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ABSTRACT  26 

Septoria tritici blotch (STB) is an important foliar disease of wheat that is caused by the fungal 27 

pathogen Zymoseptoria tritici. The grass Brachypodium distachyon has been previously used 28 

as a model system for cereal-pathogen interactions. In this study we examined the non-host 29 

resistance (NHR) response of B. distachyon to two different Z. tritici isolates in comparison to 30 

wheat. These isolates vary in aggressiveness on wheat cv. Remus  displaying significant 31 

differences in disease and pycnidia coverage. Using microscopy, we found that similar isolate 32 

specific responses were observed for H2O2 accumulation and cell death in both wheat and B. 33 

distachyon. Despite this, induction of isolate specific patterns of defence gene expression by 34 

Z. tritici did differ between B. distachyon and wheat. Our results suggest that PAL 35 

(phenylalanine ammonia lyase) expression may be important for NHR in B. distachyon while 36 

PR (pathogenesis-related) and (ROS) reactive oxygen species mediated gene expression may 37 

be important to limit disease in wheat. Future studies of the B. distachyon- Z. tritici interaction 38 

may allow identification of conserved plant immunity targets which are responsible for the 39 

isolate specific responses observed in both plant species.  40 

  41 

Keywords: Zymoseptoria tritici, fungal, Brachypodium distachyon, wheat, Non-host 42 

 43 

  44 
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Introduction 45 

 46 

Septoria Tritici Blotch (STB) is caused by the ascomycete fungus Zymoseptoria tritici. This 47 

disease poses a major threat to wheat production worldwide. STB is a particular concern in 48 

countries with humid, temperate climates (Orton et al. 2011; Fones and Gurr 2015).  49 

STB control relies on the use of resistant wheat varieties together with foliar fungicide 50 

applications.  However, rapid evolution of Z. tritici to overcome host resistance and acquire 51 

fungicide tolerance is a challenge the control of  this disease (Cools and Fraaije, 2013; Dooley 52 

et al., 2016). 53 

The infection cycle of Z. tritici includes: the entry of the fungus into the host leaf, colonization 54 

of plant tissue and formation of the asexual and sexual fruiting bodies (Steinberg 2015).  55 

Following leaf contact, the asexual pycnidiospores or sexual ascospores germinate to form 56 

hyphae (Dancer et al. 1999; Palmer and Skinner 2002). Recent studies have shown that Z. tritici 57 

may remain epiphytic for 4-10 days post inoculation and prior to infection via the stomata 58 

(Fones et al. 2017; Haueisen et al. 2018). Following infection via the stomatal openings, hyphae 59 

colonize the apoplast of the mesophyll cell layer. The infecting hyphae show no evidence of 60 

forming either haustoria or other types of specialized feeding structures (Keon et al. 2007). The 61 

wheat host remains symptomless for 7-10 days and this is dependent on the variety.  62 

Throughout this ‘latent’ phase there is little or no increase in fungal biomass (Kema et al., 63 

1996; Rudd et al., 2015). It has been suggested that the fungus may utilize internal stores of 64 

nutrition such as lipids or fatty acids at this time (Rudd et al. 2015; Steinberg 2015).  65 

The initial recognition of pathogen attack is mediated by the plant’s pattern recognition 66 

receptors (PRRs) that bind conserved pathogen-associated molecular patterns (PAMPs) such 67 

as fungal chitin (Miya et al. 2007; Robatzek et al. 2016). This is termed PAMP -triggered 68 

immunity (PTI). Pathogens can attempt to suppress PTI by secreting effector proteins which 69 
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are in turn detected by plant resistance (R) gene products. However effectors that evade  70 

recognition can manipulate plant cellular and metabolic processes to aid pathogen infection 71 

(Boller and He 2009). For example, the Z. tritici effector protein LysM binds fungal chitin and 72 

acts to ‘cloak’ the invading pathogen from the plant’s immune system by binding fungal chitin 73 

(Yang et al. 2013). The Z. tritici effector Avrstb6 is a small cysteine-rich protein recognised by 74 

Stb6, a wall-associated receptor kinase in wheat. However, the function of Avrstb6 is not yet 75 

known (Kema et al. 2018; Saintenac et al. 2018). Following the latent phase, Z. tritici switches 76 

to an aggressive necrotrophic growth stage (Eyal et al. 1987; Yang et al. 2015). This is 77 

characterized by an increase in fungal biomass, degradation of the host cell wall, a collapse of 78 

mesophyll tissue cells and the accumulation of H2O2. The loss of cell integrity during the 79 

necrotrophic phase has been suggested to share similar characteristics to that of programmed 80 

cell death (PCD) (Yang et al. 2013). While PCD may reduce the spread of a biotrophic 81 

pathogen, it may also facilitate subsequent proliferation by providing a source of nutrition for 82 

the necrotrophic phase of Z. tritici growth  (Keon et al. 2007).  The mechanisms by which the 83 

necrotrophic phase is initiated is not entirely clear, although it has been suggested that the 84 

transition may be triggered by secreted effector proteins (Yang et al. 2015). 85 

 86 

During the final stage of its lifecycle, Z. tritici produces asexual and sexual fruiting bodies 87 

termed pycndia and pseudothecia respectively. The pycnidia are formed inside the leaf 88 

substomatal cavity, and release asexual pycnidiospores which are dispersed to neighbouring 89 

plants by rain splash (Steinberg 2015). After death of the host tissue, saprophytic growth begins 90 

and the pathogen forms pseudothecia which appear 25 – 30 days after infection (Sánchez-Vallet 91 

et al. 2015). These pseudothecia produce sexual ascospores dispersed by the wind (Eyal 1987).  92 

B. distachyon is a grass species related to cereals in the Pooideae which has been previously 93 

used as a model system for cereal-pathogen interactions and its utility for the study of STB 94 
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explored (O’ Driscoll et al. 2015; Omidvar et al., 2018). In this study we compare the responses 95 

of  B. distachyon (non-host) and wheat (host) to two different Z. tritici isolates IPO323 (Kema 96 

and van Silfhout 1997) and 560.11 (Lynch et al. 2016) using microscopy and gene expression 97 

studies. A better understanding of NHR in B. distachyon against STB may provide insights into 98 

isolate aggressiveness and the future identification of the plant immunity targets. .  99 

 100 

 101 

Materials and Methods 102 

Plant and fungal material 103 

Seeds of T. aestivum (wheat) cv Remus were kindly supplied by Prof. F. Doohan and seeds of 104 

B. distachyon (Bd21) were provided by Dr. C. Ng (School of Biology and Environmental 105 

Science, UCD, Dublin) (Stępień et al. 2004; O’Driscoll et al. 2015). Seeds of wild-type B. 106 

distachyon (Bd21) and the German spring wheat cv. Remus were stratified at 4oC for 3 days 107 

and then incubated in the dark at room temperature for 4 days to allow germination. Germinated 108 

seeds were transferred to pots containing one-part vermiculite and three-part peat soil. The pots 109 

were then placed in a growth chamber under a 16:8-hour light: dark  cycle at 24oC:12oC and 110 

watered every 2 days. 111 

The Z. tritici isolates IPO323 (Kema and van Silfhout 1997) and 560.11 (Lynch et al. 2016) 112 

were used for this study. Isolate 560.11 was isolated in Ireland in 2011 (Lynch et al. 2016) and 113 

isolate IPO323 was isolated in the Netherlands in 1981 (Kema and van Silfhout 1997). Prior to 114 

use, each isolate was cultured on potato dextrose agar (PDA) and grown at 20oC under white 115 

light supplemented with blue/black ultraviolet (UV-A) light under a 12:12 hour light: dark  116 

cycle for approximately 7 days (O’ Driscoll et al. 2015). Z. tritici cultures were grown under 117 

UV to induce asexual sporulation in vitro (Cooke and Jones 1970; Holmes and Colhoun 1971 118 
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Kema and Annone 1991; Skinner 2001; Zelikovitch and Eyal 1989; Tiley et al. 2018). Fungal 119 

spores from the PDA cultures were harvested using deionised water and spore concentration 120 

was adjusted to 1 x 106ml-1 in water containing 0.02% Tween20 solution. Each plant was 121 

sprayed with a spore suspension of 5mls using hand-held mist spray bottles. Control plants 122 

were sprayed with 5ml of 0.02% Tween20 solution each. Inoculated plants were then covered 123 

with polythene bags for 48 hours to ensure high humidity.  124 

 125 

Microscopic analysis 126 

For analysis of H2O2, leaf sections were placed in 3, 3’ diaminobenzidine (DAB) (1mg per 127 

1ml) pH 3.8 for 4 hours in the dark. Leaf samples from Z. tritici challenged 14 day old wheat 128 

and Brachypodium seedlings were placed in 90% ethanol with heat for 10 minutes to remove 129 

chlorophyll. Dead cells and fungal structures were stained using Trypan Blue (Koch and 130 

Slusarenko, 1990) while heating leaf samples for 20 minutes, before rinsing in water and de-131 

staining in choral hydrate (2.5g/ml H2O) overnight. Leaf samples were mounted onto slides 132 

with 80% glycerol and examined under a light microscope (Leica DM5500B).  For quantitative 133 

analysis cells in the Fields of view (FoV) were examined at x40 magnification for 0, 2, 4, 7 , 9 134 

and 21 dpi. An average of approximately 830 cells in Remus and 1600 cells in B. distachyon 135 

were counted per FoV surrounding a spore for DAB or Trypan blue stained guard, epidermal 136 

and mesophyll cells.  The Fov for two spores per each of the two leaves (n=4) were counted. 137 

This was repeated independently twice (n=8) and averaged. Images were collected over four 138 

independent experiments where two leaves (each from different plants) with each of the isolates 139 

560.11 and IPO323 were examined with a light microscope (Leica DM5500B). Images were 140 

recorded with a Leica DFC310FX digital camera.  141 

 142 

 143 
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Disease and pycnidia scores 144 

Seedlings of the Z. tritici susceptible wheat cv. Remus and wild type B. distachyon (Bd21) 145 

were inoculated with Z. tritici isolates IPO323 or 560.11. Inoculated plants were incubated 146 

under high humidity for 48 hours and subsequently at normal humidity at 22°C under a 16:8-147 

hour light: dark cycle. Diseased leaves were harvested at 0, 10, 14, 17 and 21 days post 148 

inoculation. The samples were boiled for 10 minutes in ethanol to remove chlorophyll and were 149 

then mounted on glass slides for scoring. High resolution images of slides were obtained using 150 

a flatbed scanner (Epson XP-620). The coverage of necrosis or pigment browning and pycnidia 151 

was calculated using ImageJ for the whole leaf area (Schneider et al., 2012). Two leaves, each 152 

from different plants were used for each time point and this was repeated over three 153 

independent experiments.  154 

For pycnidiospore counts, four 1cm long leaf sections each from 3 leaves from individual wheat 155 

and B. distachyon plants inoculated with Z. tritici or control plants were harvested at 31 dpi. 156 

Leaves were exposed to 100% humidity for 48 hours to induce release of pycnidiospores. The 157 

leaf sections were  immersed in Sterile Distilled Water and vortexed for 15 seconds. The 158 

suspension was pipetted onto a haemocytometer for a qualitative assessment of spores released 159 

from pycnidia of isolate 560.11 and IPO323 on T. aestivum cv Remus and B. distachyon. This 160 

was repeated 3 times independently.  161 

 162 

B. distachyon and wheat-extract agar 163 

The Z. tritici isolates IPO323 and 560.11 were grown on Czapek Dox-V8 juice (CDV8) agar 164 

(46 g/L Czapek Dox agar, 200 ml/L V8® Original vegetable juice (Campbell’s), 3 g/L calcium 165 

carbonate and 20 g/L agar) for 5 – 7 days under white light supplemented with blue/black UV 166 

(UV-A) light under 16:8-hour light: dark cycles at 20C (Kema and Annone 1991). The 167 

vegetative, yeast-like Z. tritici cells were used to inoculate wheat-extract agar (WEA) (37.5g/L 168 
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homogenised Triticum aestivum cv. Remus leaves of 21-day old seedlings in 2% agar) and B. 169 

distachyon-extract agar (BEA) (37.5g/L homogenised B. distachyon leaves of 21-day old 170 

seedlings in 2% agar). The inoculated plates were wrapped in foil for 48 hours and then 171 

incubated as above. Petri dishes were examined every 30 days for approximately 5 months 172 

using a Leica M205 C stereo microscope.I Images were captured using Leica Application Suite 173 

software V4.4. 174 

 175 

RNA extraction and quantitative real time PCR 176 

For plant gene expression studies, wheat and B. distachyon leaves (14-day old seedlings) were 177 

sampled at 0.5, 48, 96 and 144 hours after inoculation (hpi) with mock (0.02% Tween 20) or 178 

either of the two Z. tritici isolates. All samples were immediately frozen in liquid nitrogen and 179 

stored at -80°C until use. Total RNA was extracted from 100mg of plant tissue using RNeasy 180 

plant Mini Kit (Qiagen, The Netherlands) and subjected to on-column DNase treatment 181 

(Sigma). Quantification of total RNA was carried out using a Nanodrop ND-1000 182 

spectrophotometer. Reverse transcription of RNA (1µg) was carried out using Omniscript RT 183 

Kit (Qiagen) and oligo (dT) primer using manufacturer’s instructions.  184 

Six defence marker genes (PR1, PR2, PR3, SOD, CAT, PAL and OPR3) and 2 reference genes 185 

(Actin and GAPDH) in both wheat and B. distachyon were analysed by qPCR (Table 1). Real-186 

Time quantitative PCR was carried out in 12.5 µl reactions including 1.25 μl of a 1:5 (v/v) 187 

dilution of cDNA, 0.2 μM of primers, and 1× SYBR Premix Ex Taq (Tli RNase H plus, 188 

RR420A; Takara). PCR conditions were as follows: 1 cycle of 1 min at 95°C; 40 cycles of 5 s 189 

at 95°C and 20 s at 60°C; and a final cycle of 1 min at 95°C, 30 s, at 55°C, and 30 s at 95°C 190 

for the dissociation curve. Normalised fold change was calculated for each time relative to 191 

mock using the 2-ΔΔCt described by Livak and Schmittgen (2001) and Ct Reference = 192 

geometrical mean (Ct GAPDH: Ct Tub). Two independent experiments were carried out. Each 193 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4677899/#def2
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experiment included three leaves from three plants per isolate per time point (n=6). Average 194 

Ct and SEM were calculated from six individual Ct value per isolate per time point. 195 

             196 

 Statistical Analysis 197 

            For gene expression studies, Relative gene expression was calculated with the equation 2- (Ct target gene – 198 

Ct housekeeping gene)
 using the qRT-PCR threshold cycle (Ct) values. Statistical analysis was conducted 199 

using ANOVA incorporating Tukey’s significant difference test at P≤ 0.05 in Graph Pad Prism 200 

(version 5.03 for windows; GraphPad software, San Diego, CA, United States).  201 

All other statistical analysis was performed using the R statistical package (R Core Team, 2016). 202 

The proportion of disease symptoms and pycnidia per leaf area, the proportion of dead cells per 203 

FoV and proportion of cells showing the presence of H2O2 per FoV, were analysed using a 204 

generalised linear model with a quasi-binomial distribution (Crawley 2012). Multiple 205 

comparison tests were performed using the emmeans function of the emmeans package. 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 
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Results  216 

T. aestivum (cv. Remus) and B. distachyon were compared for their response to infection with 217 

an Irish Z. tritici isolate (560.11) and Dutch isolate (IPO323).  218 

Pathogenicity of the Z. tritici 560.11 and IPO323 isolates on wheat  219 

           Disease symptoms caused by the Z. tritici isolate 560.11 on wheat were more severe 220 

compared to those caused by IPO323 (Fig. 1A). At 21 days-post inoculation (dpi), disease 221 

coverage on cv. Remus was significantly (p<0.05) higher on plants inoculated with isolate 222 

560.11 (74 ± 9%) than with IPO323 (56 ± 10%) (Fig. 1C). Pycnidia coverage on wheat infected 223 

with isolate 560.11 was also found to be significantly (p<0.05) higher at 14 dpi  (23 ± 6%) and 224 

21 dpi (74 ± 9%) compared to with IPO323 (2 ± 1% and 45 ± 9% respectively)  (Fig. 1E).  225 

B. distachyon non-host response to Z. tritici isolates 560.11 and IPO323 226 

A macroscopic response was observed in B. distachyon to infection with both of the Z. tritici 227 

isolates (Fig. 1B). Z. tritici isolates on B. distachyon caused the production of brown pigments 228 

(polyphenols) (Fig. 1B, Supplementary Fig. 1). Levels of pigment accumulation on B. 229 

distachyon plants inoculated with the 560.11 isolate were significantly (p<0.05) higher at 14 230 

(58 ± 9%) and 21 dpi (70 ± 5%) compared to leaves inoculated with the IPO323 at 14 dpi (32 231 

± 6) and 21 dpi (44 ± 8)  (Fig. 1D) 232 

 233 

             Z. tritici isolate interactions with the non-host grass B. distachyon 234 

Infected leaves were examined microscopically to determine if the symptoms observed on B. 235 

distachyon with Z. tritici isolate 560.11 were associated with any fungal colonisation. Z. tritici 236 

isolate 560.11 formed intracellular hyphae within the mesophyll cell layer (Fig. 2 F-J) 237 

comparable to that found in the wheat cv. Remus (Fig. 2 A-E). Rarely, a few immature 238 

pycnidia-like structures were observed on B. distachyon inoculated with Z. tritici isolate 560.11 239 
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after 28 dpi (Fig. 2 H-J) which were similar to those observed on the wheat cv. Remus 28 dpi 240 

(Fig 2 C-E). However, no pycnidiospores were released from the immature pycnidia in B. 241 

distachyon. Whereas Remus pycnidia released pycnidiospores via oozing cirrus, which were 242 

most abundant per cm2 with isolate 560.11 (Supplementary Fig. 2). 243 

 244 

Z. tritici pycnidia production on B. distachyon leaf extract 245 

The ability of Z. tritici to produce pycnidia in B. distachyon was investigated further by 246 

inducing asexual sporulation in vitro on wheat extract agar (WEA) and B. distachyon extract 247 

agar (BEA). This enables the uncoupling of the B. distachyon non-host response with the ability 248 

of this grass to support Z. tritici asexual sporulation. 249 

Previous studies have shown that asexual sporulation can be established in Z. tritici by 250 

incubating the fungus on WEA under white light supplemented with fluorescent blue/black 251 

UV-A light but not on water agar alone (Cooke and Jones 1970; Kema and Annone 1991; 252 

Skinner 2001; Zelikovitch and Eyal 1989; Tiley et al. 2018).  253 

Both the Z. tritici IPO323 and 560.11 isolates produce hyphal knots and pycnidia on WEA and 254 

BEA (Fig. 3). By 60 days post-inoculation, both Z. tritici isolates produced white lateral hyphae 255 

radiated across the surface of the agar, away from the point of inoculation. These hyphae 256 

formed white hyphal knots, the initial stages of pycnidia development. By 5 months post-257 

inoculation, the hyphal knots had developed into dark-brown, globose pycnidia which were 258 

approximately 50 – 100 µm in diameter (Fig. 3). The structures resembled pycnidia observed 259 

in planta on wheat cv. Remus isolates, and some oozed a cirrus-like substance. Only the Z. 260 

tritici 560.11 isolate consistently formed pycnidia on BEA in two independent experiments 261 

(Fig. 3). 262 

  263 
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Hydrogen peroxide accumulation and cell death during the host wheat-Z. tritici 264 

interaction  265 

Wheat leaves inoculated with the two Z. tritici strains were stained with 3, 3’-266 

Diaminobenzidine (DAB) and Trypan blue to assess H2O2 accumulation and PCD respectively 267 

at 0, 2,  7, 9,  and 21 dpi (Fig. 4) (Supplementary Fig. 3A & 4A).  268 

Following inoculation, the cells in the field of view surrounding the site of Z. tritici spores were 269 

assessed for H2O2 accumulation. The percentage of Remus cells with H2O2 significantly 270 

increased between 0 dpi (1 ± 0.2 %) and 2 dpi (12 ± 2%) before peaking at 9 dpi (25 ± 6%) 271 

following infection with isolate IPO323. A similar pattern of H2O2 accumulation was observed 272 

with isolate 560.11 increasing to 29 ± 6%  at 2 dpi and peaking at 9dpi (44 ± 7%) (Fig. 4). 273 

The different cell types were assessed for the percentage of H2O2 to determine responses in 274 

epidermal, guard and mesophyll cells. No significant differences in the percentage of guard or 275 

epidermal cells accumulating H2O2  were found between the isolates, at any of the time points. 276 

However, a significantly higher percentage of mesophyll cells were found to accumulate H2O2 277 

in response to isolate 560.11 (56 ± 7%) compared to IPO323 (16 ± 3%) at 2dpi. The highest 278 

percentage H2O2 accumulation in wheat was at 9 dpi in response to 560.11 (73 ± 4%) compared 279 

to IPO323 (32 ± 4) (Fig.4).  280 

Following challenge with isolate IPO323 the percentage of dead cells in wheat significantly 281 

increased between 0 (0.3 ± 0.2%) and 9 dpi (17 ± 5%) before levelling off. A significant 282 

increase in the percentage of dead cells was observed from 0 dpi (0.2 ± 0.2%) to 7 dpi (5 ± 2%) 283 

, 9 (19 ± 6%) and 21 dpi (26 ± 5%) following challenge with isolate 560.11 (Fig. 4).  284 

No significant differences in the percentage of cell death in guard or epidermal cells were found 285 

when comparing between the isolates. However, at 21 dpi a significantly higher percentage of 286 

dead mesophyll cells were found in response to 560.11 (20 ± 5%) compared to IPO323 (7% ± 287 

1) (Fig. 4).  288 



Page 13 of 36 
 

13 

 

Hydrogen peroxide accumulation and cell death during the B. distachyon non-host-Z. 289 

tritici interaction 290 

B. distachyon leaves were stained for  H2O2 and PCD induction, using 3,3’-Diaminobenzidine 291 

(DAB) and Trypan blue staining at 0, 2, 7, 9 and 21 dpi with isolate 560.11 and IPO323 (Fig. 292 

5) (Supplementary Fig. 3B & 4B).  293 

Following inoculation, B. distachyon cells in the field of view surrounding  the site of Z. tritici 294 

spores were assessed for H2O2 accumulation. After infection with isolate IPO323 the 295 

percentage of B. distachyon cells with H2O2 increased significantly between 0 dpi (0.2 ± 0.1%)  296 

and 7 dpi (22 ± 4%) before peaking at 9 dpi (30 ± 5%).  Whereas, a significant accumulation 297 

of H2O2 in cells following 560.11 infection was observed earlier at 2 dpi (28 ± 4%) before 298 

peaking at 9dpi (48 ± 5%) (Fig. 5) 299 

In B. distachyon the percentage of epidermal cells accumulating H2O2 in response to isolate 300 

560.11 (21 ± 4% ) was found to be significantly higher than in response to IPO323 (2 ± 1%) at 301 

2 dpi (Fig. 5). Whereas such a significant difference was not observed in wheat (Fig. 4). B. 302 

distachyon also had a significantly higher percentage of mesophyll cells accumulating H2O2 in 303 

response to isolate 560.11 compared to IPO323 at 2, 7, 9 and 21 dpi (Fig. 5).  The highest 304 

percentage was observed in response to 560.1 (77 ± 5%) at 9 dpi compared to (47% ± 7%) for 305 

IPO323.    306 

Following challenge with isolate IPO323 the percentage of dead cells significantly increased 307 

between 0 dpi (0.6 ± 0.3%) and 7 dpi (6 ± 2%) with a further increase not observed until 21 308 

dpi (14 ± 4 %) (Fig. 5). Following challenge with 560.11 a significant increase in the percentage 309 

of dead cells was observed between 0 dpi (0.5 ± 0.3%) and 7 dpi (14 ± 5%) before peaking at 310 

21 dpi (22 ± 6% ). 311 

No significant differences were observed in B. distachyon for epidermal or guard cell death 312 

with the exception of 7 dpi, where a significantly higher percentage of dead guard cells were 313 
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found in response to 560.11 (41 ± 11%)  compared to IPO323 (13 ± 4%) (Fig. 5). In mesophyll 314 

cells a significantly higher percentage of dead cells were found in response to 560.11 at 9 dpi 315 

(14 ± 2%) and  21 dpi (17 ± 4%)  compared to IPO323 at 14 dpi (3 ± 1%) and 21 dpi (7 ± 1%)  316 

(Fig. 5).  317 

 318 

            Defence gene expression following challenge of wheat and B. distachyon with the two Z. 319 

tritici isolates 320 

Quantitative real-time PCR (qRT-PCR) was performed to assess the relative expression of 321 

defence gene induction in B. distachyon and wheat following inoculation with the two Z. tritici 322 

isolates during the early stages of infection (0.5, 48, 96, 144 hours post inoculation (hpi). 323 

 324 

            SA signalling pathway marker gene expression 325 

            To explore a potential role for the SA signalling pathway the expression of PR1 (Pathogenesis-326 

Related), PR2, NPR1 (Non-expresser of PR genes 1), and PAL (Phenylalanine Ammonia Lyase) 327 

were investigated. 328 

TaPR1 transcripts were significantly induced in wheat inoculated with IPO323 compared to 329 

mock controls at all time points analysed. Whereas, wheat seedlings inoculated with 560.11 330 

only had significantly induced TaPR1 levels at 144 hpi. Significant differences were observed 331 

between seedlings treated with different isolates at 96 hpi where TaPR1 levels had increased 332 

28-fold for IPO323 compared to a 4- fold induction for 560.11. Conversely at 144 hpi TaPR1 333 

levels were significantly higher with 560.11 (34-fold induction) compared to IPO323 (18-fold 334 

induction) (Fig. 6A). 335 
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 Both TaPR2 and TaNPR1 transcripts were significantly higher in wheat plants infected with 336 

IPO323 at 0.5 hpi compared to those inoculated with 560.11 (Fig. 6C, 6E).  TaPR2 also had 337 

significantly higher levels following IPO323 inoculation than 560.11 at 144hpi . 338 

BdPR1 transcripts were only found to be significantly induced at 144 hpi with isolate IPO323 339 

(Fig. 6B). No significant difference in relative transcript levels of BdPR2 and BdNPR1  were 340 

found in B. distachyon plants inoculated with either of the two Z. tritici isolates (Fig. 6D, 6G).  341 

No significant induction of TaPAL in wheat was observed compared to mock control with both 342 

isolates (7F). However, a significant induction of BdPAL was observed in B. distachyon 343 

relative to the mock control at 48 hpi, 96 hpi and was significantly different when challenged 344 

with 560.11 compared to IPO323 at 48 hpi, 96 hpi and 144 hpi (Fig. 7H).  345 

 346 

            JA signalling pathway marker gene expression 347 

           To explore the role of the JA signalling pathway during Z. tritici infection, the expression of 348 

PR3 and Oxo phytodienoate reductase 3 (OPR3) was investigated.  349 

TaPR3 transcript accumulation was significantly induced  at 0.5, 48 and 96 hpi in wheat plants 350 

infected with IPO323 and this was significantly different to induction by 560.11 at 0.5 hpi(Fig 351 

7A). In infected B. distachyon plants, BdPR3 transcripts were induced relative to mock control 352 

at 48 and 144hpi with IPO323. There was a significant difference in the transcript accumulation 353 

of BdPR3 at 48 and 96 hpi between the two Z. tritici isolates where 560.11 had highertranscript 354 

levels (Fig. 7B). Levels of TaOPR3 and BdOPR3 transcripts were not found to be induced 355 

following infection with either Z. tritici isolate (Fig. 7C and 7D).  356 

 357 

 358 
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ROS production and catalase expression  359 

To further explore the role of the ROS production and turnover the expression of Super Oxide 360 

Dismutase (SOD) and Catalase (CAT) was investigated. 361 

            Significant induction of TaSOD was observed at all timepoints infected with IPO323 and the 362 

transcript levels were significantly higher compared to with isolate 560.11  (Fig. 8A). TaCAT 363 

was significantly induced by IPO323 at 48 hpi compared to the mock control and was 364 

significantly higher compared to inoculation with 560.11 (Fig. 8C). In B. distachyon, BdSOD 365 

was induced relative to the control at 48 hpi and 144 hpi but there was no significant difference 366 

between isolates(Fig. 8B). In contrast, BdCAT was induced and differentially expressed 367 

between isolates in B. distachyon plants.  IPO323 had significantly higher transcript levels at 368 

0.5 hpi while 560.11 induced higher transcript levels at 48 and 96 hpi (Fig. 8D). 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 
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DISCUSSION 381 

Non-host resistance has been proposed as a durable source of disease control (Lee et al. 2013; 382 

Gill et al. 2015). In this study we found isolate specific responses when comparing the 383 

interaction between the wheat pathogen Z. tritici, the wheat host and the non-host grass B. 384 

distachyon.  385 

In previous studies, symptoms caused by Z. tritici on B. distachyon were found to be similar to 386 

an incompatible interaction with the natural wheat host. The Z. tritici isolate IPO323 showed 387 

no intracellular infection and no stomatal penetration was detected (O’ Driscoll et al. 2015). In 388 

this present study, isolate 560.11 (Lynch et al., 2016) was used for comparison to IPO323 389 

(Kema and van Silfhout 1997).  Early in infection both isolates showed an increase in biomass, 390 

suggested via an increase in ZtTUB transcripts on B. distachyon between 0.5 and 48 hpi 391 

(Supplementary Fig. 5). The 560.11 isolate was able to achieve stomatal penetration and 392 

intracellular growth in B. distachyon and there was possible immature pycnidia-like formation 393 

(Fig. 2). Evidence that B. distachyon has the nutrients for Z. tritici pycnidia formation was 394 

supported by growth on BEA (Fig. 3). It was rare to find these pycnidia-like structures on B. 395 

distachyon and when found, they were of an immature form. However, B. distachyon were not 396 

observed post 31 days and it is therefore possible that these pycnidia develop further and  397 

eventually mature. The immature pycnidia were comparable to those found in Z. tritici 398 

transcription mutants (Mohammidi et al. 2017). Our results show that the Z. tritici isolate 399 

560.11 was more aggressive on wheat than IPO323 displaying a higher disease and pycnidia 400 

coverage (Fig.1.) This isolate was able to penetrate and intracellularly colonise B. distachyon 401 

leaves, suggesting that some aggressive isolates of Z. tritici may be able to partially overcome 402 

pre-invasive and initial PTI responses. This result is similar to findings with stem rust (Puccinia 403 

graminis), where occasional sporulation was observed with some isolates (Figueroa et al. 2013; 404 

Ayliffe et al. 2013). Although here. we were unable to obtain pycnidiospores from the 405 

immature pycnidia in B. distachyon (Supplementary Fig. 2). The uncoupling of pycnidia 406 
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formation from pycnidiospore formation has also been reported for Z. tritici in chlorophyll-407 

deficient wheat leaves silenced for wheat phytoene desaturase (PDS) and magnesium chelatase 408 

subunit H (CHlH) (Lee et al. 2015).  Another possibility is that the smaller sub-stomatal cavities 409 

in B. distachyon prevent mature pycnidia formation.  410 

 It is hypothesised that in distantly related plants NHR is mediated by PTI since non-host 411 

pathogen effectors are likely to be unable to supress PTI. This may be due to a lack of effector 412 

targets or an inability to manipulate the non-host plant targets (Stam et al., 2014). Therefore, 413 

differences in NHR may reflect differences in the effector complement or effector expression 414 

between isolates.  However,  there is evidence that effectors can act in distantly related species. 415 

For example, RXLR effectors from P. infestans were found to suppress PTI responses in the 416 

tomato host and in the nonhost Arabidopsis  (Stam et al., 2014; Zheng et al., 2014). Previously 417 

it was proposed that ETI may contribute to NHR of B. distachyon to isolates of the crown rust 418 

oat pathogen P. coronata f. sp. avenae, where isolate specific responses were found B. 419 

distachyon and oat (Omidvar et al., 2018).  420 

Despite both Z. tritici isolates accumulating brown pigmentation in B. distachyon this was 421 

significantly higher with 560.11. Phenylalanine ammonia-lyase (PAL) catalyses the production 422 

of cinnamic acid from phenylalanine which can be converted into phenolic compounds. These 423 

compounds are in turn oxidised and polymerized into brown pigments (Ngadze et al. 2012). 424 

This is consistent with the increased levels of brown pigment observed in B. distachyon 425 

following challenge with isolate 560.11. In addition, higher transcript levels of BdPAL were 426 

found in B. distachyon infected with 560.11 isolate from 48 to 144 hpi (Fig. 6H). We found no 427 

induction of TaPAL by either Z. tritici isolate in the susceptible wheat cv. Remus (Fig. 6F). 428 

However, expression of wheat TaPAL has been previously reported to be induced by Z. tritici 429 

and was higher in the STB semi-resistant wheat cv. Premio (Ors et al. 2017). PAL is a key 430 

enzyme in biosynthesis of polyphenolic compounds and lignin precursors. Furthermore, 431 

https://www.frontiersin.org/articles/10.3389/fpls.2014.00582/full#B83
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production of phenylpropanoid radicals by H2O2 and peroxidase may also form a chemical and 432 

or physical barrier to Z. tritici in B. distachyon (Ors et al. 2017). 433 

The role of reactive oxygen species has been studied in both host and non-host defence 434 

responses (Hückelhoven and Kogel 2003; Nimchuk et al. 2003). H2O2 accumulation at the site 435 

of Z. tritici penetration has been associated with resistance (Shetty et al. 2003; 2007). Despite 436 

this, significant epidermal H2O2 accumulation and cell death also took place from 13 dpi in a 437 

compatible reaction with the wheat cv. Sevin (Shetty et al., 2003). Z. tritici secretes catalase-438 

like proteins at the stage of pycnidia development to detoxify ROS accumulation in the host 439 

(Haueisen et al., 2018). Our results are in agreement with an accumulation of H2O2 promoting 440 

infection since we observed a peak of H2O2 accumulation at 9 dpi and this was higher for the 441 

aggressive isolate 560.11 (Figure 4). Superoxide dismutase (SOD) and catalase are known to 442 

break down superoxide radicals (O2
-) to H2O2 and breakdown H2O2 respectively. These 443 

enzymes play a key role in antioxidant defence against pathogens (Zhang et al. 2008; Bednarski 444 

et al. 2013). Wheat SOD (TaSOD) expression was significantly lower in 560.11 infected leaves 445 

over the majority of timepoints and TaCAT lower at 48 hpi. This may explain the accumulation 446 

of H2O2 observed during infection by isolate 560.11 (Fig. 4).  Isolate specific difference were 447 

found for H2O2 accumulation in epidermal cells at 2 dpi and in mesophyll cells at all timepoints 448 

assessed.  Significantly lower expression levels of the antioxidant BdCAT were observed at 0.5 449 

hpi on plants inoculated with the Z. tritici 560.11 isolate compared to IPO323. This may 450 

promote H2O2 accumulation in response to 560.11. Together our data suggests that H2O2 451 

accumulation occurs from 2 dpi in both a compatible host and non-host response and that this 452 

is promoted by aggressive isolates. This suggests that Z. tritici recognition, possibly via PTI 453 

may be conserved between B. distachyon and wheat.  454 

Previous observations during an incompatible interaction in the resistant cv. Stakado showed 455 

no cell death until 15 dpi (Shetty et al. 2003). Studies on susceptible and resistant wheat 456 

cultivars have suggested that cell death might induce the necrotrophic phase in Z. tritici, by 457 
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providing nutrients and energy for the fungus to sporulate (Shetty et al. 2003; Lee et al. 2015). 458 

While cell death may trigger the switch to the necrotrophic phase, early cell death may limit 459 

pycnidia formation (Lee et al. 2015). We recorded increases in cell death from 2 dpi in the non-460 

host B. distachyon and from 7 dpi in the wheat host (predominantly in guard cells) (Fig. 5). It 461 

is conceivable that cell death at 2 dpi in guard cells may prevent stomatal penetration. It would 462 

be interesting to study the effects of guard cell death on attempted Z. tritici entry in B. 463 

distachyon. The only difference in cell death accumulation in wheat was at 21 dpi where cell 464 

death was higher with 560.11 compared to IPO323 (Fig. 1 & Fig.5). The similar levels of cell 465 

death at earlier time points is unexpected given that pycnidia formation was higher in 560.11 466 

at 14 dpi as well as 21 dpi (Fig. 1). Nonetheless, it has been found that necrosis and pycnidia 467 

formation are largely independent (Karisto et al., 2018).    468 

The role of plant hormones in defence against pathogen infection has been well characterised 469 

(Baris and Jones 2009; Pieterse et al. 2009) but is unclear with respect to STB. Higher induction 470 

of SA- related PR genes against Z. tritici have been observed in resistant cultivars, while little 471 

induction of these genes was observed in susceptible cultivars at initial stages of infection 472 

(Shetty et al. 2003; Ray et al. 2003; Adhikari et al. 2007).  TaPR1, TaPR2 and TaNPR1 were 473 

induced in wheat following Z. tritici infection and this was earlier and transcript levels were 474 

higher with IPO323 (Fig. 6A, C, and E). This suggests that SA-mediated signalling is triggered 475 

in wheat possibly as a defence response against Z. tritici. This result is in agreement with 476 

previous research where higher expression of PR1 was observed in the resistant cultivar Atigo 477 

compared to the susceptible cultivar Alixan (Ors et al. 2017).  478 

            The JA signalling pathway mediates defence against necrotrophic and hemi-biotrophic 479 

pathogens (Li and Yen 2008). No differential expression of TaPR3 and TaOPR3 between 480 

isolates was observed with wheat, with the exception of TaPR3 induction by IPO323 at 0.5 hpi 481 

(Fig. 7A). BdPR3 transcripts were found to be induced in B. distachyon following Z. tritici 482 

inoculation but this was  higher at 48 hpi and 96 hpi with 560.11 isolate than IPO323 (Fig. 7B).  483 
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Taken together, the expression profiles of these defence marker genes suggest that induction 484 

of SA mediated PR genes may inhibit STB disease progression in wheat but that aggressive 485 

isolates such as 560.11 may be able to interfere with this. While the phenylpropanoid pathway 486 

appears important for the B. distachyon NHR response. 487 

The aim of this study was to investigate host and non-host interactions using different isolates 488 

of Z. tritici.  The limited growth of the Z. tritici isolate 560.11 may suggest that homologous 489 

susceptibility factors are conserved between B. distachyon and wheat. These plant targets may 490 

be differentially manipulated by isolates, perhaps due to different effector repertoires. Future, 491 

transcriptomic and genomic studies of the B. distachyon interaction with these isolates would 492 

reveal such effectors. 493 

These findings may provide a basis to identify the genes responsible for Z. tritici recognition 494 

in this non-host and the targets responsible for isolate specific responses shared in both plant 495 

species. It may be possible to use genome wide association studies to identify the effector 496 

targets of aggressive isolates or “susceptibility factors” using B. distachyon.  497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 
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ABBREVIATIONS 506 

 507 

STB: Septoria tritici blotch 508 

NHR: non-host resistance  509 

PTI: PAMP triggered immunity  510 

ETI: Effector triggered immunity 511 

PCD: Programmed cell death  512 

BEA: Brachypodium distachyon extract agar 513 

WEA: Wheat extract agar 514 

DAB: Diaminobenzidine 515 

CAT: Catalase 516 

PAL: Phenylalanine ammonia lyase 517 

SOD: Superoxide dismutase 518 

PR: Pathogenesis-related 519 

NPR1: Non-expresser of PR1  520 

OPR3: Oxophytodienoate reductase 3 521 

SDHI: Succinate dehydrogenase inhibitor  522 

PDS: Phytoene desaturase 523 

CHlH: magnesium chelatase subunit H  524 

 525 

Acknowledgments 526 

The authors acknowledge M. Todorovic for her excellent technical help. We thank G. Kema 527 

for the Z. tritici isolate IPO323, C. Ng for the Brachypodium distachyon, Bd21 seed and F. 528 

Doohan for wheat cv. Remus seed.  529 

 530 

 531 



Page 23 of 36 
 

23 

 

 532 

Authors contributions 533 

A.F designed the research. A.R, S.J.K, A.T and A.M.M.T performed the experiments. A.F, A.R 534 

and S.J.K wrote the manuscript.  A.F and S.K critically read the manuscript.  535 

 536 

 537 

  538 

 539 

Literature Cited 540 

 541 

Adhikari, T. B., Balaji, B., Breeden, J., and Goodwin, S. B. 2007. Resistance of wheat to 542 

Mycosphaerella graminicola involves early and late peaks of gene expression. Physiological 543 

and Molecular Plant Pathology.  71:55-68. 544 

Ayliffe, M., Singh, D., Park, R., Moscou, M., and Pryor, T. 2013. Infection of Brachypodium 545 

distachyon with selected grass rust pathogens. Molecular Plant-Microbe Interactions. 26:946-546 

957. 547 

Baris, R., and Jones, J. D. 2009. Role of plant hormones in plant defence responses. Plant 548 

Molecular Biology. 69:473-488. 549 

Bednarski, W., Borowiak-Sobkowiak, B., Wilkaniec, B., Samardakiewicz, S., and Morkunas, 550 

I. 2013. Oxidative stress in pea seedling leaves in response to Acyrthosiphon pisum 551 

infestation. Phytochemistry. 93:49-62. 552 



Page 24 of 36 
 

24 

 

Boller, T., and He, S. Y. 2009. Innate immunity in plants: An arms race between pattern 553 

recognition receptors in plants and effectors in microbial pathogens. Science (New York, 554 

N.Y.). 324:742-744. 555 

Casassola, A., Brammer, S. P., Chaves, M. S., Martinelli, J. A., Stefanato, F., and Boyd, L. A. 556 

2015. Changes in gene expression profiles as they relate to the adult plant leaf rust resistance 557 

in the wheat cv. Toropi. Physiological and Molecular Plant Pathology. 89:49-54. 558 

Cooke, B. M., and Jones, G. D. 1970. The effect of near-ultraviolet irradiation and agar medium 559 

on the sporulation of Septoria nodorum and S. tritici. Trans. Br. Mycol. Soc. 54:221–226. 560 

Crawley, M J. 2012. The R book. Chichester, West Sussex, United Kingdom: Wiley. 561 

Dancer, J., Daniels, A., Cooley, N., and Foster, S. 1999. Septoria tritici and Stagonospora 562 

nodorum as model pathogens for fungicide discovery. In Septoria on Cereals: a Study of 563 

Pathosystems..:316–331. 564 

Ding, L. N., Yang, G. X., Yang, R. Y., Cao, J., and Zhou, Y. 2016. Investigating interactions 565 

of salicylic acid and jasmonic acid signaling pathways in monocots wheat. Physiological and 566 

Molecular Plant Pathology. 93:67-74. 567 

Dooley, H., Shaw, M. W., Mehenni-Ciz, J., Spink, J., and Kildea, S., (2016). Detection of 568 

Zymoseptoria tritici SDHI-insensitive field isolates carrying the SdhC-H152R and SdhD-569 

R47W substitutions. Pest Management. 72:2203-2207. 570 

Eyal, Z., Scharen, A. L., Prescott, J. M., and van Ginkel, M. (1987). The Septoria diseases of 571 

wheat: Concepts and methods of disease management. 1st Ed. (CIMMYT, Mexico). 572 

Figueroa, M., Alderman, S., Garvin, D. F., and Pfender, W. F. 2013. Infection of Brachypodium 573 

distachyon by formae speciales of Puccinia graminis: early infection events and host-pathogen 574 

incompatibility. PLoS One. 8: e56857. 575 



Page 25 of 36 
 

25 

 

Fones, H. N., Eyles, C. J., Kay, W., Cowper, J., and Gurr, S. J. 2017. A role for random, 576 

humidity-dependent epiphytic growth prior to invasion of wheat by Zymoseptoria tritici. 577 

Fungal Genetics and Biology. 106:51-60. 578 

Fraaije, B. A., Cools, H. J., Fountaine, J., Lovell, D. J., Motteram, J., West, J. S., and Lucas, J. 579 

A. 2005. Role of Ascospores in Further Spread of QoI-Resistant Cytochrome b Alleles 580 

(G143A) in Field Populations of Mycosphaerella graminicola. Phytopathology. 95:933-941. 581 

Gill, U. S., Lee, S., and Mysore, K. S. 2015. Host versus nonhost resistance: Distinct wars with 582 

similar arsenals. Phytopathology. 105:580-587. 583 

Glover-Cutter, K. M., Alderman, S., Dombrowski, J. E., and Martin, R. C. 2014. Enhanced 584 

oxidative stress resistance through activation of a zinc deficiency transcription factor in 585 

Brachypodium distachyon. Plant Physiology. 166:1492-1505. 586 

Guo, H., Zhang, H., Li, Y., Ren, J., Wang, X., Niu, H., and Yin, J. 2011. Identification of 587 

changes in wheat (Triticum aestivum L.) seeds proteome in response to anti–trx s gene. PLoS 588 

ONE. 6: e22255. 589 

Hong, S. Y., Seo, P. J., Yang, M. S., Xiang, F., and Park, C. M. 2008. Exploring valid reference 590 

genes for gene expression studies in Brachypodium distachyon by real-time PCR. BMC Plant 591 

Biology. 8:112. 592 

Hückelhoven, R. and Kogel, K. H. 2003. Reactive oxygen intermediates in plant-microbe 593 

interactions: Who is who in powdery mildew resistance? Planta. 216:891-902. 594 

Karisto, P., Hund, A., Yu, K., Anderegg, J., Walter, A., Mascher, F., McDonald, B.A. and 595 

Mikaberidze, A. 2018. Ranking quantitative resistance to Septoria tritici blotch in elite wheat 596 

cultivars using automated image analysis. Phytopathology, 108(5): 568-581. 597 



Page 26 of 36 
 

26 

 

Kema, G. H. J., and Annone, J. G. 1991. In vitro production of pycnidia by Septoria tritici. 598 

Netherlands Journal of Plant Pathology. 97:65–72. 599 

Kema, G. H., and van Silfhout, C. H. 1997. Genetic variation for virulence and resistance in 600 

the wheat-Mycosphaerella graminicola pathosystem III. Comparative seedling and adult plant 601 

experiments. Phytopathology. 87:266-272. 602 

Kema, G. H., Gohari, A. M., Aouini, L., Gibriel, H. A., Ware, S. B., van Den Bosch, F., 603 

Manning-Smith, R., Alonso-Chavez, V., Helps, J., M’Barek, S. B., and Mehrabi, R. 2018. 604 

Stress and sexual reproduction affect the dynamics of the wheat pathogen effector AvrStb6 and 605 

strobilurin resistance. Nature genetics. 50:375. 606 

Keon, J., Antoniw, J., Carzaniga, R., Deller, S., Ward, J. L., Baker, J. M., Beale, M. H., 607 

Hammond-Kosack, K., and Rudd, J. J. 2007. Transcriptional adaptation of Mycosphaerella 608 

graminicola to Programmed Cell Death (PCD) of its susceptible wheat host. Mol Plant Microbe 609 

Interact. 20:178-93. 610 

Koch, E., and Slusarenko, A. 1990. Arabidopsis is susceptible to infection by a downy mildew 611 

fungus. The Plant Cell. 2:437-445. 612 

Kouzai, Y., Kimura, M., Yamanaka, Y., Watanabe, M., Matsui, H., Yamamoto, M., Ichinose, 613 

Y., Toyoda, K., Onda, Y., Mochida, K., and Noutoshi, Y. 2016. Expression profiling of marker 614 

genes responsive to the defence-associated phytohormones salicylic acid, jasmonic acid and 615 

ethylene in Brachypodium distachyon. BMC Plant Biology. 16:59.  616 

Lee, S., Rojas, C. M., Ishiga, Y., Pandey, S., and Mysore, K. S. 2013. Arabidopsis 617 

Heterotrimeric G-Proteins Play a Critical Role in Host and Nonhost Resistance against 618 

Pseudomonas syringae Pathogen. PLoS ONE. 8: e82445. 619 



Page 27 of 36 
 

27 

 

Lee, W. S., Devonshire, B. J., Hammond-Kosack, K. E., Rudd, J. J., and Kanyuka, K. 2015. 620 

Dergulation of Plant Cell Death Through Disruption of Chloroplast Functionality Affects 621 

Asexual Sporulation of Zymoseptoria tritici on wheat. Molecular Plant-Microbe Interactions. 622 

28:590-604.  623 

Li, G. and Yen, Y. 2008. Jasmonate and Ethylene Signaling Pathway may mediate Fusarium 624 

Head Blight Resistance in wheat. Crop Science. 48:1888-1896. 625 

Livak, K. J. and Schmittgen, T. D. 2001. Analysis of Relative Gene Expression Data Using 626 

Real-Time Quantitative PCR and the 2-ΔΔC
T Method. Methods. 25:402-408. 627 

Lynch, K.M., Zannini, E., Guo, J., Axel, C., Arendt, E.K., Kildea, S., and Coffey, A. 2016. 628 

Control of Zymoseptoria tritici cause of septoria tritici blotch of wheat using antifungal 629 

Lactobacillus strains. Journal of applied microbiology. 121:485-494. 630 

Mandadi, K. K. and Scholthof, K. B. G. 2012. Characterization of a viral synergism in the 631 

monocot Brachypodium distachyon reveals distinctly altered host molecular processes 632 

associated with disease. Plant Physiology. 160:1432-1452. 633 

Miya, A., Albert, P., Shinya, T., Desaki, Y., Ichimura, K., Shirasu, K., Narusaka, Y., 634 

Kawakami, N., Kaku, H., and Shibuya, N. 2007. CERK1, a LysM receptor kinase, is essential 635 

for chitin elicitor signaling in Arabidopsis. PNAS. 104:19613-19618. 636 

Mohammadi, N., Mehrabi, R., Mirzadi Gohari, A., Mohammadi Goltapeh, E., Safaie, N., and 637 

Kema, G. H. J. 2017. The ZtVf1 transcription factor regulates development and virulence in 638 

the foliar wheat pathogen Zymoseptoria tritici. Fungal Genetics and Biology. 109:26-35. 639 

Ngadze, E., Icishahayo, D., Coutinho, T. A., and van der Waals, J. E. 2012. Role of polyphenol 640 

oxidase, peroxidase, phenylalanine ammonia lyase, chlorogenic acid and total soluble phenols 641 

in resistance to potatoes to soft rot. Plant Disease. 96:186-192. 642 



Page 28 of 36 
 

28 

 

Nimchuk, Z., Eulgem, T., Holt, iii, B. F., and Dangl, J. L. 2003. Recognition and response in 643 

the plant immune system. Annual Review of Genetics. 37:579-609. 644 

O’Driscoll, A., Doohan, F., and Mullins, E. 2015. Exploring the utility of Brachypodium 645 

distachyon as a model pathosystem for the wheat pathogen Zymoseptoria tritici. BMC 646 

Research Notes. 8:1-10.  647 

Omidvar, V., Dugyala, S., Li, F., Rottschaefer, S.M., Miller, M.E., Ayliffe, M., Moscou, M.J., 648 

Kianian, S.F. and Figueroa, M., 2018. Detection of race-specific resistance against Puccinia 649 

coronata f. sp. avenae in Brachypodium species. Phytopathology, 108: 1443-1454. 650 

Opanowicz, M., Vain, P., Draper, J., Parker, D. and Doonan, J.H. 2008. Brachypodium 651 

distachyon: making hay with a wild grass. Trends in plant science. 13: 172-177. 652 

Ors, M. E., Randoux, B., Selim, S., Siah, A., Coulcaud, G., Maumené, C., Sahmer, K.,Halama, 653 

P., and Reignault, P. 2017. Cultivar-dependent partial resistance and associated defence 654 

mechanisms in wheat against Zymoseptoria tritici. Plant Pathology. 67:561-572. 655 

Palmer, C.-L. and Skinner, W. 2002. Pathogen profile Mycosphaerella graminicola: latent 656 

infection, crop devastation and genomics. Mol. Plant Pathol. 3:63–70. 657 

Pieterse, C. M., Leon-Reyes, A., Van der Ent, S., and Van Wees, S. C. 2009. Networking by 658 

small-molecule hormones in plant immunity. Nature Chemical Biology. 5:308. 659 

Rajaraman, J., Douchkov, D., Hensel, G., Stefanato, F.L., Gordon, A., Ereful, N., Caldararu, 660 

O.F., Petrescu, A.J., Kumlehn, J., Boyd, L.A. and Schweizer, P. 2016. An LRR/malectin 661 

receptor-like kinase mediates resistance to non-adapted and adapted powdery mildew fungi in 662 

barley and wheat. Frontiers in plant science. 7:1836.  663 

R Core Team. 2016. R: A language and environment for statistical computing, R Foundation 664 

for Statistical Computing, Vienna, Austria. URL: http://www.R-project.org/ 665 



Page 29 of 36 
 

29 

 

Ray, S., Anderson, J. M., Urmeev, F. I., and Goodwin, S. B. 2003. Rapid induction of a protein 666 

disulfide isomerase and defense-related genes in wheat in response to the hemibiotrophic 667 

fungal pathogen Mycosphaerella graminicola. Plant Molecular Biology. 53: 741-754. 668 

Robatzek, S., Chinchilla, D., and Boller, T. 2016. Ligand-induced endocytosis of the pattern 669 

recognition receptor FLS2 in Arabidopsis. Genes & Development. 20:537-542. 670 

Rudd, J. J., Kanyuka, K., Hassani-Pak, K., Derbyshire, M., Andongabo, A., Devonshire, J., 671 

Lysenko, A., Saqi, M., Desai, N.M., Powers, S. J., and Hooper, J. 2015. Transcriptome and 672 

metabolite profiling of the infection cycle of Zymoseptoria tritici on wheat reveals a biphasic 673 

interaction with plant immunity involving differential pathogen chromosomal contributions 674 

and a variation on the hemibiotrophic lifestyle definition. Plant physiology. 167:1158-1185. 675 

Saintenac, C., Lee, W. S., Cambon, F., Rudd, J. J., King, R. C., Marande, W., Powers, S.J., 676 

Bergés, H., Phillips, A.L., Uauy, C., Hammond-Kosack, K. E., Langin, T., and Kanyuka, K. 677 

2018. Wheat receptor-kinase-like protein Stb6 controls gene-for-gene resistance to fungal 678 

pathogen Zymoseptoria tritici. Nature genetics. 50:368-374. 679 

Sánchez-Vallet, A., McDonald, M. C., Solomon, P. S., and McDonald, B. A. 2015. Is 680 

Zymoseptoria tritici a hemibiotroph? Fungal Genetics and Biology. 79:29-32. 681 

Sheoran, S., Thakur, V., Narwal, S., Turan, R., Mamrutha, H. M., Singh, V., Tiwari, V., and 682 

Sharma, I. 2015. Differential activity and expression profile of antioxidant enzymes and 683 

physiological changes in wheat (Triticum aestivum L.) under drought. Applied Biochemistry 684 

and Biotechnology. 177: 1282-1298. 685 

Shetty, N. P., Kristensen, B. K., Newman, M. A., Møller, K., Gregersen, P. L., and Jørgensen, 686 

H. J. L. 2003. Association of hydrogen peroxide with restriction of Septoria tritici in resistant 687 

wheat. Physiological and Molecular Plant Pathology. 62:333-346. 688 



Page 30 of 36 
 

30 

 

Shetty, N. P., Mehrabi, R., Lutken, H., Haldrup, A., Kema, G. H., Collinge, D. B., and 689 

Jørgensen, H. J. L. 2007. Role of hydrogen peroxide during the interaction between the 690 

hemibiotrophic fungal pathogen Septoria tritici and wheat. New Phytol. 174:637-647. 691 

Schneider, C.A., Rasband, W.S. and Eliceiri, K.W. 2012. NIH Image to ImageJ: 25 years of 692 

image analysis. Nature methods, 9: 671-675. 693 

Skinner, W. 2001. Non-pathogenic mutants of Mycosphaerella graminicola, Doctoral thesis. 694 

University of Bristol, UK. 695 

Stam, R., Mantelin, S., McLellan, H. and Thilliez, G. 2014. The role of effectors in nonhost 696 

resistance to filamentous plant pathogens. Frontiers in plant science. 5: 582. 697 

Steinberg, G. 2015. Cell biology of Zymoseptoria tritici: Pathogen cell organization and wheat 698 

infection. Fungal Genetics and Biology. 79:17-23. 699 

Stępień, Ł.U.K.A.S.Z., Chełkowski, J., Wenzel, G., and Mohler, V.O.L.K.E.R. 2004. 700 

Combined use of linked markers for genotyping the Pm1 locus in common wheat. Cell Mol 701 

Biol Lett. 9:819-827.  702 

Tiley, A., Bailey, A., and Foster, G. 2018. Exploring the genetic regulation of asexual 703 

sporulation in Zymoseptoria tritici. Frontiers in Microbiology. 9:1859. 704 

Wang, B., Wang, N., Song, N., Wang, W., Wang, J., Wang, X., and Kang, Z. 2017. 705 

Overexpression of AtPAD4 in transgenic Brachypodium distachyon enhances resistance to 706 

Puccinia brachypodii. Plant Biology. 19:868-874. 707 

Yang, F., Li, W., Derbyshire, M., Larsen, M. R., Rudd, J. J., and Palmisano, G. 2015. 708 

Unraveling incompatibility between wheat and the fungal pathogen Zymoseptoria tritici 709 

through apoplastic proteomics. BMC Genomics. 16:1-12. 710 



Page 31 of 36 
 

31 

 

 711 

Yang, F., Li, W., and Jørgensen, H. J. L. 2013. Transcriptional reprogramming of wheat and 712 

the hemibiotrophic pathogen Septoria tritici during two phases of the compatible interaction. 713 

PLoS One. 8.  714 

Zelikovitch, N., and Eyal, Z. 1989. Maintenance of virulence of Septoria tritici cultures. 715 

Mycological Research. 92:361–364. 716 

Zhang, S. Z., Hua, B. Z., and Zhang, F. 2008. Induction of the activities of antioxidative 717 

enzymes and the levels of malondialdehyde in cucumber seedlings as a consequence of Bemisia 718 

tabaci (Hemiptera: Aleyrodidae) infestation. Arthropod-Plant Interactions. 2:209-213. 719 

Zheng, X., McLellan, H., Fraiture, M., Liu, X., Boevink, P.C., Gilroy, E.M., Chen, Y., Kandel, 720 

K., Sessa, G., Birch, P.R. and Brunner, F. 2014. Functionally redundant RXLR effectors from 721 

Phytophthora infestans act at different steps to suppress early flg22-triggered immunity. PLoS 722 

pathogens. 10(4). 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 



Page 32 of 36 
 

32 

 

Figure legends 732 

Fig. 1. Progression of symptoms on T. aestivum cv. Remus (A) and B. distachyon (B) induced 733 

by Z. tritici isolate IPO323 and 560.11. Infected leaves were cleared of chlorophyll and 734 

symptoms were recorded at 0,  10, 14,  17 and  21dpi. Two leaves each from a different plant 735 

were examined per timepoint. Images are representative of  three independent experiments . 736 

Scale bar, 2mm. At 0, 10, 14, 17 and 21 days post inoculation, disease coverage on T. aestivum 737 

cv. Remus (C) and pigment coverage on B. distachyon (D). Pycnidia coverage on Remus (E). 738 

High resolution images of diseased leaves (one per seedling of two seedlings) were obtained 739 

and coverage of symptoms and coverage of pycnidia were measured using ImageJ. Each data 740 

point represents them mean ± SEM of three independent experiments.  The p-values shown 741 

above bars are differences between isolates using Tukey’s significant difference test at P≤ 0.05. 742 

 743 

Fig. 2. Images of Z. tritici growth (isolate 560.11) in wheat cv. Remus and B. distachyon. (A) 744 

Hyphae interacting with a stomata in cv. Remus at 2 dpi; (B) Hyphae growing along cv. Remus 745 

mesophyll cells at 7dpi; (C) Pycnidia forming and mesophyll cell death at 21 dpi; (D) and (E) 746 

Pycnidia formation in cv. Remus stomata at 28 dpi. (F) and (G) Hypha interacting with a 747 

stomata in B. distachyon at 9 dpi (H) Hyphae growing along mesophyll cells in B. distachyon 748 

at 9 dpi; (I) immature pycnidia formation in B. distachyon at 28 dpi. (J) same FoV as I but 749 

different field of plane, focus on hyphae growing along mesophyll cells in B. distachyon. Black 750 

arrowhead indicates hyphae interacting with a stomata, black arrows indicate hyphae, white 751 

asterisks indicates pycnidia. Scale bar = 25µm  752 

 753 

Fig. 3. Zymoseptoria tritici IPO323 and 560.11 isolate pycnidia formation on Triticum 754 

aestivum (cv. Remus)-extract agar (WEA) Brachypodium distachyon-extract agar (BEA) at 5 755 

months post-inoculation. Incubated under white light supplemented with blue/black UV (UV-756 
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A) light on 16:8 hour light:dark cycles at 20C. Images are representative of two independent 757 

experiments, and two technical repeats (plates). Arrows indicate pycnidia and white arrows 758 

indicate cirrhus.  759 

 760 

Fig. 4. (A) Proportion of infected Remus and B. distachyon cells with H2O2 accumulation. (B) 761 

Proportion of Remus and B. distachyon guard, epidermal and mesophyll cells with H2O2 762 

accumulation. Leaves infected with IPO323 and 560.11 were stained with DAB at 0, 2, 7, 9 763 

and 21 dpi, mounted onto microscope slides with 80% glycerol. For each experiment FoV’s 764 

for Z. tritici spores were examined, two per each of two leaves (independent plants). Bars 765 

represent the mean of two independent experiments (n=8) and error bars indicate ±SEM. 766 

Different letters denote significant differences between Remus/B. distachyon and 767 

IPO323/560.11 at each time point (p≤0.05) using a generalised linear model with a quasi-768 

binomial distribution (Crawley 2012).  769 

 770 

Fig. 5. (A) Proportion of dead cells following infection with Remus and B. distachyon. (B) 771 

Proportion of Remus and B. distachyon guard, epidermal and mesophyll dead cells. Leaves 772 

infected with IPO323 and 560.11 were stained with DAB at 2, 7, 9 and 21 dpi, mounted onto 773 

microscope slides with 80% glycerol. For each experiment FoV’s for Z. tritici spores were 774 

examined, two per each of two leaves (independent plants). Bars represent the mean of two 775 

independent experiments (n=8) and error bars indicate ±SEM. Different letters denote 776 

significant differences between Remus/B. distachyon and IPO323/560.11 at each time point 777 

(p≤0.05) a generalised linear model with a quasi-binomial distribution (Crawley 2012).  778 

 779 
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Fig. 6. Expression profile of PR-1 (A), (B), PR-2 (C), (D), NPR-1 (E), (G), and PAL (F), (H) 780 

genes in T. aestivum (A), (C), (E) and (F), and B. distachyon (B), (D), (G) and (H) after 781 

infection by Z. tritici. qRT-PCR was used to assess gene expression (fold change) in leaves 782 

infected with Z. tritici isolates IPO323 and 560.11 relative to mock inoculations. Normalisation 783 

was carried out using Actin and GAPDH of T. aestivum and B. distachyon respectively. Results 784 

represent mean of three leaves (each from individual plants) per isolate per time point  over 785 

two independent experiments (n=6), (error bars indicate ±SEM). Means with the same letters 786 

are not significantly different while means with asterisk are significantly different from mock 787 

treated control determined using Tukey test at P≤ 0.05.  788 

 789 

Fig. 7. Expression profile of PR-3 (A), (B) and OPR-3 (C), (D) genes in T. aestivum (A), (C) 790 

and B. distachyon (B), (D) after infection by Z. tritici. qRT-PCR was used to assess gene 791 

expression (fold change) in leaves infected with Z. tritici isolates IPO323 and 560.11 relative 792 

to mock inoculations. Normalisation was carried out using Actin and GAPDH of respective T. 793 

aestivum and B. distachyon. Results represent mean of three leaves (each from individual 794 

plants) per isolate per time point over two independent experiments (n=6), (error bars indicate 795 

±SEM). Means with the same letters are not significantly different while means with asterisk 796 

are significantly different from mock treated control determined using Tukey test at P≤ 0.05.  797 

 798 

Fig. 8. Expression of Superoxide dismutase (SOD) (A), (B) and Catalase (CAT) (C), (D) gene 799 

in T. aestivum (A), (C) and B. distachyon (B), (D) after infection by Z. tritici. qRT-PCR was 800 

used to assess gene expression (fold change) in leaves infected with Z. tritici isolates IPO323 801 

and 560.11 relative to mock inoculations. Normalisation was carried out using Actin and 802 

GAPDH of respective T. aestivum and B. distachyon. Results represent mean of three leaves 803 

(each from individual plants) per isolate per time point over two independent experiments. 804 
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(n=6), ( (error bars indicate ±SEM). Means with the same letters are not significantly different 805 

while means with asterisk are significantly different from mock treated control determined 806 

using Tukey test at P≤ 0.05.  807 

 808 

Supplementary files 809 

 810 

Supplementary Fig. 1 B. distachyon pigmented cells with no evidence of necrosis or cell death 811 

on (A) IPO323 inoculated (Left) or (B) 560.11 inoculated (Right) at 21 dpi. Black arrows show 812 

example cells with deposited polyphenols. Two leaves were examined (each from different 813 

plants). Images are representative from three independent experiments. Chlorophyll was 814 

removed from leaves prior to microscopy. 815 

 816 

Supplementary Fig. 2 Four cm long leaf sections from wheat and B. distachyon plants 817 

inoculated with Z. tritici, and control plants were harvested at 31 dpi, exposed to 100% 818 

humidity for 48 hours to induce release of pycnidiospores. The leaf sections were then 819 

immersed in Sterile Distilled Water and vortexed for 15 seconds. The suspension was pipetted 820 

onto a haemocytometer for a qualitative assessment of spores released from the pycnidia by 821 

(B) 560.11, (C) IPO323 compared to (A) uninoculated controls on T. aestivum cv Remus and 822 

B. distachyon. Each experiment included 3 leaves (each from 3 plants) per isolate. 823 

Representative of three independent experiments.  824 

 825 

Supplementary Fig. 3 DAB staining for H2O2 accumulation in (A) B. distachyon and (B) T. 826 

aestivum cv. Remus following infection with Z. tritici isolates IPO323 and 560.11 at 2, 7, 9 827 

and 21 dpi or uninfected. The top panel for each isolate is focused on the epidermal cell layer 828 

and the bottom on the mesophyll cell layer.  Images are representative of four independent 829 
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experiments with two leaves (each from different plants). Asterisks indicate site of Z. tritici 830 

spore. Scale bar = 50µm.  831 

 832 

Supplementary Fig. 4 Trypan blue staining for cell death in (A) B. distachyon and (B) T. 833 

aestivum cv. Remus following infection with Z. tritici isolates IPO323 and 560.11 at 2, 7, 9 834 

and 21 dpi or uninfected. The top panel for each isolate is focused on the epidermal cell layer 835 

and the bottom on the mesophyll cell layer.  Images are representative of four independent 836 

experiments with two leaves (each from different plants). Asterisks indicate site of Z. tritici 837 

spore. Scale bar = 50µm.  838 

 839 

Supplementary Fig. 5 Semi-quantitative RT-PCR in B. distachyon (Bd-21) and T. aestivum 840 

(Cv. Remus) leaves for BdGAPDH and TaGAPDH respectively and Z. tritici Tubulin (ZtTUB) 841 

at 0.5, 48, 96 and 144 hpi after inoculation with Z. tritici isolates (A) IPO323 and (B) 560.11. 842 

Three leaves (each from a different plant) per isolate per timepoint. Representative of two 843 

independent experiments. 844 

 845 

 846 

 847 
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Table 1. Primers and references used for the analysis of transcript profiles from Z. tritici 

infected leaves. 

 

Gene Forward Primer Reverse Primer Study 

TaPR1 CAATAACCTCGGCGTCTTCATCAC TTATTTACTCGCTCGGTCCCTCTG Casassola et al 2015 

TaGAPDH GGCCGGGATTGCTCTGAACG TGGTGCTGTGCATGTGACGG Guo et al 2011 

Ta-ATub ATCTCCAACTCCACCAGTGTCG TCATCGCCCTCATCACCGTC Ding et al 2016 

TaCAT CCATGAGATCAAGGCCATCT ATCTTACATGCTCGGCTTGG Sheoran et al 2015 

TaMnSOD CAGAGGGTGCTGCTTTACAA GGTCACAAGAGGGTCCTGAT Sheoran et al 2015 

TaPAL CAAGATGGTCGAGGCTTACC CGAAGTCGATCATGAAGCAA Casassola et al 2015 

TaOPR3 TCGCCCTTCATGGACTACATG TAGAGGATGCCGTGGTCGTT This study  

TaPR3 CCTCCATTATCTCGCAGTCGCTC CGCCGTAGTTGTAGAACCCCTTG Ding et al 2016 

TaPR2 CGCCAACGTGTACCCCTACTT TCTCGGAAATCACCACCTTCAC Ding et al 2016 
    

    

BdTUA6 ACCAACCTTGTGCCCTATCC GGGCACCAGTCAACAAACTG Hong et al 2008 

BdPAL ATTCAGGCTATCCTTGCTGAGG AGGAGCTTCCTTCCAAGATGTG Gill et al 2015 

BdNPR1 AGCTTCAACTCGACCAGCAT CGATCACCACATCATTGAGC Kouzai et al 2016 

BdPR2 CATCAACTCCATGCGGATCTAC GGCGATGTACTTGATGTTGACC Gill et al 2015 

BdGADPH  TTGCTCTCCAGAGCGATGAC CTCCACGACATAATCGGCAC Hong et al 2008 

BdPR1 AGCTCTGGCATCATCAGCATCC CGTTGTGTGGGTCCAGGAAATC Mandadi & Scholthof 2012 

BdPR-3 GCTCGGCTGATTGTTCAACACG TTGCCCGAACCACAAATATGCC Mandadi & Scholthof 2012 

BdOPR3 ACCCATTTCTTCTCGAATGATCCC ACACGTGCAAGTACGGAAAGAAAG Mandadi & Scholthof 2012 

BdCAT GACTATTTCCCGTCCAGGTTC CCTTCTCGATCACCATCTTCTC Wang et al 2017 

BdMnSOD GCGCAATCAAGTTCAACGG TCACCACCACCCTCACTG Glover et al 2014 

    

ZtTUB ATCTACCGCGGAAAGGTGTCCA TGGTCACCGACACGCTTAAAGAG Rudd et al 2015 


