

appropriate, as results may not accurately correlate with seedling or plant 

resistance.   

Controlled climate growth chamber seedling assay 

The use of a controlled climate growth chamber overcame issues encountered 

in the glasshouse study and was identified as being the best method for the 

transcriptomic analysis presented in Chapter 3. This protocol allowed for the 

quantification of the R. commune symptoms without additional stress applied 

to the seedlings. However, senescence was still observed on small regions of 

mock treated seedlings. One possible explanation for this could be that 

seedlings in the growth chamber are in closer proximity to the light source 

compared to under glasshouse conditions. However, R. commune gDNA was 

not detected in mock treated samples, indicating the senescence observed is 

not a result of R. commune infection.  

The colonisation of two R. commune isolates was examined in Cassia using 

the qPCR protocol described in section 2.3.9. A low level of R. commune 

gDNA was detected at the 0 dpi timepoint in R. commune treated samples, but 

not in mock treated samples (Figure 2.11). These leaf samples were harvested 

immediately after inoculation, and this detection is from the inoculum as 

opposed to inside the leaf tissue. The lack of R. commune gDNA increase 

prior to 14 dpi suggests that the pathogen might have remained dormant (i.e., 

in a latent phase), not undergoing significant replication during this first stage 

of the infection process.   

A number of gene expression analyses were carried out in sections 2.4.3 ï 

2.4.5, to determine the relative expression of defence related genes at different 

timepoints and after different inoculation doses. An initial examination of 

relative gene expression at 0, 2, 7, 10, 14 and 21 dpi after inoculation with one 

of two R. commune isolates, 44.07 and OP18(9), at 106 spores/ml or a mock 

control was first carried out. At this inoculation dose, no statistically significant 

changes in gene expression were detected between R. commune and mock 
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treated samples for all genes examined, except PR1, which showed increased 

expression after OP18(9) treatment compared to mock at 21 dpi. This was 

largely due to variation between replicates. For example, there is an apparent 

increase in HB expression between R. commune and mock treated samples 

at 21 dpi, this was not found to be significant, as it was only detected in 2 of 

the 3 replicates. Additional replicates would therefore be required.  

To ensure a strong pathogen load and potentially drive a more robust defence 

response, the inoculation dose was increased ten-fold from 106 spores/ml to 

107 spores/ml. Changes in expression of NPR1 (Figure 2.19), PR1 (Figure 

2.20) and HB (Figure 2.25) were detected between R. commune and mock 

treated leaf sections after inoculation at the higher dose. This was observed in 

the earlier timepoints between 24 and 48 hpi. From this, it was concluded that 

using 107 spores/ml inoculation dose would be more suitable than a 106 

spores/ml dose when determining appropriate timepoints in the host response. 

Following this, the relative expression of PR1, NPR1, WRKY43, WRKY50 and 

HB in Infinity was confirmed to compare the response in Cassia to a more 

resistant cv (Section 2.4.5).   

Interestingly, despite being classed as a resistant cultivar (Table 2.1), Infinity 

seedlings displayed scald like lesions after inoculation with the OP18(9) R. 

commune isolate at 17 dpi. This was not observed after inoculation with 44.07. 

This suggests that the OP18(9) isolate may be more virulent than the 44.07 

isolate. As the OP18(9) - Infinity interaction displays a susceptible phenotype 

at 17 dpi, analysis of the changes in Infinity gene expression at this timepoint 

may yield further S gene candidates.  

Genes involved in the SA signalling pathway were analysed. Expression of 

NPR1 and PR1 were found to be upregulated between 24 and 36 hpi in 

Cassia. However, in Figure 2.19, when testing the two different inoculation 

doses in Cassia alone, increased NPR1 expression was observed in response 

to 44.07 at the 1 x 107 dose at 36 hpi, which was not recorded in Figure 2.28, 

which showed no significant changes in NPR1 expression at 36 hpi after 

inoculation at the same dose. This may be as a result of biological variability 

between plants of the same cv undergoing the same treatment. Data in Figure 
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2.28 was obtained after pooling leaf sections from plants within a single 

replicate, which may have óaveragedô these differences. Increased PR1 

expression was also observed in Cassia at 21 dpi (Figure 2.13). As SA 

signalling is known to promote susceptibility to necrotrophic pathogens, it is 

possible that activation of SA response genes at the later necrotic stages of 

infection may be contributing to Cassia susceptibility to these R. commune 

isolates.   

WRKY43 and WRKY50 have been suggested as orthologues to AtWRKY33 

(Liu et. al., 2014), a key regulator of multiple defence related processes in 

Arabidopsis (Zheng et al., 2006).  There is however no evidence in the 

literature that WRKY43 or WRKY50 activity is SA dependent in barley. While 

WRKY43 was found to be upregulated in Cassia at 24 hpi in response to 

44.07, this was not observed in Infinity. As SA response genes PR1 and NPR1 

are upregulated in Cassia at 24 hpi when inoculated at 107 spores/ml with the 

44.07 isolate only (Figures 2.27 and 2.28), along with WRKY43 (Figure 2.29), 

it is possible that WRKY43 is indeed an ortholog to AtWRKY33 and may also 

play a role in the susceptible response downstream of SA signalling. If this is 

indeed the case, it is likely to act in an isolate dependent response, as 

increased WRKY43 expression was not observed in response to OP18(9). No 

changes in WRKY50 relative expression were detected in Cassia or Infinity in 

response to either R. commune isolate.  

Interestingly, relative expression of RAR1 and SGT1 was not found to be 

upregulated after R. commune treatment compared to mock. This differs from 

findings by Al-Daoude et. al., (2014), in which inoculation with the Rs46 isolate 

led to increased RAR1 expression at 24 hpi in susceptible barley. However, 

as previously outlined in section 2.1, isolate and cv selection can greatly affect 

disease incidence. As different isolates and cvs were used in this study, the 

activity of these genes are not likely to be identical as observed in response to 

the R. commune isolate Rs46. Activation of these R gene mediated response 

genes is likely to be part of early ETI response, more likely to be isolate 

specific.   
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HB expression was found to be upregulated in Cassia after treatment with 

44.07 at the higher (1 x 107) inoculation dose at 120 hpi (5 dpi). This was not 

observed in response to OP18(9) (Figure 2.25). No other genes examined 

showed increased expression compared to mock at 5 dpi. Therefore, this 

timepoint was not further investigated in section 2.4.5.  However, monitoring 

of the expression of other genes involved in NO signalling in barley in response 

to R. commune could be relevant, due to the central role of NO signalling in 

plant defences against pathogens (Shaprio, 2005; Groß et. al., 2013).  

One of the overall goal of this thesis was to identify candidate S genes in barley 

through a global transcriptome analysis. Therefore, it was important to select 

the most appropriate timepoints to obtain meaningful data, based on the cost 

limitations associated with largescale RNA seq. Based on the results 

presented in this chapter, for the RNAseq work described in Chapter 3, 

timepoints were that encompass the earlier stage of infection to ensure 

important gene regulation events are captured (0, 12, 24, 36 and 48 hpi). The 

288 hpi (12 dpi) timepoint was also included as it is at this point that the 

pathogen is transitioning to the necrotic phase of the infection cycle. Indeed, 

this timepoint may be particularly interesting to assist in the identification of 

specific host signals that trigger in the transition in the pathogenic stages of R. 

commune.   
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3 Identification of barley susceptibility genes involved in the 
Rhynchosporium commune x barley pathosystem.  

3.1 Introduction 

In order for a compatible host - pathogen interaction to occur, the pathogen 

must evade or supress the plant immune system. In addition to this, most 

pathogens also require host compatibility to support their pre- and post-

penetration needs, which differ depending on the lifestyle of the pathogen. For 

example, some biotrophs such as Bgh require the establishment of feeding 

structures (Pliego et al., 2013), while many necrotrophs such as Botrytis 

cinerea induce host cell death (Tiedemann et. al., 1997).   

Any host gene that facilitates the infection process can be considered an S 

gene. However, the primary function of these genes in the absence of stress 

is not necessarily linked to immunity or defence against pathogens. Disrupting 

the function of S genes can result in pathogen-specific resistance if the gene 

targeted is part of a specific pathway required by a given pathogen. Disruption 

of an S gene can also confer broad spectrum resistance, if the targeted gene 

is involved in immune signalling pathways. A large number of identified plant 

S genes were reviewed in van Schie and Takken (2014), with over 200 S 

genes described. While most of these S genes have been identified in 

Arabidopsis, over 60 are described in crop species, including 11 in barley. In 

barley, the role of S genes in susceptibility is primarily described in the 

biotrophic Bgh pathosystem (Shen et. al., 2007; Eichmann et. al., 2010). Of 

surprise, considering the importance of R. commune as a pest of economic 

importance, the involvement of S genes in the barley x R. commune 

pathosystem remains unknown.   

Manipulation of S genes has been shown to confer disease resistance in a 

number of crop species. In rice, several OsSWEET genes have been identified 

as S genes (Streubel et. al., 2013). The bacterial blight pathogen Rhizoctonia 

solani was shown to induce the expression of OsSWEET11 in rice after 48 h 

(Gao et. al., 2018). OsSWEET11 knock out mutants were shown to be less 

susceptible compared to wild type (WT) in a detached leaf assay, while 

overexpression lines were more sensitive to R. solani (Gao et. al., 2018). 
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Notably, Oliva et. al., (2019) used CRISPR/Cas9 genome editing to 

manipulate OsSWEET11, OsSWEET13 and OsSWEET14 to confer broad 

spectrum resistance to 63 Xoo isolates in both lab and field trials (Oliva et. al., 

2019).  

Another example of an S gene whose mutation using CRISPR/Cas9 resulted 

in increased pathogen resistance is DOWNY MILDEW RESISTANCE 6 

(DMR6) identified in Arabidopsis. This gene was shown to be required for 

downy mildew infection (van Damme et al., 2008). Using a phylogenetic 

analysis, two tomato DMR6 orthologues SlDMR6-1 and SlDMR6-2 were 

identified by Thomazella et. al., (2021). CRISPR/Cas9 induced mutations in 

SlDMR6-1 was shown to confer broad-spectrum disease resistance to 

biotrophic and hemi-biotrophic pathogenic bacteria, oomycetes and fungi. 

Indeed, impaired growth of Pst, Xanthomonas gardneri, Phytopthera capsici, 

Pseudoidium neolycopersici and Xanthomonas perforans was observed in 

mutant lines for SlDMR6-1 compared to WT. Notably, RNA sequencing 

(RNAseq) has recorded the differential expression of 1,274 genes in Sldmr6-

1 mutants compared to WT in the absence of a pathogen. GO enrichment 

analysis of the upregulated genes in Sldmr6-1 mutant revealed enrichment of 

biological processes associated with plant immunity including SA response 

(Thomazella et. al., 2021), indicating that SlDMR6-1 functions as a negative 

regulator of these immune related genes, in an uninfected plant.  

Changes in gene expression after pathogen infection may be the result of the 

onset of an immune response (Jones and Dangl, 2006) or may originate from 

the manipulation of the hostôs gene expression programme by the pathogen 

to increase infection or virulence (Lapin and Van den Ackerveken, 2013). S 

genes in particular are likely to be upregulated in a susceptible cultivar 

compared to a resistant cultivar. Comparison of Arabidopsis accessions with 

different levels of resistance to Ralstonia solanacearum showed that 

INCOMPLETE ROOT HAIR ELONGATION 3 (AtIRE3) was expressed at 

higher levels at 7dpi after infection with R. solanacearum in susceptible 

Arabidopsis accessions Lm-2 and Nok-3, compared to resistant accessions 

Bu-0 and CIBC-5. AtIRE3 was determined to function as an S gene as a T-

DNA insertion mutation of this gene showed reduced disease index scores 
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compared to WT in the Col-0 accession (Demirjian et al., 2021). RNAseq can 

be used to examine genome wide changes in expression profiles of resistant 

and susceptible cultivars for the more systematic and genome wide 

identification of S genes. For example, RNAseq was carried out on one 

resistant and one susceptible tobacco cultivar at multiple timepoints after 

infection with Phytophthora nicotianae to screen for both R genes and S genes 

in Nicotiana tabacum (Meng et. al., 2021). This study identified the 

upregulation of seven S gene homologues compared to mock treatment in the 

susceptible cultivar only. These changes in expression occurred between 6 

and 60 hpi, with the highest fold changes occurring at 24 hpi, hence at 

relatively early stages of the infection process.  

The discovery of SlDMR6 as an S gene highlighted that identification of 

orthologues to known S genes can also be used to identify candidate S genes. 

For example, the POWDERY MILDEW RESISTANT 4 (AtPMR4) and 

DOWNEY MILDEW RESISTANT 1 (AtDMR1) genes were previously 

identified to confer susceptibility to Hyaloperonospora arabidopsidis and 

Hyaloperonospora parasitica (downy mildew pathogens) in Arabidopsis 

(Vogel and Sommerville, 2000; Van Damme et. al., 2005). AtPMR4 and 

AtDMR1 were later shown to also be required for susceptibility to Oidium 

neolycopersici (tomato powdery mildew) in Arabidopsis (Huibers et. al., 2013). 

TBLASTN searches of AtPMR4 and AtDMR1 protein sequences were used to 

identify S gene orthologues in the tomato SOL Genomics Network database. 

Stable knockdown of the identified orthologues SlPMR4 and SlDMR1 showed 

reduced growth of O. neolycopersici in tomato (Huibers et. al., 2013). Similarly, 

BLASTp searches were carried out on the potato proteome sequence utilising 

11 known Arabidopsis S protein sequences (Sun et. al., 2016). Sequences 

showing the highest degree of homology with each of the 11 the S genes in 

Arabidopsis were considered to be potential orthologues in potato. RNAi 

mediated knockdown of 5 of the 11 orthologues identified showed complete 

resistance to P. infestans (late blight) in transformed potato, and a sixth 

showed decreased susceptibility through reduced lesion size (Sun et. al., 

2016). For a pathogen that requires ~11 fungicide sprays per season, this was 
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a highly significant result and emphasises the importance of S gene 

identification as a means to design robust genetic resistance.   

A common method for identifying orthologous genes and constructing 

orthologous gene families employs the Markov Clustering (MCL) algorithm. 

Originally developed for graph clustering (van Dongen, 2008), this algorithm 

can be used to cluster groups of gene or protein sequences into families based 

on sequence similarities. This process has been particularly useful in 

clustering large sequence databases comprising sequences across multiple 

species (Enright et. al., 2002; Li et. al., 2003). OrthoMCL is an analysis pipeline 

that uses BLAST analysis to identify orthologous pairs of genes or proteins 

and then applies the MCL algorithm specifically to generate orthologous 

families from at least two species. In addition to identifying orthologous genes 

or gene families, analysing sequence conservation across multiple species 

can also be used to give insight into gene function and evolutionary history. 
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3.2 Chapter Aims 

Research presented in this chapter aimed to use RNAseq and orthologue 

family clustering via the OrthoMCL pipeline to identify barley S gene 

candidates that are likely exploited by R. commune during infection. Based on 

the results of Chapter 2, an RNAseq analysis was completed across six time 

points post R. commune inoculation using barley cvs Cassia and Infinity, in 

response to two R. commune isolates (44.07 and OP18(9)).  

To complement this transcriptomic approach, an in silico analysis was also 

conducted to identify barley orthologues to known S genes from other plant 

species using an extensive list of known dicot and monocot S genes published 

by Van Schie and Takken (2014). Of the plant species discussed in this 

publication, ten had a well annotated published proteome. These ten 

proteomes underwent an óall against allô BLASTp search and results were put 

through the OrthoMCL process to generate orthologous protein families.  

In order to identify S genes that may be specific to the R. commune - barley 

interaction, the lists of differentially expressed genes were compared to the 

set of barley S gene orthologues identified to generate a list of óhigh 

confidenceô S genes with a potential role in susceptibility to R. commune.  
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3.3 Methods 

3.3.1 In silico identification of S protein families  

The proteomes of ten plant species (Table 3.1) for which known S genes or S 

proteins had been listed in Van Schie and Takken (2014) were downloaded 

from publicly available online resources (Supplemental Table S3.1, Appendix 

2) to create a plant protein database. Protein sequences were preferred over 

gene sequences in order to identify more efficiently those barley proteins that 

were closest to known S proteins, with the underlying assumption that protein 

sequences are typically more conserved than the corresponding DNA coding 

sequences. The protein database was then filtered to remove poor quality 

sequences (i.e., truncated sequences or sequences with >20% unknown 

amino acids). Additionally, all known protein isoforms arising from a single 

gene locus were removed, so that this database contained only the longest 

protein isoform. This was done to avoid ópseudo-in paralogueô groups ï 

isoforms that are classed incorrectly as paralogues, which in turn can skew 

the clustering analysis (Li et. al., 2003). From the comprehensive list of known 

S genes and proteins outlined in Van Schie and Takken (2014), the protein 

sequences for 203 of these were known. These 203 protein sequences were 

also included in the protein database.  

An óall-against-allô BLASTp was carried out on this protein database to identify 

homologous pairs of sequences. This involved both ówithin speciesô BLASTp 

to identify potential paralogues, and óbetween speciesô reciprocal BLASTp 

across any two proteomes to identify potential orthologous pairs of proteins. 

The threshold for the all-against-all BLASTp was set to an e-value Ò 10-20. This 

e-value was selected based on the size of the protein dataset and the level of 

stringency required. A lower e-value was not selected due to the diversity of 

the species in the database. The MCL algorithm was then applied to the 

BLASTp output to generate clusters of protein paralogues and orthologues. 

When using OrthoMCL, the inflation value parameter can be set to control 

cluster tightness. A higher inflation value increases the cluster tightness and 

will reduce the number of sequences clustered to the same family. In contrast, 

a lower inflation value will include more sequences into fewer families (Li et. 
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al., 2003). For this analysis, an inflation value of 1.5 was used as described in 

Li et. al., (2003). 

 

Table 3.1: List of proteomes and known S proteins used in dataset.  

Species # of proteins Reference Version 

Arabidopsis thaliana 27,382 TAIR 10  10 

Hordeum vulgare 37,593 IBSC (2012) IBSCv2* 

Zea mays 39,161 Jiao et. al., (2017) AGPv4* 

Capsicum annum 35,336 Qin et. al., (2014) V2 

Oryza sativa 55,548 Kawahara et. al., 

(2013) 

Version 7 

Glycine max 56,044 Schmutz et al., 

(2010) 

Wm82 2.1 

Fragaria vesca 29,645 Li et. al., (2018) V2.0. a2 

Solanum lycopersicum 35,768 TCG (2012) ITAGv3.2* 

Triticum aesitivem (high 

confidence)** 

110,789 IWGSC (2018) V1.0* 

Triticum aesitivem (low 

confidence)** 

158,682 IWGSC (2018) V1.0* 

Medicago truncatula 55,344 Tang et. al. (2014) Mt 4.0v2 

Known S - genes 203 Van Schie and 

Takken (2014) 

- 

 * A new version has been released since this work was completed 
** Proteins assigned high confidence or low confidence classes based on sequence 
completeness (Nôs in DNA sequence corresponding to unknown bases), similarity to 
genes represented in protein and DNA databases and repeat content. 
TAIR: The Arabidopsis Information Resource 
IBSC: International Barley Sequencing Consortium 
TGC: Tomato Genome Consortium 
IWGSC: International Wheat Genome Sequencing Consortium  
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3.3.2 Transcriptome analysis for identification of candidate barley S genes 

Barley cvs Cassia and Infinity were spray inoculated at a dose of 107 spores/ml 

at GS13 with either R. commune isolate OP18(9) (referred to as treatment A 

for remainder of chapter) or 44.07 (referred to as treatment B for remainder of 

chapter) and placed in a controlled atmosphere growth cabinet at 18ęC at a 16 

h day photoperiod (Snijders Micro Clima MC1750) as described in Chapter 2 

(section 2.3.2.3). A mock treatment (treatment M) of SDW with 0.1% (v/v) 

Tween 20 was used as a control. The second emerged leaf was collected at 

0, 12, 24, 36, 48 and 288 (12 days) hpi, flash frozen in liquid nitrogen (LN2) 

and stored at -80°C until RNA extraction. Therefore, the 0 hpi timepoint 

represents between 30 to 60 seconds post inoculation. Leaf samples from 

three individual plants per condition were pooled together to create one 

biological replicate. Therefore, a total of 36 samples were collected per 

biological replicate, totalling 144 samples over four independent experiments 

for RNAseq (Figure 3.1). 

 

Figure 3.1: Schematic overview of RNAseq experiment. Two barley cultivars 
(Cassia and Infinity) were selected based on their resistance ratings to R. 
commune and inoculated with a spore suspension of OP18(9) (A), 44.07 (B) 
or a mock (M) control. Leaf tissue was collected from three individual plants 
and pooled for RNAseq at 0, 12, 24, 36, 48 and 288 hpi (12dpi) for each cultivar 
x treatment combination. Four biological replicates were completed for RNA-
seq. 

 



106 
 

RNA extraction was carried out as described in Chapter 2 (section 2.3.8) using 

the SpectrumÊ Plant Total RNA kit (Sigma-Aldrich). Prior to sending the total 

RNA samples to Novogene, RNA quality was determined on a 1% (w/v) 

agarose gel and nanodrop spectrophotometer. Total RNA was sent to 

Novogene for library preparation and RNAseq. Quality control (QC) steps and 

analysis of raw data to identify DEGs were carried out by Novogene and are 

described below. 

Prior to library construction, RNA quality was confirmed on an Agilent 2100 

bio-analyser (Supplemental table S3.2, Appendix 2), a minimum RNA integrity 

value of 6.3 was recommended to pass QC. Once all samples passed QC, 

library construction was carried out by Novogene using a polyA enrichment 

protocol followed by reverse transcription resulting in ~300 bp cDNA 

fragments. The samples then underwent sequencing using the Illumina 

NovaSeq PE150 platform with at least 30 million paired reads per sample. Raw 

reads were filtered to remove reads containing adaptors, reads where N > 10% 

(where N corresponds to an undetermined base) and low quality reads. Error 

rate, GC content and percentage clean reads were determined for each 

sample.   

Clean reads were mapped to the barley reference genome (IBSC_v2 cv. 

Morex, IBSC, 2002) using the HISAT2 software (Kim et. al., 2019). Gene 

expression levels were determined by the number of transcripts mapped to the 

reference genome, using fragments per kilobase of transcript sequence per 

million base pairs sequenced (FPKM) to normalise the effects of sequencing 

depth and gene length on read counts.  

Differential gene expression analysis of mock treated versus R. commune 

infected tissue was carried out using the DESeq2 software (Love et. al., 2014) 

at each timepoint in both Cassia and Infinity. Differential gene expression 

analysis was also carried out comparing (i) the two R. commune treatments in 

each cultivar to determine potential isolate specific responses, and (ii) Cassia 

mock to Infinity mock samples to determine any intrinsic differences between 

the two cultivars in the absence of R. commune. In all comparisons, 
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differentially expressed genes (DEGs) were determined using the following 

thresholds: |log2(fold change)| > 1 and adjusted p-value (padj) < 0.05. 

To identify ócoreô DEGs and isolate/cultivar specific DEGs, overlap analyses 

between the different datasets were carried out using the BioVenn software 

(Hulsen et al., 2008). Following this, a gene ontology (GO) analysis was 

carried out to identify the biological processes that were over-represented in 

each dataset using the g:GOSt function on g:Profiler (Raudvere et. al., 2019).  
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3.4 Results 

3.4.1 In silico identification of barley S protein orthologues 

To identify candidate barley orthologues to known S proteins, an in silico 

analysis was carried out using the OrthoMCL pipeline described in section 

3.3.1. A total of 77,131 protein families comprising two or more proteins were 

identified by the OrthoMCL pipeline. Of these, only 142 families contained one 

or more known S protein(s). Within these 142 S protein families, 114 also 

contained at least one potential barley orthologue (Table 3.2). 

 

Table 3.2: Overview of the protein families identified through the OrthoMCL 

pipeline.  

  Count 

Proteins in database 636,446 

Protein families 77,131 

Protein families containing a known S protein 142 
Protein families containing a potential barley orthologue to a 
known S protein 114 

 

 

The 142 protein families containing a known S protein revealed 10 families 

that contained proteins from the Arabidopsis proteome only. BLASTp of the S 

protein(s) in these families on the NCBI database into all species showed that 

two of these 10 families were in fact Brassicaceae specific. The remaining 8 

of these 10 families were not Arabidopsis/Brassicaceae specific, as 

orthologous sequences were found in other dicot plant species, which were 

not included in the full protein dataset. Along with these 8 families, one 

additional family was also found to only contain orthologues in other dicot 

species (with orthologous proteins found in Arabidopsis, pepper, soybean and 

tomato from the dataset). From this, it was concluded that some S genes in 

this database may be dicot specific. Notably, no S protein family in this 

database was found to be monocot specific.  

The number of members in an S protein family ranged from 2 to 955 proteins. 

In the 114 families that contained a potential barley orthologue to a known S 
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protein, the number of barley proteins in these families ranged from 1 to 63. In 

total, 682 potential barley S protein orthologues were assigned to these 114 

protein families.  

To determine if the expression of any of the genes coding for these 682 barley 

proteins was differentially regulated in response to R. commune in Cassia and 

Infinity, the expression pattern of these genes was subsequently analysed 

using the RNAseq datasets generated in section 3.4.2. 

3.4.2 Transcriptional response of barley to R. commune  

3.4.2.1 Quality control of RNAseq results  

In parallel to the in silico identification of potential barley S protein orthologues, 

a transcriptomic approach to identify genes involved in the barley response to 

R. commune was carried out. In total, 144 RNA samples were sent for 

RNAseq. The quality of sequencing of each sample, as determined by 

percentage of clean mapped reads, error rate, quality score (Q20 and Q30) 

and GC content, are summarised in Supplementary table S3.3 (Appendix 2). 

Q20 represents an error rate of 1 in 100 (i.e. base call accuracy of 99%), while 

Q30 represents an error rate of 1 in 1000 (i.e. base call accuracy of 99.9%). 

Each sample had a Q30 of over 90%.  An average of 92.18% of reads from 

each sample mapped to the barley reference genome (cultivar: Morex) and 

the read error rate was below 0.04% for every sample. GC content and 

distribution were found to be equal and stable across reads. Altogether, these 

QC results indicate accurate mapping and low probability of errors in base 

calling. In sum, the RNAseq data obtained was of good quality, so that it could 

be used for more in-depth analysis, including the identification of potential S 

genes that are relevant to a barley x R. commune interaction. 

3.4.2.2 Analysis of gene expression changes in susceptible and 

resistant barley cultivars in response to two R. commune isolates. 

Comparisons were carried out to determine significant differential gene 

expression between R. commune infected and mock treated barley in each 

cultivar and at each of the timepoints. As expected, there were no DEGs at 0 

hpi in Cassia infected with A relative to mock. In contrast, some differential 
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expression was identified in Cassia x B, Infinity x A and Infinity x B at the 0 hpi 

timepoint with 74, 3 and 25 DEGs identified respectively (Figure 3.2). This was 

minor compared to the number of DEGs identified between 12 and 48 hpi.  

The number of DEGs between 12 and 48 hpi relative to mock treatment was 

greater in response to the B isolate compared to A in Cassia (7 fold greater at 

12 hpi, 6.4 fold at 24 hpi, 3.5 fold at 36 hpi and 2.5 fold at 48 hpi). This amplified 

response to B compared to A was also observed in Infinity between 12 and 48 

hpi (8 fold greater at 12 hpi, 6.8 fold at 24 hpi, 3.3 fold at 36 hpi and 3.2 fold at 

48 hpi) (Figure 3.2). The total number of DEGs was greatest between 12 and 

48 hpi for each variety/treatment combination. Compared to the earlier 

timepoints, relatively few DEGs were detected at 288 hpi (12 dpi), with a total 

of 7 in Cassia in response to A, 52 in Cassia in response to B, 19 in Infinity in 

response to A, and 25 in response to B (Figure 3.2). 

There was a higher proportion of upregulated genes compared to 

downregulated genes in all treatment x cv combinations. Also, a bi-modal 

expression pattern was observed in the number of upregulated genes 

independent of cv and treatment. A peak in upregulated genes was observed 

at 24 hpi in Cassia (973 and 4044 DEGs in response to A and B, respectively) 

and Infinity (666 and 3042 DEGs in response to A and B, respectively). This 

was followed by a second peak in upregulated genes observed at 48 hpi in 

Cassia (952 and 2283 DEGs in response to A and B) and Infinity (1070 and 

2804 in response to A and B). This bi-modal expression pattern was also 

observed in downregulated genes in all treatment x combinations, except for 

Cassia inoculated with isolate A, in which there was no peak in down regulated 

genes at 24 hpi. 
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Figure 3.2: The number of differentially expressed genes in infected versus 
mock-treated samples, with the number of upregulated genes shown in red, 
and the number of downregulated genes shown in blue. A: OP18(9), B: 44.07, 
M: mock.  

 

To further analyse the transcriptomic response of both cultivars to R. 

commune, pairwise comparisons of identified DEGs (relative to mock) were 

carried out between the two different isolate treatments in one given cultivar. 

This analysis has the potential to reveal isolate-specific differences in either 
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Cassia or Infinity. At the same time, this analysis may reveal DEGs that are 

common to both isolates. For this comparison, an overlap analysis between 

the sets of DEGs was carried out at each timepoint (except 0 hpi), comparing 

DEGs in response to A and B in Cassia, and then separately in Infinity (Figure 

3.3). In Cassia, over half of the DEGs identified in response to A, were also 

identified as DEGs in response to B at every timepoint except 288 hpi. 

Specifically, at 12 hpi, 59.5 % of DEGs (97 DEGs) in response to A are also 

called as DEGs in response to B at the same timepoint, however these 97 

genes only represent 8.2 % of the total DEGs in response to B (total 1171 

DEGs at 12 hpi).  At 24 hpi, the majority (96.4%) of DEGs in response to A are 

also responding to the B treatment. However, there were an additional 5795 

genes differentially expressed in response to B at this time point. After 24 hpi, 

the proportion of DEGs in response to A also responding to B decreases, with 

76% at 36 hpi (366 genes, representing 14.9% of B DEGs), 68% at 48 hpi (955 

genes, representing 20% of B DEGs) and 28% at 288 hpi (2 genes, 

representing 4% of DEGs in response to B).  

Similar to Cassia, the majority of DEGs in response to A are also differentially 

expressed in response to B in Infinity between 12 and 48 hpi. In Infinity, a total 

of 217 DEGs were determined to be common in response to both isolates at 

12 hpi (representing 87% of total DEGs in response to A and 10.8% of total 

DEGs in response to B at 12 hpi), 774 DEGs shared by A and B response at 

24 hpi (96.6% and 14% of total DEGs in response to A and B respectively), 

376 DEGs shared at 36 hpi (95.1% and 28.5% of total DEGs in response to A 

and B respectively) and 1133 DEGs shared at 48 hpi (88.7% and 27.9% of 

total DEGs in response to A and B respectively).  

This shows that while there is a conserved general response to the 2 isolates 

of R. commune shared across both cultivars at each timepoint, there are also 

isolate specific responses. Response to the B isolate induces a larger number 

of DEGs at each timepoint in both cultivars compared to the isolate A.  
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Figure 3.3: Overlap analysis of DEGs in response to different R. commune 
isolates in Cassia (susceptible) and Infinity (resistant) at 12, 24, 36, 48 and 
288 hpi. Blue sets include DEGs in response to OP18(9). Yellow sets include 
DEGs in response to 44.07. (a: OP18(9), b: 44.07 e.g.: cas_a_012 represents 
the number of DEGs in response to A relative to mock identified in Cassia at 
12 hpi)    
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A similar pairwise analysis was also carried out between the two cultivars in 

response to a single isolate in order to determine if there were common DEGs 

in response to both isolates between a resistant and a susceptible cultivar, 

indicating a conserved immune response regardless of the resistance rating 

of the cultivar. Additionally, this analysis will also identify any susceptible 

specific and resistant specific response to a given R. commune isolate at each 

timepoint. The overlap analysis of DEGs in Cassia and Infinity in response to 

A, and separately to B was completed (Figure 3.4). In response to the A 

isolate, at 12 hpi, the majority of DEGs were cv specific between Cassia (102 

genes, 62.6% total DEGs at 12 hpi) and Infinity (187 genes, 75.4% total DEGs 

at 12hpi) with only 61 DEGs common to both cvs at 12 hpi. However, at 24, 

36 and 48 hpi almost half of DEGs expressed in Cassia in response to A 

(42.7%, 40.1% and 40.2% respectively) are also differentially expressed in 

Infinity in response to A. At 288 hpi (12 dpi) there are 3 genes differentially 

expressed in both Cassia and Infinity in response to the A isolate.  

In response to the B isolate, a similar trend is observed, in that almost half of 

the DEGs in Cassia are differentially expressed in Infinity at 24, 36 and 48 hpi 

(3643, 770 and 1738 genes representing 53.5%, 45.9% and 49.5% of total 

DEGs in Cassia at 24, 36 and 48 hpi in response to B respectively). At 288 

hpi, only two DEGs are common to both cvs in response to the B isolate. These 

results suggest that while there was a conserved response between the two 

cvs detected in response to both isolates, there were also distinct groups of 

genes at each timepoint. These could be susceptible specific and resistant 

specific DEGs to each R. commune isolate, i.e., casB represents a susceptible 

interaction, while infB represents a resistant interaction, as determined in 

Chapter 2 (Figure 2.26). Barley S genes that are exploited by R. commune to 

promote susceptibility could potentially be found in the susceptible specific 

gene sets.  
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Figure 3.4: Overlap analysis of DEGs in response to a single R. commune 
isolate in Cassia (susceptible) and Infinity (resistant) at 12, 24, 36, 48 and 288 
hpi. Blue sets include DEGs Cassia. Yellow sets include DEGs in response to 
Infinity. (a: OP18(9), b: 44.07)  
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For each cultivar x treatment condition, some genes were identified as 

differentially expressed at more than one timepoint. For example, in Cassia 

following treatment with A, 423 DEGs were identified at 2 timepoints, 188 

DEGs were identified at three timepoints and 44 DEGs were identified at four 

timepoints. Similarly, in Cassia in response to B, there were a total of 2094 

DEGs identified at 2 timepoints, 720 DEGs at three timepoints, 153 DEGs 

identified at four timepoints and 7 DEGs identified at all five timepoints.  One 

such example is the HORVU7Hr1G113030 gene which was determined as 

significantly upregulated in Cassia at the 12 hpi and again at 48 hpi in 

response to A, but not at any other timepoint. This same gene was upregulated 

at 36 and 48 hpi in Cassia in response to B, but not at any other timepoint 

(Appendix 2, Supplemental Figure S3.1). This makes it difficult to identify 

clearly so called ócoreô barley response genes to R. commune infection using 

pairwise comparisons at each timepoint because several genes will be 

accounted for more than once. In order to overcome this problem, 4 DEG 

groups were defined as follows: 

¶ 2165 DEGs identified in Ó 1 timepoint in Cassia after infection with 

OP18(9) (treatment A) compared to mock-treated [dataset 1, noted casA] 

 

¶ 1831 DEGs identified in Ó 1 timepoint in Infinity after infection with 

OP18(9) (treatment A) compared to mock-treated [dataset 2, noted infA] 

 

¶ 9270 DEGs identified in Ó 1 timepoint in Cassia after infection with 44.07 

(treatment B) compared to mock-treated [dataset 3, noted casB] 

 

¶ 8178 DEGs identified in Ó 1 timepoint in Infinity after infection with 44.07 

(treatment B) compared to mock-treated [dataset 4, noted infB] 

These 4 datasets were used to identify ócoreô response genes to R. commune 

independently of the timepoints at which samples had been collected (Figure 

3.5). Within the overlap of the casA and casB datasets, there was a specific 

set of 370 genes (white circle in Figure 3.5) that were differentially expressed 

in Cassia in response to both R. commune treatments, but which were absent 
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from the infA and infB datasets. The expression of these genes was only 

affected in the susceptible cultivar and in response to both R. commune 

isolates, suggesting that they may be specifically required for the susceptibility 

phenotype. Genes in this set were considered as ósusceptible specificô. Within 

the overlap of the infA and infB datasets, there were 156 genes (red circle in 

Figure 3.5). These genes potentially make up a conserved response to R. 

commune within a resistant cultivar and were denoted óresistant specificô 

response genes. However, as suggested in Chapter 2, the infA interaction may 

represent a more susceptible interaction compared to the infB interaction, due 

to the appearance of lesions on Infinity at 17 dpi after inoculation with the A 

isolate (Figure 2.26). No visible symptoms were observed in Infinity after 

inoculation with the B isolate. Therefore, the eight genes found in the overlap 

of the infA, casA and casB datasets (Figure 3.5) may also contain candidate 

genes required for a susceptible interaction.   

Notably, 983 genes were differentially expressed in all 4 datasets (yellow circle 

in Figure 3.5), irrespective of the cultivar and of the R. commune isolate used 

in the experiments. These 983 genes are more likely to be part of a conserved 

or ócoreô defence response to R. commune. This set of ócoreô response genes 

is particularly interesting for the identification of S genes that may have a role 

in multiple cultivars and in response to a broader range of isolates.  
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Figure 3.5: Overlap analysis of the different cultivar x treatment using datasets 
1-4. The intersection representing the ócoreô response to R. commune (i.e., 
DEGs present in all four datasets) is marked with a yellow circle (983 genes). 
The intersection marked in white represents putative ósusceptible specificô 
response genes (370 genes), which are only differentially expressed in Cassia 
but not in Infinity. Likewise, the intersection marked in red represents óresistant 
specificô response genes (156 genes), which are only differentially expressed 
in Infinity. a: OP18(9), b: 44.07. 
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3.4.2.3 Functional analysis of DEGs 

In order to identify the biological processes that were significantly 

overrepresented among DEGs in each treatment x cultivar combination, a GO 

analysis was carried out on each of the datasets (infA, casA, infB, casB) to 

reveal cultivar specific and isolate specific responses (Figure 3.6). As 

expected, GO terms associated with plant defences against pathogens were 

found to be enriched among the sets of DEGS. This contributes to the 

functional validation of the datasets obtained.  

Figure 3.6: Heatmap of GO terms that are over-represented in the four pre-
defined datasets. These biological processes are overrepresented in the set 
of genes found to be differentially expressed in each individual treatment x 
cultivar combination. Significance of over representation is shown as the -
log10(p-adj) and is represented as a colour gradient from red (ïlog10(p-adj) > 
35) to yellow (ïlog10(p-adj) < 5). Grey cells indicate no significant over 
representation. Heatmap generated using GraphPad Prism (version 9.1.0). 
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General terms such as óphosphorylationô, ócell surface receptor signalling 

pathwayô and ócell communicationô were the most significantly over-

represented in each dataset (Figure 3.6). While these are broad functional GO 

terms, they relate to processes that can be associated with aspects of defence 

responses. For example, recognition of PAMPs induces PRR phosphorylation 

and the activation of signal transduction pathways, including MAPK signalling, 

eventually resulting in the phosphorylation of transcription factors that regulate 

defence gene expression (Park et. al., 2012). While GO terms such as 

ódefence response to other organismô and óimmune system processô were also 

over-represented in all four datasets, the more specific GO term ódefence 

response to fungusô was only over-represented in datasets describing the 

response to the B isolate (infB, casB). Other more specific GO terms including 

JA and SA processes and ósystemic acquired resistanceô were also enriched 

in each of these datasets. 

Other enriched GO categories represented in this analysis, which are not 

shown in Figure 3.6, included terms that would not typically be associated with 

the defence response. These include reproductive processes such as 

órecognition of pollenô, ópollinationô and ópollen-pistil interactionô. While these 

terms were not expected to be over-represented in these datasets, closer 

investigation of the genes assigned to these categories revealed a number of 

genes involved in protein phosphorylation and receptor protein signalling. Both 

of these processes are also required in immune signalling.  It was also found 

that a number of genes found in these categories are also assigned to other 

general categories that can also be associated with the immune response, 

including óphosphorylationô and ócell communicationô. One possibility for this 

could be that GO annotation and categorisation is not as specific in barley as 

compared to other species such as Arabidopsis.  

To further examine the DEGs in the core response (983 genes), susceptible 

specific (370 genes) and resistant specific (156 genes) subgroups identified in 

Figure 3.5, a GO analysis was also carried out on each subset of genes (Figure 

3.7). The GO terms represented in this figure were selected based on their 

known role in defence response, but additional terms were overrepresented, 

as indicated below. There were 96 GO terms that were overrepresented in 
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both the core subgroup and the individual datasets (infA, casA, infB, casB) 

including óprotein phosphorylationô, ókinase activityô and ócell surface receptor 

signalling pathwayô. More specific terms that also showed enrichment in this 

core group of DEGs include defence response and hormone signalling (Figure 

3.7). From this, it appears that a large number of defence related processes 

are conserved across susceptible and resistant cultivars. Interestingly, the GO 

term óhydrogen peroxide metabolic processô was found to be enriched for in 

the core subgroup of DEGs. This was not found to be enriched for in any of 

the DEG datasets when taken as a whole (infA, casA, infB, casB). Hydrogen 

peroxide (H2O2) is a ROS, which is known to be induced during PTI 

immediately after both compatible and incompatible host-pathogen interaction. 

A second, prolonged wave of ROS production has also been detected during 

ETI in compatible host-pathogen interactions and is involved in the 

hypersensitive response (Yuan et. al., 2021). This result suggests that ROS-

mediated signalling may be particularly relevant in the context of R. commune 

infection. 

A GO analysis on the sets of DEGs that were specific to the susceptible and 

resistant varieties (indicated in white and red, respectively, in Figure 3.5) was 

also conducted. This was carried out to examine the biological processes in 

response to R. commune that are unique to each cultivar. There was only one 

biological process enriched for in the resistant specific subgroup órRNA base 

methylationô and one biological process overrepresented in the susceptible 

specific subgroup óphotosynthesis, light harvestingô. The relevance of these 

GO categories are unclear, although it is known that photosynthesis and 

chloroplast related processes are important in the context of plant/pathogen 

interaction (Bechtold et. al., 2005; Rojas et. al., 2014).   

Due to the possibility that the infB dataset may also represent a susceptible 

interaction, the eight genes identified in the overlap of the infA, casA and infB 

datasets were also examined. However, there was no significant over 

representation of any GO terms. At the timepoints in this dataset (12, 24, 36 

and 48 hpi), no visible symptoms were observed in Infinity. Therefore, these 

eight genes were not further investigated.  
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Figure 3.7: Heatmap of over-represented GO terms that are unique to the 
subgroups of DEGs identified in Figure 3.5 (core, resistant specific and 
susceptible specific). Significance of over representation is shown as the ï
log10(p-adj) and is represented as a colour gradient from red (ïlog10(p-adj) > 
30) to yellow (ïlog10(p-adj) < 10). Grey cells indicate no significant over 
representation. Heatmap generated using GraphPad Prism (version 9.1.0). ss: 
susceptible specific; rs: resistant specific. 

 

3.4.2.4 Validation of RNAseq and verification of DEGs by RT-qPCR 

In order to further validate the RNAseq datasets, the FPKM values of four 

defence related genes (NPR1, PR1, WRKY43, BI1) were plotted. These genes 

were chosen because (i) of their potential role in the barley defence response; 

(ii) they are part of the ócoreô response dataset identified in the previous 
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section; and (iii) they were shown (in section 2.4.5) to have changes in relative 

expression levels after treatment with the A and/or B isolates, except for BI1 

which showed no changes after R. commune treatment compared to mock. 

The FPKM values for the SA-related genes PR1 (Figure 3.8) and NPR1 

(Figure 3.9) are in agreement with previously determined relative expresssion 

levels (Figures 2.27 and 2.28, Chapter 2). Specifically, PR1 expression as 

determined by FPKM and by RT-qPCR increases compared to mock at 24 hpi 

and 36 hpi in response to both R. commune isolates in Cassia. In Infinity, the 

RT-qPCR results suggest increased expression in response to B compared to 

mock treatment only at 24 hpi, however this was not determined to be 

statistically significant. The FPKM values also show higher expression in 

response to B treated samples compared to mock treated samples at 36 hpi 

(Figure 3.8). However, FPKM vales also indicate increased expression of PR1 

in Infinity at 36 and 48 hpi in response to the A isolate. This was not detected 

by RT-qPCR.  

FPKM plots representing NPR1 expression in Cassia show that at 0, 12 and 

288 hpi, FPKM values are similar between R. commune and mock treated 

samples (Figure 3.9 B). This was also observed in RT-qPCR plots (Figure 3.9 

A). At 24 hpi, increased FPKM values are observed in R. commune treated 

Cassia (both isolates) compared to mock treatment. This apparent increase in 

expression is also seen in RT-qPCR plots for Cassia (Figure 3.9 A). However, 

expression determined by FPKM suggested an increase in expression in R. 

commune treated samples in Cassia at 36 and 48 hpi in response to both 

isolates, which was not detected by RT-qPCR. Furthermore, at 12, 24, 36 and 

48 hpi FPKM values for NPR1 expression in Infinity increase in response to 

both R. commune treated samples. These trends are only reflected in relative 

NPR1 expression determined by RT-qPCR at 12 and 24 hpi, but not at 36 and 

48 hpi. No changes in expression between R. commune and mock treated 

samples were observed in Infinity through FPKM or RT-qPCR data at any 

timepoint (Figure 3.9 A).  
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Figure 3.8: Validation of PR1 gene expression changes. A: PR1 expression 
relative to ACTIN as determined by RT-qPCR (n = 3) in Chapter 2. Significant 
differences between mock and 44.07 treatments at 24 hpi as determined by 
two-way ANOVA indicated by * (p-adj < 0.05) B: PR1 expression as 
determined by FPKM values obtained from RNAseq datasets (n = 4). M: Mock, 
A: treatment A (OP18(9)), B: treatment B (44.07).  
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Figure 3.9: Validation of NPR1 gene expression changes. A: PR1 expression 
relative to ACTIN as determined by RT-qPCR (n = 3) in Chapter 2. Significant 
differences between mock and 44.07 treatments at 24 hpi as determined by 
two-way ANOVA indicated by * (p-adj < 0.05) B: NPR1 expression as 
determined by FPKM values obtained from RNAseq datasets (n = 4). M: Mock, 
A: treatment A (OP18(9)), B: treatment B (44.07). 
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Expression of WRKY43 in Cassia in response to B peaks between 12 and 48 

hpi, and in response to A at 48 hpi, as determined FPKM. This increase is 

more pronounced in response to the B isolate.  RT-qPCR data also shows 

increased WRKY43 expression in Cassia in response to either isolate at the 

same timepoints, however this was only found to be statistically significant at 

24 hpi in response to B (Figure 3.10). There is no difference in relative 

expression or FPKM values between R. commune and mock treated samples 

at 0 and 288 hpi in Cassia. An increase in WRKY43 FPKM values was 

detected betwen 24 and 48 hpi in Infinity in response to both A and B. 

Corresponding RT-qPCR analysis did not detect any significant changes in 

WRKY43 expression in Infinity between R. commune and mock treated 

samples. Expression of WRKY43 as determined by FPKM and RT-qPCR in 

mock treated samples remained low across all timepoints in Cassia and Infinity 

(Figure 3.10).   

Finally, BI1, a conserved cell death regulator known to be involved to 

susceptibility to Bgh (Eichmann et. al., 2010) was also chosen to validate the 

RNAseq data. RT-qPCR data indicated no significant changes in BI1 relative 

expression between R. commune and mock treated samples in Cassia or 

Infinity (Figure 3.11 A). However, FPKM data suggests there was increased 

expression of BI1 in Cassia between 24 and 48 hpi in response to B. The 

FPKM data detected increased BI1 expression in response to B in Infinity at 

36 and 48 hpi, but not 24 hpi.     

 



127 
 

  

Figure 3.10: Validation of WRKY43 gene expression changes. A: WRKY43 
expression relative to ACTIN as determined by RT-qPCR (n = 3) in Chapter 2. 
Significant differences between mock and 44.07 treatments at 24 hpi as 
determined by two-way ANOVA indicated by * (p-adj < 0.05) B: WRKY43 
expression as determined by FPKM values obtained from RNAseq datasets 
(n = 4). M: Mock, A: treatment A (OP18(9)), B: treatment B (44.07). 
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Figure 3.11: Validation of BI1 gene expression changes. A: BI1 expression 
relative to ACTIN as determined by RT-qPCR (n = 3). No significant changes 
in expression between different treatments at a given timepoint as determined 
by two-way ANOVA was detected B: WRKY43 expression as determined by 
FPKM values obtained from RNAseq datasets (n = 4). M: Mock, A: treatment 
A (OP18(9)), B: treatment B (44.07). 

 

A 

B 
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3.4.3 Identification of candidate S genes in barley targeted by R. commune. 

Using the RNAseq data, the expression profiles of the 682 potential barley 

orthologues that were identified through the in silico approach in Section 3.4.1 

were next examined. Of these 682 genes, only 245 were found to be 

differentially expressed relative to mock treatment in at least one of the four 

previously defined datasets from section 3.4.2.2 (casA, casB, infA, infB). To 

track the changes in expression of these potential barley orthologues over time 

in response to each R. commune isolate, a heatmap of significant changes in 

expression of each of these 245 potential S gene orthologues relative to mock 

treatment, represented by the log2 of the fold change (FC), was generated 

(Figure 3.12). This analysis would allow for: (i) determination if the S gene 

orthologues are up or/and down regulated in each cultivar across the infection 

time-course; (ii) identification of any S gene orthologues that are differentially 

expressed in Cassia only or Infinity only in response to a given R. commune 

isolate; (iii) the reveal of isolate-specific differences within Cassia and Infinity; 

and (iv) identification of S gene orthologues that are responding to both 

isolates.  

None of the 245 S gene orthologues were found to be differentially expressed 

at 0 hpi immediately following inoculation with isolate A, and only 2 genes 

(HORVU4Hr1G005920 and HORVU6Hr1G053090) showed differential 

expression in Cassia only at 0 hpi after inoculating with isolate B. This 

indicates that the expression of the majority of the S gene orthologues were 

not triggered by the inoculation method. Interestingly, none of the 245 S gene 

orthologues were found to be differentially expressed at 288 hpi (12 dpi). 

Because of the absence of differential expression, the 0 hpi and 288 hpi 

timepoints were not included on the heatmap (Figure 3.12).  
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Figure 3.12: Heatmap of significant Log2(Fold change) of 245 identified 
potential barely S gene orthologues. Level of up or down regulation is 
represented as a colour gradient with upregulation shown in red and 
downregulation shown in blue. Grey indicates no significant change 
inexpression at this timepoint. Heatmap generated using GraphPad Prism 
(version 9.1.0).  
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143 of the 245 S gene orthologues showed significant differential expression 

at multiple timepoints. For example, HORVU5Hr1G060650 and 

HORVU7Hr1G019390 genes were differentially expressed in Infinity in 

response to both R. commune isolates at 12, 24, 36 and 48 hpi. These genes 

were also differentially expressed in Cassia in response to both isolates at 24, 

36 and 48 hpi (Figure 3.13 and Figure 3.14).  

 

 

Figure 3.13: Log2(FC) relative to mock treatment of DEG 
HORVU5Hr1G060650 in Cassia and Infinity after treatment with A or B isolate.  
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Figure 3.14: Log2(Fold Change) relative to mock treatment of DEG 
HORVU7Hr1G019390 in Cassia and Infinity after treatment with A or B isolate. 

 

Six of the 245 S gene orthologues show upregulation at one timepoint, and 

downregulation at another. For example, ALCOHOL DEHYDROGENASE 

(ADH) (HORVU5Hr1G057090) was upregulated in Cassia at 24 hpi in 

response to both A and B.  It was also upregulated in Infinity in response to B 

at 48 hpi but downregulated in Cassia in response to B at 48 hpi (Figure 3.15). 

There were also 75 genes that are only down regulated in response to R. 

commune in Cassia or Infinity. For example, HORVU4Hr1G081990 is 

downregulated at 24 and 48 hpi in both Cassia and Infinity in response to B 

only (Figure 3.16).   
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Figure 3.15: Log2(Fold Change) relative to mock treatment of DEG ADH 
(HORVU5Hr1G057090) in Cassia and Infinity after treatment with A or B 
isolate 

 

Figure 3.16: Log2(Fold Change) relative to mock treatment of DEG 

HORVU4Hr1081990 in Cassia and Infinity after treatment with A or B isolate. 
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In order to narrow down the number of candidate S gene orthologues from the 

245 genes shown in Figure 3.12, three different selection approaches were 

applied:  

¶ Approach 1 - selection of S gene orthologues for which differential 

expression is observed in both Cassia and Infinity, in response to both 

R. commune isolates during at least one timepoint. 

¶ Approach 2 - selection of S gene orthologues in which differential 

expression is observed in Cassia only in response to both R. commune 

isolates during at least one timepoint. 

¶ Approach 3 - selection of S gene orthologues that show significantly 

higher endogenous expression in Cassia but not in Infinity in mock 

treated samples.  

In order to identify DEGs that met criteria for approaches 1 and 2, an overlap 

analysis was carried out to examine which differentially expressed S gene 

orthologues were common to each cultivar x treatment combination, or unique 

to a specific dataset at 12, 24, 36 and 48 hpi (Figure 3.17). Two types of genes 

were of particular interest: (i) genes indicated in a blue circle in Figure 3.13 

were differentially expressed in both Cassia and Infinity. Hence, they may 

correspond to candidate S genes involved in the susceptibility to R. commune 

more broadly (i.e., Approach 1) and (ii) genes indicated in a red circle in Figure 

3.13 were potential S gene orthologues that were differentially expressed in 

response to both R. commune isolates in Cassia, but not differentially 

expressed in Infinity at that one particular timepoint (i.e. Approach 2). (Note 

that the same genes may be differentially expressed in Infinity at different 

timepoints). 
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Figure 3.17: Overlap analysis of differentially expressed S gene orthologues 
A: 12 hpi, B: 24 hpi, C: 36 hpi, D: 48 hpi. Overlaps circled in blue represent the 
potential S genes that are differentially expressed in both cultivars in response 
to the two R. commune isolates. Overlaps circled in red represent the S gene 
orthologues that are specific to the Cassia response at a particular timepoint.  

 

Results from Approach 1 

The subset of potential S gene orthologues that were differentially expressed 

in both Cassia and Infinity in response to both isolates represent S gene 

orthologues involved in a conserved response. While Infinity is classified as 

resistant to R. commune (DAFM, 2022), it is not a fully resistant cultivar. As 

such, scald like symptoms still occur in this cv. A level of S gene activity is 

possible in this cultivar, therefore this set of genes were further examined so 
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as no to eliminate all potential S gene orthologues that may be differentially 

expressed in Infinity.   

A total of 44 genes met this selection criterion (Table 3.3). A total of 4 genes 

were identified at 12 hpi, 26 at 24 hpi, 14 at 36 hpi and 32 at 48 hpi (Figure 

3.17). 19 of these genes were identified as core response S gene orthologues 

at more than one timepoint. For example, HORVU0Hr1G030830 encodes a 

WRKY domain containing protein. It was differentially expressed in both 

Cassia and Infinity at 24 and 48 hpi in response to both R. commune isolates 

(Figure 3.18). In Cassia, it is also upregulated at 36 hpi in response to both 

isolates. In addition, in Infinity, it is upregulated in response to B at 12 and 36 

hpi (Figure 3.18). This gene was identified as a proposed ortholog to the 

known rice S gene OsWRKY45-1.  

 

 

Figure 3.18: Log2(Fold Change) relative to mock treatment of DEG 

HORVU0Hr030830 in Cassia and Infinity after treatment with A or B isolate. 
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Results of Approach 2:  

Presuming that the differential expression of potential S gene orthologues in 

Cassia (but not in Infinity) might potentially contribute to the susceptible 

phenotype of Cassia compared to Infinity, this subset of S gene orthologues 

was of particular interest. A total of six genes met this selection criteria at the 

given timepoints. There were no potential S gene orthologues in this subset at 

12 hpi, but 4 genes at 24 hpi, 1 at 36 hpi and 1 at 48 hpi (Figure 3.17) were 

identified. All six genes identified in this approach were only unique to the 

Cassia response at one timepoint.  It is likely that candidate S genes 

specifically required for susceptibility to R. commune can be among these 

genes if their activity is required at a specific timepoint during infection. For 

example, ADH (HORVU5Hr1G057090) was selected through this approach as 

it is differentially expressed in Cassia in response to both R. commune isolates 

at 24 hpi, and is not differentially expressed in Infinity until later, at 48 hpi 

(Figure 3.15). It is possible that the earlier activation of ADH at 24 hpi in Cassia 

is required for the susceptible phenotype. This gene is involved in ethanol 

production and has been found to be upregulated in response to multiple 

stresses, including waterlogging and pathogen infection (Pathuri et. al., 2011). 

In barley, it has already been described as an S gene whose activity aids Bgh 

infection. Indeed, upregulation of ADH was recorded within 2 h after Bgh 

inoculation (Kasbauer et. al., 2018). It is possible that activation of this gene 

during early infection stages in Cassia may contribute to susceptibility to other 

fungal pathogens including R. commune.  

Another gene identified through this approach, HORVU2Hr1G028470, was 

only differentially expressed in Cassia in response to both isolates at 12 hpi. It 

was not differentially expressed in Infinity at any timepoint (Figure 3.19). 

Although it codes for a myb-like DNA-binding protein, the function of this gene 

is unknown. The in-silico analysis in section 3.4.1 identified 

HORVU2Hr1G028470as a potential orthologue to AtMYB46. This Arabidopsis 

gene has been described as an S gene that contributes to susceptibility to B. 

cinerea (Ramirez et. al., 2011).  



138 
 

 

Figure 3.19: Log2(Fold Change) relative to mock treatment of DEG 
HORVU2Hr028470 in Cassia and Infinity after treatment with A or B isolate. 

 

Only one gene, HORVU5Hr1G122390, was identified through both Approach 

1 and Approach 2. It was identified as unique to the Cassia response 

(Approach 2) at 12 dpi as it was found to be differentially expressed in Cassia 

in response to both isolates not differentially expressed in Infinity at this 

timepoint (Figure 3.20). In addition to this, it was also a potential S gene 

orthologue with a conserved response in both cvs (Approach 1), as it was 

found to be upregulated in both Cassia and Infinity in response to both isolates 

at 36 and 48 hpi. Interestingly, this gene was also differentially expressed in 

Infinity in response to both isolates at 24 hpi, and not differentially expressed 

in Cassia at this timepoint (Figure 3.20). It is possible that temporal regulation 

of this gene contributes to a susceptible or resistant phenotype. The function 

of this gene in barley is unknown, but here, it was identified as a potential 

orthologue to the known Arabidopsis S gene AtIOS1.  
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Figure 3.20: Log2(Fold Change) relative to mock treatment of DEG 
HORVU5Hr1G122390 in Cassia and Infinity after treatment with A or B isolate 

 

Results of Approach 3 

Another approach taken to identify candidate S gene orthologues that could 

contribute to susceptibility to R. commune was to identify putative S gene 

orthologues that showed a significantly higher endogenous expression level in 

Cassia relative to Infinity. For example, type 1 S genes (i.e., genes whose 

activity benefits the pre-penetration needs of the pathogen) may have the 

ability to óprimeô susceptibility before infection. For this analysis, the FPKM 

values of all 682 potential S gene orthologues identified in section 3.4.1 in 

mock treated Cassia and Infinity at each time point examined in the RNAseq 

experiment were examined. This analysis detected 35 putative S gene 

orthologues that showed differential expression between Cassia relative to 

Infinity in the absence of pathogen infection at one timepoint only. A further 17 

genes were differentially expressed at more than one timepoint. A two way 

ANOVA and pairwise comparison at each timepoint was carried out to 

determine any significant differences in corresponding FPKM values at 

individual time points. Six of these 17 genes were selected as they were 

defined as differentially expressed at more than 4 timepoints (Table 3.3). 
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Interestingly, one of these genes was significantly upregulated in Infinity, the 

remaining five were upregulated in Cassia (Figure 3.21).   

 

Figure 3.21: FPKM values of six candidate S gene orthologues with significant 
(p-adj < 0.05) differences between Cassia and Infinity mock treated samples, 
which also show differential gene expression at more than 4 timepoints (n = 
4). * Indicates level of significance as determined by ANOVA using R (version 
4.0.2). *: p-adj< 0.05, **: p-adj <0.01, ***: p-adj <0.005, ****: p-adj <0.001, ns: 
not significant.  
































































































































































































































































































