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Abstract 45 

The mutual exchange of extracellular vesicles across kingdom borders is a feature of many 46 

plant-microbe interactions. The occurrence and cargos of extracellular vesicles has been 47 

studied in several instances, but their dynamics in the course of infection have remained 48 

elusive. Here we used two different procedures, differential high-speed centrifugation and 49 

polymer-based enrichment, to collect extracellular vesicles from the apoplastic wash fluid of 50 

barley (Hordeum vulgare) leaves challenged by its fungal powdery mildew pathogen, 51 

Blumeria hordei. Both methods yielded extracellular vesicles of similar quality and 52 

morphological characteristics, though the polymer approach was associated with higher 53 

reproducibility. We noted that extracellular vesicles derived from the apoplastic wash fluid 54 

constitute polydisperse populations that are selectively responsive to leaf infection by B. 55 

hordei. Extracellular vesicles of ~100 nm – 300 nm diameter became progressively more 56 

abundant, in particular from 72 hours post inoculation onwards, resulting in a major peak 57 

late during fungal infection. Vesicles of ~300 nm – 500 nm showed similar accumulation 58 

dynamics but reached much lower levels, suggesting they might constitute a separate 59 

population. Proteome analysis uncovered an enrichment of biotic stress response proteins 60 

associated with the extracellular vesicles. The barley t-SNARE protein Ror2, the ortholog of 61 

the PEN1 marker protein of extracellular vesicles in Arabidopsis thaliana, accumulates in 62 

extracellular vesicles during powdery mildew infection, hence also qualifying as a potential 63 

marker protein. Our study serves as a starting point for investigating the role of extracellular 64 

vesicles at different stages of plant-microbe interactions. 65 

66 
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Introduction 67 

Extracellular vesicles (EVs) are evolutionarily conserved structures of ~30-1,000 nm in size 68 

surrounded by a lipid bilayer and secreted by cells into the extracellular space (Colombo et 69 

al. 2014). During the last decades, their role as mediators of intra- and inter-organismal cell-70 

cell communication has been established in various kingdoms of life, inducing physiologically 71 

relevant changes in recipient cells (Tkach & Théry 2016; Rybak & Robatzek 2019; U Stotz et 72 

al. 2022). Particularly well-explored in mammalian studies, their diverse cargo biomolecules, 73 

in various cell states and diseases underscore their potential for biomarker development and 74 

novel therapeutics (Herrmann et al. 2021; Stranford & Leonard 2017). 75 

The presence of EVs in plants and their potential as mediators of cell-cell communication 76 

remained unremarked for over 50 years after their first description (Aist & Williams 1971; 77 

Halperin & Jensen 1967; Shaw & Manocha 1965). However, this topic has gained increasing 78 

attention in plant biology in recent years. EVs have been observed in apoplastic wash fluids 79 

(AWF) derived from various plant parts — leaves, roots, imbibing seeds, pollen, and fruits 80 

(Rutter & Innes 2017; Cai et al. 2018; Ju et al. 2013; Prado et al. 2014). In plant-microbe 81 

interactions, evidence is accumulating to suggest the involvement of EVs in the mutual 82 

manipulation of plant hosts and their colonizing microbes (Cai et al. 2021; Qiao et al. 2023). 83 

In such encounters, EVs were first discovered in Arabidopsis thaliana infected by the 84 

bacterial pathogen Pseudomonas syringae (Rutter & Innes 2017). Various types of cargo 85 

molecules, including nucleic acids (Ruf et al. 2022), proteins (He et al. 2021), and cell wall 86 

components (La Canal & Pinedo 2018; Bellis et al. 2022) have been found in association with 87 

EVs. Small RNAs of 18-25 nucleotides in size are frequently described as associated with EVs 88 

and are thought to mediate mutual cross-kingdom gene silencing in pathogenic (Cai et al. 89 

2019) and mutualistic (Qiao et al. 2023) plant-microbe encounters. Apart from canonical 90 

small RNAs, circular RNAs (Zand Karimi et al. 2022), rRNA fragments (Kusch et al. 2023; 91 

Panstruga & Spanu 2024) and mRNAs (Kwon et al. 2021; Ruf et al. 2022; Wang et al. 2024) 92 

have been linked to these vesicles. Proteins associated with plant EVs are often enriched in 93 

stress- and immunity-related proteins, but also RNA-binding proteins possibly involved in 94 

RNA-loading onto EVs (Rutter & Innes 2017; Regente et al. 2017; He et al. 2021). Microbial 95 

EVs are generally thought to promote plant colonisation and were reported to be connected 96 

to modulating primary metabolism and virulence (Hill & Solomon 2020; Solé et al. 2015; 97 

Rutter et al. 2022). Despite the well-established association of different types of 98 
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biomolecules with plant- and microbe-derived EVs, the precise localisation of these, inside or 99 

outside of EVs, remains in many cases unresolved and a matter of an ongoing debate (Nasfi 100 

& Kogel 2022; Zand Karimi et al. 2022; Cai et al. 2018). 101 

EVs have diverse biogenesis pathways, which are best characterised in the animal/human 102 

field; they are broadly classified into apoptotic bodies from dying cells, microvesicles 103 

shedding off the plasma membrane, and exosomes derived from multivesicular bodies 104 

(Greening & Simpson 2018; Cocucci & Meldolesi 2015). In addition to these categories, at 105 

least two plant-specific EV types—exocyst-positive organelle-derived EVs (EXPO) and 106 

membrane tubules—have been proposed (Roth et al. 2019; Wang et al. 2010). The 107 

identification of marker proteins potentially discriminating EVs of different origin is pivotal 108 

for exploring EV functions. These markers for example, can, be used to track EV 109 

subpopulations by immunological or microscopy techniques (Bağcı et al. 2022). In 110 

Arabidopsis, the tetraspanin TET8 has been suggested as a marker for exosome-like EVs 111 

since it colocalises with the multivesicular body marker ARA6 (Cai et al. 2018). Other EV 112 

populations in Arabidopsis are identified by the patellin protein PATL1 and the syntaxin (t-113 

SNARE protein) PEN1 (Rutter & Innes 2017). 114 

Powdery mildew is a common disease of angiosperm plants. It is caused by obligate 115 

biotrophic ascomycete fungi that colonise above ground plant tissues (Glawe 2008). 116 

Accumulating evidence points to a cross-kingdom transfer of EVs in the course of plant-117 

powdery mildew interactions. For example, upon infection of barley (Hordeum vulgare) and 118 

Arabidopsis thaliana with their compatible powdery mildew fungi, multivesicular bodies 119 

accumulate at plant-pathogen contact sites (An et al. 2006; Micali et al. 2011). The fusion of 120 

multivesicular bodies with the plasma membrane not only results in the direct release of 121 

molecules from the lumen into the extracellular space but also supposedly leads to the 122 

discharge of intraluminal vesicles, generating exosome-like EVs (Micali et al. 2011). 123 

Moreover, both the Arabidopsis EV marker PEN1 and its barley ortholog, Ror2, associate 124 

with multivesicular bodies and have been observed to accumulate extracellularly in 125 

pathogen-induced cell wall appositions (papillae) during both compatible and incompatible 126 

interactions (Bhat et al. 2005; Assaad et al. 2004; Böhlenius et al. 2010; Meyer et al. 2009). 127 

Finally, we and others gathered evidence, both in silico and in vivo, suggesting the natural 128 

exchange of sRNAs in the barley-Blumeria hordei pathosystem, potentially facilitated 129 

through EVs (Kusch et al. 2018; Kusch et al. 2023; Hunt et al. 2019). This notion is further 130 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 19, 2024. ; https://doi.org/10.1101/2024.04.17.589905doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589905
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

6 
 

corroborated by the earlier discovery of the phenomenon of “host-induced gene silencing” 131 

(HIGS), i.e. the suppression of pathogen transcripts in their natural environment by the 132 

expression of complementary double-stranded RNAs inside host cells, in the context of the 133 

barley-B. hordei interaction (Nowara et al. 2010). 134 

In general, separation and characterisation of plant EVs follow procedures similar to those 135 

established in other organisms. In plants, leaf AWF typically serves as the source material, 136 

which differs from body fluids or cell culture media often used in other systems (Rutter & 137 

Innes 2017). Differential centrifugation remains the method of choice for EV enrichment in 138 

both plants and other types of organisms (Gardiner et al. 2016). However, the long handling 139 

times pose a severe disadvantage for this experimental route. Polymer-mediated 140 

precipitations, now often used in other organisms for EV isolation and functional studies, 141 

have not been employed in plants yet (Martínez-Greene et al. 2021). This isolation 142 

procedure relies on niches in polymer structures to capture EVs (Grunt et al. 2020). 143 

Irrespective of the first preparative step, usually a second purification step is conducted to 144 

reduce co-purifying contaminants or separate EV subtypes. The identified EV content 145 

depends on both the isolation procedure and the efforts to distinguish genuine EV cargo and 146 

from co-purifying contaminants (Clos-Sansalvador et al. 2022; Taylor & Shah 2015).  147 

Here we explored further the role of EVs in the interaction between barley and its obligate 148 

biotrophic fungal pathogen, B. hordei. We undertook a comparative characterisation of EVs 149 

isolated using two distinct EV isolation protocols (differential ultracentrifugation and 150 

polymer-based enrichment (PME)) and characterised the obtained EVs regarding their 151 

morphology and abundance by transmission electron microscopy and nanoparticle tracking 152 

analysis (NTA). Through a time-course experiment spanning all developmental stages of the 153 

asexual B. hordei life cycle, we monitored the size and abundance of EVs and tracked the 154 

accumulation of the Arabidopsis EV marker ortholog Ror2. Complementing this 155 

comprehensive characterisation, we compiled an EV proteome catalogue and assessed 156 

potential marker proteins using a protease protection assay and size exclusion 157 

chromatography. 158 

159 
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Materials and Methods  160 

Plant and pathogen cultivation 161 

Barley (H. vulgare L. cv. ”Margret“) was grown in So-Mi513 soil (HAWITA, Vechta, Germany) 162 

or Bio Topferde torffrei soil (HAWITA, Vechta, Germany) under a long day cycle (16 h light at 163 

23 °C, 8 h darkness at 20 °C) at 60%-65% relative humidity and a light intensity of 105-120 164 

μmol s-1 m-2. Seven-day-old barley plants were inoculated with B. hordei strain K1; the 165 

infected plants were kept under controlled conditions in a growth chamber with a long day 166 

cycle (12 h light at 20 °C, 12 h dark at 19 °C) at ca. 60% relative humidity and 100 μmol s-1 m-2 167 

light intensity. 168 

AWF extraction and EV isolation 169 

AWF was extracted from non-inoculated barely plants or after inoculation with B. hordei 170 

strain K1. Trays of both inoculated and non-inoculated plants were covered with lids and 171 

incubated prior to AWF extraction. Approximately 30 g of leaf fresh weight was collected 172 

and vacuum-infiltrated with potassium vesicle isolation buffer (Kusch et al. 2023). Excess 173 

buffer was carefully removed and the leaves were placed with cut ends down in 20-ml 174 

syringes. The syringes were inserted into 50-ml centrifuge tubes. AWF was collected by 175 

centrifugation at 400 g for 12 min at 4 °C. Cellular debris was removed by passing the AWF 176 

through a 0.45-µm syringe filter and further centrifugation at 10,000 g for 30 min at 4 °C. EVs 177 

were isolated from AWF by ultracentrifugation according to a recently published protocol 178 

(Rutter et al. 2017). The AWF was first centrifuged for 1 h at 40,000 g (4 °C) and the 179 

supernatant subsequently for 1 h at 100,000 g (4 °C) to collect two EV fractions, termed P40 180 

and P100. Alternatively, a single EV sample was collected by PME using the “PME exosomes 181 

enrichment kit” (IST Innuscreen, Berlin, Germany) according to the manufacturer’s 182 

instructions. All EV pellets were dissolved in 20 mM Tris-HCl (pH 7.5). When indicated, EVs 183 

were further purified by passing through qEVoriginal/70 nm size exclusion chromatography 184 

columns (IZON, Lyon, France). EVs were either stored at 4 °C if morphology was analysed or 185 

snap-frozen and stored at -80 °C for other types of subsequent analysis. 186 

Trypan blue staining 187 

Staining with trypan blue was performed as described before (Mulaosmanovic et al. 2020). 188 

The barley leaves were cleared in ethanol:acetic acid (3:1) for two days. The cleared leaves 189 
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were then stained using 0.01% trypan blue in dH2O (w/v) for four hours. Leaves were 190 

washed and then stored in dH2O. 191 

Protein extraction and immunoblot analysis 192 

Total protein extracts were prepared as described previously (Rutter & Innes 2017) by 193 

homogenising approximately 200 µl frozen leaf tissue in 400 µl protein extraction buffer 194 

(150 mM NaCl, 50 mM Tris pH 7.5, 0.1% (v/v)) and centrifuging for 10 min at 12,000 g (4 °C) 195 

to remove cell debris. Alternatively, total protein extraction was performed using phenol as 196 

described (Thomas et al. 2015). Proteins were denatured in 6x loading buffer (12% SDS, 47% 197 

glycerol, 60 mM Tris pH 6.8, 9% DTT (v/v)), by heating at 99 °C for 10 min and then subjected 198 

to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. When indicated, protein gels 199 

were stained with silver as described (Chevallet et al. 2006) or Quick Coomassie Stain 200 

(Protein Ark, Rotherham, UK) according to the manufacturer’s instructions. Alternatively, 201 

proteins were transferred to a nitrocellulose membrane and used for immunodetection. 202 

Antibodies were purchased from Eurogentec (Liège, Belgium, custom-made polyclonal 203 

αRor2, (Collins et al. 2003), Agrisera (Vännäs, Sweden, αPsbA/D1 - AS05 084, αPR-1 - AS10 204 

687, αRbcL - AS03 037, αCPN60A1 - AS12 2613), Dako A/S custom (Glostrup, Denmark, αPR-205 

17b, provided by Hans-Thordal Christensen lab) or Cell Signaling Technologies (Danvers, MA, 206 

USA, α-rabbit IgG-HRP, #7074). Chemiluminescence detection of antigen-antibody 207 

complexes was performed with SuperSignalTM West Pico or Femto Western substrate 208 

(Thermo Fisher Scientific, Darmstadt, Germany). As a loading control, membranes were 209 

stained in Ponceau S (Applichem, Darmstadt, Germany) solution (0.05% (w/v) in 5% (v/v) 210 

acetic acid). 211 

Transmission electron microscopy 212 

EVs in 0.2 M HEPES (pH 7.5) were allowed to adsorb on glow discharged formvar-carbon-213 

coated nickel grids (Maxtaform, 200 mesh, Science Services GmbH, Munich, Germany) for 7 214 

min. Negative staining was performed with 0.5% uranyl acetate (in aqua dest., Science 215 

Services GmbH, Munich, Germany) or 1% phosphotungstic acid (in aqua dest., Science 216 

Services GmbH, Munich, Germany). Grids were air-dried and imaged using a Hitachi HT7800 217 

transmission electron microscope (Hitachi, Tokyo, Japan) operating at an acceleration 218 

voltage of 100 kV. 219 

NTA analysis 220 
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NTA analysis was performed with a NanoSight NS300 and NanoSight software version 3.2 221 

(Malvern, Worcestershire, UK). EV samples were diluted with MilliQ H2O to a final volume of 222 

1 ml right before measurement. Ideal measurement concentrations were determined by 223 

pre-testing the ideal particle per frame value (20-100 particles/frame). The following settings 224 

were chosen according to the manufacturer’s manual using the 488 nm laser with a camera 225 

level of 12, a slider shutter of 1,200, and a slider gain of 146. Per sample, five to six videos of 226 

each 60 s with 25 frames per s were captured at a constant temperature of 25 °C and 227 

assuming a water-like viscosity. Of the six captured videos, all videos passing the validity 228 

assessment by the software were analysed with a detection threshold of seven and blur size 229 

and maximum jump distance set to automatic. In addition, raw data was normalised against 230 

the leaf fresh weight of the individual experiment and further analysed using Microsoft Excel 231 

for Mac version 16.55 (21111400) by merging the raw data of separate biological replicates 232 

with the same treatment. Data were plotted in GraphPad (Boston, MA, USA) Prism version 8. 233 

Protein identification by mass spectrometry 234 

Samples for mass spectrometry were prepared using the single-pot, solid-phase-enhanced 235 

sample-preparation (SP3) technology (Hughes et al. 2019) before being subjected to a 236 

trypsin digest over night at 37 °C. Samples were dimethyl labelled on peptide-level for 2h 237 

using 30 mM sodium cyanoborohydride and 30 mM 12CH2O for control and 30 mM 13CD2O 238 

for B. hordei-infected samples (Boersema et al. 2009). Reactions were quenched with 100 239 

mM Tris after 2h labelling at 37°C, combined in a 1:1 ratio, and purified with custom-packed 240 

C18 StageTips (Rappsibler et al 2007). Peptides were analysed by nano HPLC-MS/MS with a 241 

Ultimate 3000 nanoRSLC (Thermo Fisher Scientific, Darmstadt, Germany) operated in a two-242 

column setup (2 cm PepMap C18 trap, 75 µm ID, and 25 cm Acclaim PepMap C18 analytical 243 

column, 75 µm ID, Thermo Fisher Scientific, Darmstadt, Germany), coupled to a Bruker 244 

impactII Q-TOF instrument using gradient and acquisition parameters as described (Misas 245 

Villamil et al. 2019). Peptides were identified with the MaxQuant software package (Tyanova 246 

et al. 2016), version 1.6.10.43, using the B. hordei and H. vulgare UniProt reference 247 

proteomes (downloaded December 2019) including isoform-specific sequences and 248 

appended standard contaminants as database. For the query, up to one missed cleavage was 249 

allowed, and cysteine carboxyamidomethylation (57.0214 Da), lysine and N-terminal 250 

dimethylation (12CH2O 28.0313 Da; 13CD2O 34.0631 Da) were set as labels, and methionine 251 
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oxidation as a variable modification. The false discovery rate for spectrum, peptide and 252 

protein identification was set to 0.01. 253 

Only proteins observed in at both biological replicates and identified with at least two 254 

unique peptides were considered in further analysis. Transmembrane domains and signal 255 

peptides were predicted using TMHMM version 2.0 (Krogh et al. 2001); 256 

https://services.healthtech.dtu.dk/services/TMHMM-2.0/) and SignalP version 5.0 ((Almagro 257 

Armenteros et al. 2019); https://services.healthtech.dtu.dk/services/SignalP-5.0/), 258 

respectively. 259 

Protease protection assay 260 

PME-derived EVs were resuspended in 20 mM Tris-HCl (pH 7.5). Proteinase K digest was 261 

performed as described previously (Chow et al. 2019). Samples were split into three equal 262 

parts and treated with proteinase K at a final concentration of 5 µg/ml, in the absence or 263 

presence of 0.05% Triton X-100. One part was kept untreated. All parts were incubated at 37 264 

°C for 1 h prior to denaturing protein gel electrophoresis and immunoblot analysis. 265 

Alternatively, a protease protection assay (Rutter & Innes 2017) was performed. The EV 266 

sample was split into four equal parts and treated with 100 µg/ml trypsin, 5% Triton X-100 or 267 

pre-treated with 5% Triton X-100 followed by treatment with 100 µg/ml trypsin. Triton X-100 268 

treatment was carried out on ice for 30 min. Proteins were digested with trypsin at 37 °C for 269 

1 h. All samples, including the control sample, were subjected to the same incubation 270 

temperatures and times. 271 

  272 
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Results 273 

The protein profile of barley leaf AWF changes in response to powdery mildew infection 274 

To extract AWF, we established a procedure originally developed for barley (Rohringer et al. 275 

1983) and further amended it according to a recently reported method ((Rutter & Innes 276 

2017); Figure 1A – see Materials and Methods for further details). We collected AWF from 277 

non-inoculated (control) and B. hordei-inoculated primary barley leaves and visualised its 278 

protein content by sodium dodecyl sulfate polyacrylamide gel electrophoresis and silver 279 

staining. All AWF-derived protein samples (collected at 0, 24 and 72 hours post inoculation 280 

(hpi)) showed a markedly different protein pattern compared to a corresponding whole leaf 281 

extract sampled at 72 hpi (Figure 1B). Prominent protein bands of the whole leaf extract 282 

were mostly absent or underrepresented in the AWF samples; conversely, pronounced 283 

protein bands of the AWF samples were essentially unrecognizable in the whole leaf extract. 284 

We also noticed that the AWF protein profile changed in the course of B. hordei infection: 285 

Samples derived from AWF collected at 24 and 72 hpi showed overall additional and/or 286 

more intense bands as compared to the non-inoculated (0 hpi) AWF control sample (Figure 287 

1B). 288 

We further analysed samples of total leaf extract and AWF (collected at 0, 24 and 72 hpi) by 289 

immunoblot analysis. We probed the blots with antibodies directed against photosystem II 290 

protein D1 (PsbA/D1, a thylakoid membrane marker protein; (Huokko et al. 2021), Ror2 (a t-291 

SNARE protein and the barley ortholog of the established Arabidopsis EV marker PEN1; 292 

(Collins et al. 2003)) and the defence-related protein PR-1 (pathogenesis-related protein 1; 293 

(Pečenková et al. 2022)). While we detected as expected strong bands using the αPsbA/D1 294 

antibody in the leaf extract at all time-points indicated, the signal was below detection limit 295 

in all AWF samples, suggesting little, if any, chloroplastic/cytoplasmic contamination in the 296 

AWF (Figure 1C). This observation was supported by a comparison of unprocessed (non-297 

infiltrated) leaves and leaves subjected to AWF isolation stained with trypan blue to visualise 298 

dead cells (Supplemental Figure1). The Ror2 protein was undetectable prior to pathogen 299 

challenge in both leaf and AWF samples; however, bands of weak (leaf extract) or medium 300 

(AWF) intensity were present in the samples collected at 24 and 72 hpi. In the case of the 301 

AWF-derived samples, signal intensity at 72 hpi was higher than at 24 hpi. A similar pattern 302 

was seen for the accumulation of PR-1: The protein was below detection limit in leaf extract 303 
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collected at 0 h and 24 hpi and only weakly recognizable in the 72-hpi sample. In the AWF 304 

samples, the protein was not detectable at 0 hpi and increased in abundance from 24 hpi to 305 

72 hpi, showing a strong signal at the latter time-point (Figure 1C). Based on the combined 306 

examination of protein extracts by protein gel electrophoresis (Figure 1B) and immunoblot 307 

analysis (Figure 1C) at two time points following inoculation with B. hordei, we conclude that 308 

(1) the modified extraction protocol yields AWF with minimised chloroplastic/cytosolic 309 

protein contamination, and that (2) the method is sensitive enough to detect pathogen-310 

induced changes in the AWF-associated protein profile. Considering the pronounced changes 311 

in the AWF protein pattern seen at 72 hpi and accumulation of the PEN1 ortholog Ror2, we 312 

focused on this time-point for the following analyses. 313 

The barley leaf apoplast contains a heterogeneous population of prototypical EVs 314 

To isolate crude EVs from barley leaf AWF, we compared two different methods. First, we 315 

used a sequential differential ultracentrifugation protocol to collect two EV fractions 316 

pelleted at 40,000 g (P40) and 100,000 g (P100; (Rutter & Innes 2017); Figure2A). 317 

Alternatively, we captured EVs by polymer-mediated enrichment (PME, (Grunt et al. 2020); 318 

Figure2B). To validate the presence of vesicle-like structures, we performed transmission 319 

electron microscopy on P40, P100, and PME fractions isolated from the AWF of non-320 

inoculated and inoculated (sampled at 72 hpi) barley leaves. Electron microscopy samples 321 

were stained with uranyl acetate except the PME fraction, for which phosphotungstic acid 322 

was used, because uranyl acetate stained polymers used during isolation of EVs by PME 323 

(Supplemental Figure2). 324 

The P40 fraction frequently contained particles of varying size with a characteristic cup 325 

shape (Figure2C). The cup shape is a known technical artefact of the negative staining of 326 

spherical lipid-bilayer compartments and is commonly used as an indicator for vesicles 327 

(Théry et al. 2006; Chernyshev et al. 2015). The presumed vesicles were accompanied by 328 

smaller granular particles that did not display any apparent lipid bilayer and smaller, less 329 

electron-dense particles (Figure 2C). Inoculation with B. hordei did not affect the 330 

morphology of the vesicles observed at 72 hpi, and smaller grainy objects were still 331 

sporadically present, while electron-light objects were largely absent (Figure2C). The small 332 

granular objects, which were less predominant in the P40 fraction, were the main 333 

constituent of the P100 fraction and characteristic cup-shaped vesicles were only 334 
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occasionally visible (Figure2C). Circular objects present in the P100 fraction appeared larger 335 

than those collected from the P100 fraction of non-inoculated leaf tissue (Figure2C). Their 336 

granular appearance was reminiscent of ribulose-1,5-bisphophate carboxylase/oxygenase 337 

(RuBisCO) complexes previously documented in other species (Raunser et al. 2009; Bowien 338 

& Mayer 1978). However, we did not detect RuBisCO by immunoblotting of the P100 339 

fraction (Supplemental Figure 3), essentially excluding that the circular objects represent 340 

RuBisCo complexes. Comparing the constituents recovered at 40,000 g and 100,000 g, we 341 

conclude that centrifugation at 40,000 g is sufficient to isolate vesicle-like structures from 342 

barley leaf AWF, while higher centrifugation force (100,000 g) yields mostly granular 343 

particles of unknown origin and identity. Particles isolated by PME mostly comprised 344 

characteristic cup-shaped vesicles of different size (Figure2D). Additionally, smaller electron-345 

light particles similar to those observed in the P40 fraction and, rarely, small grainy particles 346 

were present. Infection by B. hordei (72 hpi), did not change the observed vesicle 347 

morphology compared to the P40 fraction (Figure2D). Together, these results demonstrate 348 

that PME-derived EVs largely resemble the centrifugation based P40 fraction. We, thus, 349 

conclude that characteristic vesicles that have cup-shaped morphology in electron 350 

microscopic analysis can be isolated from the barley leaf apoplast using two different 351 

methods. 352 

We further compared EVs isolated from the same starting material by either 353 

ultracentrifugation or PME in immunoblots probed with αRor2, αPR-1 and αPsbA/D1. 354 

Overall, we observed similar protein patterns (Figure 2E), supporting the conclusion that 355 

comparable EV populations can be isolated with both methods. At 72 hpi, Ror2 was 356 

detectable in both P40- and PME-derived EV preparations, with a stronger signal in the PME 357 

than in the P40-based sample. Interestingly, Ror2 was also detectable in supernatant 358 

samples (the EV-depleted AWF). There, the opposite trend was seen (Figure 2E). This 359 

indicates that extracellular Ror2 is both associated with EVs and present in the vesicle-free 360 

fraction. Surprisingly, PR-1 was also detected in both EV preparations following pathogen 361 

challenge, with a stronger signal in the PME-derived EV sample. Moreover, we observed a 362 

stronger signal for PR-1 in the supernatant of both centrifugation- and PME-derived EVs, 363 

indicating that the majority of this protein is secreted via the canonical pathway, i.e. not 364 

associated with EVs. The band corresponding to RuBisCO, visible after Ponceau staining of 365 

the proteins blotted on the membrane, suggests that there is some intracellular 366 
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contamination in both displayed EV preparations; however, it is weaker in the PME sample. 367 

Together with the electron micrographs (Figure 2C and D), the presented data indicate that 368 

PME is better suited than ultracentrifugation to enrich EVs and their associated proteins (e.g. 369 

Ror2), and to reduce intracellular contaminants related to the isolation procedure. 370 

Next, we determined the size (hydrodynamic diameter) and abundance of particles 371 

recovered in ultracentrifugation- and PME-based EV preparations via NTA. NTA profiles 372 

obtained for P40-, P100- and PME-derived EVs each revealed a typical size distribution 373 

pattern for polydisperse samples (Vogel et al. 2021), i.e. a broad distribution with several 374 

peaks (Figure 3). A main peak between 100 nm and 300 nm was evident in the P40 and PME 375 

samples and became more prominent in samples from infected leaves, which was also 376 

reflected by a strong increase in frequency of these in PME samples (Figure 3A, C, and D). In 377 

addition, a second, more moderate peak of particles between 400 nm and 500 nm in size 378 

became more prominent in PME samples following challenge with B. hordei, which might 379 

represent a second pathogen-responsive EV population (Figure 3C, Supplemental Figure 5B). 380 

Interestingly, the size distribution of P100 samples derived from non-inoculated tissue 381 

largely resembled the distribution of the corresponding P40 preparation, likely because the 382 

small circular objects observed in the P100 sample in electron microscopy (Figure 2C) were 383 

below the operation range of the NTA device (Figure 3B). Alternatively, the results might 384 

indicate that the centrifugation time at 40,000 g is insufficient to pellet dense particles. 385 

However, we found that longer centrifugation time rather affects particle integrity instead of 386 

improving their separation, in line with observations from other systems (Supplemental 387 

Figure 4; (Taylor & Shah 2015)). We noticed that in PME samples obtained from both non-388 

inoculated and inoculated leaves, the harvest of particles per ml/g fresh weight was higher 389 

compared to the fraction isolated by centrifugation, and the associated variance was also 390 

lower (compare Figure 3A and 3B with Figure 3C). This outcome further substantiates that 391 

PME is more efficient and reproducible than high-speed centrifugation to enrich EVs from 392 

barley leaf AWF. In summary, we conclude that the barley leaf apoplast contains a 393 

heterogenous population of EVs with a main population of ~100 nm - 300 nm in diameter. 394 

Further, this population rises after infection with B. hordei, suggesting a selective response 395 

of barley to the fungal pathogen. 396 

Evidence for the dynamic accumulation of separate barley leaf EV populations during 397 

fungal pathogenesis 398 
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Next, we investigated how barley leaf EVs accumulate throughout the full course of infection 399 

by isolating EVs via PME either prior to inoculation (0 hpi) or at 8, 24, 48, 72, 96, and 120 hpi 400 

with B. hordei. Their overall abundance increased as fungal proliferation progressed, in 401 

particular at 96 hpi and 120 hpi, reaching an overall abundance of almost 25-fold at 120 hpi 402 

in comparison to vesicles from non-inoculated control samples (Figure 4A, Supplemental 403 

Figure 5A). While the size distribution profile remained largely consistent over the time-404 

course of infection, a major peak became apparent as the infection progressed (Figure 4A, B; 405 

Supplemental Figure 5A). Dividing the data into 100 nm bins revealed that this peak is 406 

caused primarily by a notable increase in particles ranging from 100 nm to 200 nm and 200 407 

nm to 300 nm in diameter (Figure 4B). Vesicles of these two size classes did not change 408 

drastically until after 72 hpi (1- to 2.5-fold), but rose dramatically 10- and 50-fold 96 hpi 409 

and 120 hpi, respectively, compared to non-infected controls. Vesicles ranging from 300 nm 410 

to 400 nm and 400 nm to 500 nm in diameter showed a similar dynamic , but accrued much 411 

lower levels at 96 hpi and 120 hpi (2- to 3-fold compared to the non-infected control 412 

sample). The differential accumulation profile suggests that they might represent a separate 413 

EV population compared to the main peak caused by vesicles of 100 nm to 300 nm in 414 

diameter (Supplemental Figure 5B). 415 

Ror2 partly associates with EVs 416 

To complement the NTA data, we monitored the accumulation of the potential EV marker 417 

protein Ror2 in vesicle, supernatant and total leaf extract samples by immunoblot analysis in 418 

the course of fungal infection. In the vesicle samples, monomeric Ror2 (predicted molecular 419 

mass of 34 kDa) was below detection limit prior to pathogen challenge (0 hpi), but from 24 420 

hpi onwards, its levels increased steadily as fungal infection progressed (Figure 4C). Besides 421 

the monomeric Ror2 species, an additional specific Ror2 signal at a molecular mass of 422 

around 75 kDa was detectable in vesicle samples derived from non-inoculated leaves (0 hpi). 423 

This signal gradually decreased in intensity, reaching detection limit at later stages of fungal 424 

infection (from 48 hpi onwards). The 75-kDa Ror2 variant could also be recognized in total 425 

leaf extract of barley wild type, but not of ror2-1 mutant plants (Supplemental Figure 5C). In 426 

total leaf extract, both Ror2 signals (34 kDa and 75 kDa) remained essentially unaltered in 427 

intensity in the course of fungal infection (Figure 5D). In the vesicle samples, the 75 kDa 428 

species was resistant to treatment with up to 4M urea (Supplemental Figure 5D). In contrast 429 

to the vesicle samples, this variant was below detection limit in the corresponding 430 
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supernatant samples, which nonetheless revealed a similar dynamics of the monomeric (34 431 

kDa) Ror2 signal as seen in the respective vesicle samples in the course of fungal infection 432 

(Supplemental Figure 5E). Taken together, the data suggests that Ror2 in part associates 433 

with EVs. It further hints at opposing accumlation dynamics of monomeric Ror2 and a 75-kDa 434 

Ror2 variant in the vesicles upon challenge with B. hordei. 435 

The barley leaf apoplastic EV proteome contains many stress-related proteins and is only 436 

in part responsive to B. hordei infection 437 

To better understand the proteins associated with EVs derived from the barley leaf apoplast 438 

and to explore potential EV markers, we isolated crude EVs from AWF from non-inoculated 439 

barley leaves and leaves sampled at 72 hpi by ultracentrifugation and examined them using 440 

label-free mass spectrometry. Our analysis identified in total 216 proteins based on two 441 

replicates, consisting each of a non-inoculated and an inoculated sample. Seventy of these 442 

proteins were present in both replicates and had a unique peptide count of at least two 443 

(Table 1). Interestingly, two of the three most abundant proteins were RuBisCO large 444 

subunit-binding proteins (subunits alpha and beta; A0A8I6W9H5 and A0A8I6YA55, 445 

respectively). RuBisCO large subunit-binding proteins are proteins of the chaperonin 60 446 

family. The detection of cytosolic proteins is not unexpected as molecules associated with 447 

EVs to some extent represent the cytosolic content of their donor cells (Hurwitz et al. 2016). 448 

Moreover, the human chaperonin 60 (CPN60/HSP60) is a marker of exosomes, particularly in 449 

cancer cells (Caruso Bavisotto et al. 2017). The barley genome encodes two CPN60 isoforms 450 

that share high amino acid sequence similarities with human CPN60 (Supplemental Figure 451 

6A), which is also reflected by comparable predicted 3D structures of the Arabidopsis, barley 452 

and human proteins (Supplemental Figure 6B). Using an antibody directed against 453 

Arabidopsis CPN60 subunit alpha we confirmed the accumulation of barley CPN60 in EVs in 454 

comparison to AWF or supernatant, but not compared to total leaf extract (Supplemental 455 

Figure 6C). Further marker candidates are the two 14-3-3 domain-containing proteins 456 

(M0X3R2, F2CRF1), given that 14-3-3 proteins have been proposed to represent markers of 457 

human exosomes (Choi et al. 2015). 458 

Other noteworthy proteins detected in the crude EV proteome are cell wall remodelling 459 

enzymes (A0A8I6YK01, A0A8I6WZ78, A0A8I6Y6U2, A0A8I6Y217, and F2D5M4) that might aid 460 

the reorganisation of the extracellular space for the passage of EVs. In line with previous 461 
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publications investigating plant EV proteomes (Rutter & Innes 2017; Regente et al. 2017), we 462 

found 31 proteins (~22% of all identified proteins) that are known to or likely to be involved 463 

in either biotic or abiotic stress responses (Table 1), some of which have already been 464 

described in the barley-B. hordei interaction (e.g. PR-5 (A0A287Q809, (Lambertucci et al. 465 

2019)). It is striking that many of the stress-related proteins can be classified as 466 

pathogenesis-related proteins (13 proteins, ~19% of all identified proteins, Table 1). This is 467 

surprising since most pathogenesis-related proteins have an amino-terminal signal peptide 468 

and are delivered to the extracellular space via the conventional secretion pathway. 469 

However, the total number of proteins with a predicted signal peptide (~30% of all identified 470 

proteins, Table 1) was moderate. Further, we identified several proteins that are reported to 471 

be secreted but lack a canonical amino-terminal signal peptide such as a carboxypeptidase 472 

(A0A8I7B2A7) and A1 peptidases (A0A8I6YYE1, A0A8I6X3I7, M0XRM3, and A0A8I6Y3Y6; 473 

(Kusumawati et al. 2008; Agrawal et al. 2010; Segarra et al. 2003)). In summary, these results 474 

suggest EVs may be mediators of a distinctive secretion pathway in barley, especially for 475 

stress-related proteins. Alternatively, these proteins may loosely associate and thus co-476 

purify with EVs. 477 

In the samples collected at 72 hpi, 18 proteins had a log2 fold change >2 in the label-free 478 

quantification compared to samples derived from uninfected tissue, or were only detected 479 

in samples from infected tissue (Table 1). Among these, the portion of stress-related 480 

proteins was even larger compared to non-inoculated tissue (12 proteins, ~66%), in 481 

particular the fraction of already characterised or probable pathogenesis-related proteins 482 

(10 proteins, ~55%). We found PR-1a and PR-1b, also associated with P40 and PME EV 483 

preparations as well as the supernatant (Figure 2E, Supplemental Figure 6D); interestingly 484 

PR-1a and PR-1b often serve as markers for conventionally secreted proteins in immunoblots 485 

(Wang & Fobert 2013). Only two proteins were uniquely present after inoculation: the 40S 486 

ribosomal protein S8 (F2D483) and a β-1,3-glucanase (A0A8I6WTD6), which is classified as 487 

member of the PR-2 proteins in the context of plant-microbe interactions (Dos Santos & 488 

Franco 2023). Together with the NTA results (Figure 3 and 4), our findings indicate that the 489 

B. hordei-induced changes are rather quantitative than qualitative, which is in line with a 490 

previous study investigating Arabidopsis EVs upon infection with the bacterial pathogen 491 

Pseudomonas syringae (Rutter & Innes 2017). 492 

Ror2 might qualify as an EV marker 493 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 19, 2024. ; https://doi.org/10.1101/2024.04.17.589905doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589905
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

18 
 

Finally, we wanted to assess whether proteins identified by mass spectrometry in crude P40 494 

samples as well as the barley orthologue of Arabidopsis EV marker PEN1, Ror2, are directly 495 

associated with barley leaf EVs. We probed size exclusion chromatography fractions and 496 

protease-treated EV samples using the antibody raised against Ror2 (Supplemental Figure 497 

5E) and antibodies directed against PR-1 and PR-17b. The latter (A0A8I6YZ79) was 498 

represented by 13 unique peptides and hence one of the most abundant proteins isolated 499 

from the AWF of inoculated leaves. Additionally, we selected PR-1, as surprisingly both PR-1a 500 

(F2DMI6) and PR-1b (P35793) were detected by protein mass spectrometry. Size exclusion 501 

chromatography is a common strategy to purify crude EV samples based on separation from 502 

soluble proteins and other small molecules by size. Here, we used this chromatographic 503 

technique to provide evidence of whether a protein is firmly associated or just co-isolated 504 

with EVs. We observed that EVs primarily elute in chromatography fractions 2-4, and the 505 

NTA profile of the fraction with the highest concentrations of EVs mirrored that of crude EVs 506 

(Supplemental Figure 7). Only the ~75-kDa Ror2 signal described above (cf. Figure 4C) was 507 

observed in the fractions even though the monomeric signal (34 kDa) is present in the 508 

supernatant of the same sample (Figure 5A). This signal was most abundant in fractions 2-4, 509 

which coincide with EV elution. Additionally, it was detected in fraction 7, suggesting the 510 

presence of different pools of Ror2 present in crude EV samples. Both PR-1 and PR-17b 511 

eluted in later fractions (PR-1 in fractions 11-16, PR-17b in fractions 10-11) where soluble 512 

proteins are expected, indicating that these proteins are co-isolated, likely due to aggregate 513 

formation or technical artefacts, possibly arising from their high abundance in the apoplast, 514 

or a loose attachment to EVs (Figure 5A). 515 

Protease protection assays are valuable tools to determine if a protein resides in the EV 516 

lumen or outside (Chow et al. 2019; Chaya et al. 2023; Théry et al. 2018). Equal amounts of 517 

PME-derived EV samples were treated with either proteinase K or trypsin in the presence or 518 

absence of Triton X-100, or were left untreated. Proteins within the EV lumen are expected 519 

to be protected by the lipid membrane and remain intact after exposure to the protease but 520 

to be digested when detergent (Triton X-100) is added. Surprisingly, the results differed 521 

between the protocols applied (trypsin or proteinase K). Ror2 was partially digested only 522 

when both trypsin and the detergent were present, suggesting that Ror2 is present in the EV 523 

lumen (Figure 5C). This notion is supported by the observation that the Ror2-specific ~75-524 

kDa signal elutes in SEC fractions together with EVs (Figure 5A). On the other hand, when 525 
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proteinase K was applied, Ror2 could no longer be detected once proteinase K was included 526 

(irrespective of the presence or absence of Triton X-100), indicating that the t-SNARE protein 527 

is not protected from digestion and, thus, is unlikely to reside in the EV lumen (Figure 5B). In 528 

addition to the Ror2-specific antibody, we also used an antibody directed against PEN1, the 529 

ortholog of Ror2 in A. thaliana. This antibody cross-reacts with the PEN1 ortholog of the 530 

grass species Sorghum bicolor (Chaya et al. 2023). We also observed cross-reaction of the 531 

αPEN1 antibody with barley Ror2. In the protection assay, the signal generated by the αPEN1 532 

antibody was protected from digestion with trypsin in the absence of Triton X-100 (Figure 533 

5C). However, in three out of four replicates, we detected no Ror2 signal in the detergent-534 

only control when αPEN1 was used, hinting at a possible interference of Triton X-100 with 535 

this antibody and/or the activation of a vesicle-resident protease in the presence of the 536 

detergent. Similar to Ror2, in the absence of the detergent PR-17b was also protected in the 537 

protection assay with trypsin but digested in the assay with proteinase K (Figure 5C). 538 

Together with the SEC results described above (Figure 5A), the former hints at a potentially 539 

loose connection of PR-17b to EVs. As for the αPEN1 antibody, though less pronounced, we 540 

noticed a reduction in signal intensity for PR-17b in the sample with the detergent but 541 

lacking trypsin (Figure 5C). Interestingly, PR-1 appeared to be completely resistant to both 542 

trypsin and proteinase K digestion, as a signal with unaltered intensity could still be detected 543 

when Triton X-100 was added, even though both barley PR-1 proteins (PR-1a and PR-1b) 544 

possess multiple cleavage sites for both proteases (Supplemental Figure 8). CPN60 was only 545 

tested with trypsin but also seemed to be protected, making it an additional EV marker 546 

candidate next to Ror2. 547 

548 
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Discussion 549 

Previous studies have highlighted the involvement of EVs in interactions with various 550 

microbes, ranging from pathogenic fungi to mutualistic bacteria (Cai et al. 2018; Li et al. 551 

2022). Here, we present evidence demonstrating the pathogen-induced accumulation of EVs 552 

in the interaction with an obligate biotrophic fungal pathogen. Utilizing transmission 553 

electron microscopy, NTA and proteomic analyses, we conducted an in-depth 554 

characterisation of EVs obtained from the apoplast of both non-inoculated and inoculated 555 

barley leaves using two distinct isolation methods. Currently, differential ultracentrifugation 556 

is the primary method of choice for plant EV isolation, although challenging to establish in 557 

systems where upscaling is difficult (Rutter & Innes 2017; Cai et al. 2018; Regente et al. 558 

2009). The PME procedure and differential ultracentrifugation revealed EVs with similar 559 

quality and morphological characteristics (Figure 2, Figure 3), suggesting that both methods 560 

are equally suited for EV isolation. This facilitated a time-course experiment, which revealed 561 

that barley responds to infection by the powdery mildew fungus with an increase in 562 

apoplastic EV abundance. These pathogen-responsive EVs likely comprise at least two 563 

distinct EV populations that vary in size and accumulation pattern (Figure 4, Supplemental 564 

Figure 5). As recently reported for EVs isolated from the monocot sorghum, the barley EV 565 

proteome was found to be enriched in stress-related proteins, especially following 566 

inoculation (Table 1). This finding, coupled with the aforementioned evidence for 567 

population-specific accumulation profiles (Figure 4, Supplemental Figure 5), suggests a 568 

biological function of EVs in the interaction of barley with B. hordei. 569 

The apoplastic space is a well-known battleground in plant-microbe interactions (Du et al. 570 

2016; Doehlemann & Hemetsberger 2013), including the challenge of barley by powdery 571 

mildew (Felle et al. 2004; Sargent 1977). The vesicles in this location may play roles in the 572 

outcome of the interaction. A key objective of this study was thus to establish a reliable and 573 

reproducible isolation procedure for barley leaf AWF-derived EVs. For this, to observe 574 

inoculation-induced changes in the apoplast, leaf-derived AWF with minimal cytosolic 575 

contamination is essential as starting material. Matching this criterion is pivotal for an 576 

accurate study of the vesicles, as liposomes resulting from cellular membrane damage can 577 

confound genuine EV analysis (Théry et al. 2018). We adapted existing protocols (Rutter et 578 

al. 2017; Rohringer et al. 1983) to achieve a reduction of cytosolic contamination below 579 

detection limits (Figure 1). Moreover, we confirmed differential protein accumulation, e.g. of 580 
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the canonical stress response protein PR-1, in the barley apoplast upon inoculation with the 581 

powdery mildew pathogen, emphasizing the presumed significance of the extracellular 582 

defence response after challenge with B. hordei (Figure 1; (Tamás et al. 1997)). Employing 583 

the established protocol based on ultracentrifugation (Rutter & Innes 2017) alongside a 584 

novel polymer-based approach, to our knowledge not previously used in plants (Grunt et al. 585 

2020), revealed similar morphology and size distributions for EVs isolated by both methods 586 

(Figure 2, Figure 3). However, there were notable differences in reproducibility, reflected by 587 

the larger confidence intervals for samples derived by ultracentrifugation in NTA (Figure 3). 588 

This is in line with PME having higher recovery rates from the used starting material, at the 589 

cost of lower specificity (Théry et al. 2018). Nevertheless, we consider PME a viable 590 

alternative for isolating EVs in barley and other plants, especially when larger EV quantities 591 

are needed for downstream analyses, because changes induced by B. hordei inoculation are 592 

still reflected with high fidelity (Figure 3). Additionally, size exclusion chromatography 593 

proved effective in further purifying barley EVs following their isolation by PME 594 

(Supplemental Figure 7). 595 

An initial characterisation of EVs isolated from the leaf apoplast of naïve (untreated) barley 596 

plants (Schlemmer et al. 2021) exhibited similar morphology of vesicle-like structures as 597 

observed in our electron micrographs (Figure 2C. Moreover, the size range of EVs as 598 

estimated from electron micrographs (~100 nm – 250 nm) reported by Schlemmer and co-599 

workers overlaps substantially with our findings(Figure 2C; (Schlemmer et al. 2021)). 600 

However, we noted discrepancies in size estimates by NTA measurements between the 601 

published and our own data; these may be caused by various factors such as the barley 602 

cultivar used or differences in experimental procedures and sample handling (Figure 3; 603 

(Schlemmer et al. 2021)). This divergence emphasises the necessity for standardised 604 

documentation of protocols to enable comparability of findings within and between species 605 

(reviewed in (Pinedo et al. 2021)). In a recent report from the monocot Sorghum bicolor, EVs 606 

from the P40 fraction were also reported to be polydisperse with a mean size of ~170 nm 607 

and ~190 nm after density purification (Chaya et al. 2023). Notably, comparison of monocot- 608 

(~100 nm – 500 nm, Figure 3; (Schlemmer et al. 2021; Chaya et al. 2023)) and dicot-derived 609 

EVs (~50 nm – 300 nm, (Rutter & Innes 2017; Janda et al. 2023) from the present and 610 

previous reports reveals slight differences in their size distribution but could also reflect 611 

species-specific variation. 612 
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Our study suggests that the accumulation of barley EVs is an active response of the host 613 

plant to inoculation with the obligate biotrophic pathogen, B. hordei. We show that in 614 

particular the quantities of EVs between ~100 nm - 300 nm in diameter increase up to ~10- 615 

to 50-fold higher at 96 hpi and 120 hpi compared to the non-infected control sample (Figure 616 

4). This substantial increase in EV numbers in later infection stages coincides with fungal 617 

microcolony development and incipient leaf surface proliferation (Both et al. 2005). Whether 618 

EV accumulation is a host response linked to particular infection stages or simply correlates 619 

with the amount of fungal biomass remains an open question. However, we argue that the 620 

altered EV populations primarily originate from the plant. This notion is supported by the 621 

fact that the predominant ~100 nm - 300 nm EV population is already detectable (at basal 622 

levels) in the samples from non-inoculated leaves. In addition, the fungal mode of infection 623 

is restricted to the epidermal cell layer, rendering a substantial contribution to the total leaf 624 

EV population rather unlikely. 625 

Vesicles of ~300 nm - 500 nm in diameter exhibited similar accumulation during fungal 626 

infection to the ~100 nm - 300 nm vesicles. However, while they also increased markedly at 627 

96 hpi and 120 hpi, they reached considerably lower levels than the ~100 nm - 300 nm EV 628 

population (only ~2- to 3-fold as compared to ~10- to 50-fold; Figure 4A). Based on this 629 

distinction we propose that (1) the larger-sized vesicle population might be different from 630 

the smaller-sized main population and that (2) these vesicles are potentially secreted via a 631 

different route. The latter notion is based on the fact that in other systems the biogenesis 632 

pathway is an important factor determining EV size (Mathivanan et al. 2010). Accordingly, 633 

the EV populations could be also associated with different cargo molecules. However, we 634 

cannot rule out that the larger vesicles of ~300 nm - 500 nm in diameter result from 635 

artefactual fusion events of vesicles from the ~100 nm - 300 nm population that accumulate 636 

to very high levels during fungal infection, generated during our experimental procedures. 637 

The t-SNARE protein Ror2 is an ortholog of a known EV marker (PEN1) in plants like 638 

Arabidopsis, Nicotiana benthamiana and sorghum (Rutter & Innes 2017; Chaya et al. 2023; 639 

Zhang et al. 2020). We detected two specific Ror2 signals in the immunoblots of vesicle 640 

samples, corresponding to 34 kDa and ~75 kDa in molecular mass. These signals showed an 641 

opposing dynamic in the course of fungal infection (Figure 4C). While the 34-kDa signal is 642 

indicative of monomeric Ror2 (Collins et al. 2003), the ~75-kDa signal potentially represents 643 

a (homo)dimer or a Ror2-containing SNARE complex (Arien et al. 2003). SDS resistance of the 644 
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~75-kDa signal rather suggests a SNARE complex, though urea resistance (Supplemental 645 

Figure 5E) also challenges this interpretation (Fasshauer et al. 2002; Kubista et al. 2004). 646 

Hence, the nature and biological relevance of the ~75-kDa signal remains unclear at this 647 

stage. Despite its detection in EV immunoblots (Figure 4C), Ror2 was not found in our 648 

proteomics data (Table 1). This is likely because membrane-resident proteins are generally 649 

more challenging to detect, which is also reflected by the overall low number of identified 650 

proteins with transmembrane domains  in our dataset (six proteins, ~9%, Table 1), a 651 

common phenomenon in protein mass spectrometry (Souda et al. 2011; Bender & Schmidt 652 

2019). On the other hand, a trypsin protection assay using the Ror2 antibody indicated its 653 

presence in EVs as cargo, making it, together with the observation of the specific ~75-kDa 654 

signal eluting in EV fractions in SEC, a strong EV marker candidate (Figure 5). The fact that we 655 

did not detect Ror2 with the αPEN1 antibody in the detergent-only treatment indicates 656 

interference of TritonX-100 with at least the PEN1 antibody and underscores the importance 657 

of incorporating this control in protease protection assays. 658 

EVs from Arabidopsis, sunflower, and sorghum, as well as high-speed centrifugation pellets 659 

collected from tomato cell culture medium, are associated with stress-related proteins 660 

(Rutter & Innes 2017; Regente et al. 2017; He et al. 2021; Gonorazky et al. 2012). Consistent 661 

with these earlier findings, the barley EV proteome was also enriched in stress-related 662 

proteins, particularly after inoculation with B. hordei (Table 1). However, their number in our 663 

dataset derived from crude EVs was substantially higher as compared to the proteomes of 664 

purified EVs. This discrepancy might be explained by the loose association of this type of 665 

proteins with EVs, which might get lost during purification by size exclusion chromatography. 666 

In line with the high number of stress-related proteins in crude EVs, we found two abundant 667 

pathogenesis-related proteins (PR-1 and PR-17b) that did not co-purify in size exclusion 668 

chromatography with the vesicles (Figure 5A). However, the trypsin protection assay 669 

indicated that PR-17b is protected (Figure 5C), perhaps due to interaction with glycoproteins 670 

on the EV surface. This protection might be compromised upon membrane destabilisation 671 

following detergent addition or by shear forces during size exclusion chromatography. We 672 

speculate that this behaviour indicates that PR-17b (and perhaps other (PR) proteins) are 673 

constituents of an acquired vesicle corona which forms after secretion and might play a role 674 

in EV uptake and other functions (Yerneni et al. 2022; Tóth et al. 2021; Liam-Or et al. 2024). 675 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 19, 2024. ; https://doi.org/10.1101/2024.04.17.589905doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589905
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

24 
 

The current study dissects time-dependent EV release upon biotic stress (powdery mildew 676 

infection). Thus, it serves as a starting point for investigating the role of EVs at different 677 

stages of plant-microbe interactions. By establishing PME of vesicles, a scalable alternative 678 

method for plant EV isolation, the output of which is comparable to the routinely used 679 

ultracentrifugation, we enable feasible EV analysis in a challenging plant-microbe system, 680 

the interaction of barley with B. hordei. Combined with size exclusion chromatography, PME 681 

is an alternative for the isolation and purification of plant EVs. Furthermore, we unravel an 682 

infection stage-dependent EV response involving distinct EV populations, a phenomenon 683 

worth exploring in other plant-microbe interactions. Finally, our findings add to the growing 684 

evidence linking plant EVs to stress-related proteins. In conjunction with our recent data for 685 

cross-kingdom RNA interference mediated by plant EVs (Kusch et al. 2023), our study 686 

signifies the involvement of barley leaf EVs in the B. hordei interaction, prompting future 687 

investigations into the roles of the distinct EV populations. 688 

689 
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Figures 1057 

 1058 

Figure 1. Challenge with B. hordei induces changes in the protein profile of the barley leaf 1059 

AWF. 1060 

A Scheme depicting the workflow for the extraction of AWF from barley primary leaves. The 1061 

procedure is based on a previously described method (Rohringer et al. 1983) and involves leaf 1062 

harvest, the infiltration of the leaf apoplastic space with buffer, collection of the AWF by 1063 

centrifugation, and removal of the debris from the AWF by filtering and centrifugation. For 1064 

further details, see Materials and Methods. 1065 

B Leaf extract or AWF was collected from barley leaves that were sampled either prior to 1066 

inoculation (0 hpi, 7-day-old) or at 24 hpi (8-day-old) or 72 hpi (10-day-old) with B. hordei. 1067 

Proteins (0.25 µg per sample) were separated by gel electrophoresis and stained with silver. 1068 

The experiment was performed in two independent biological replicates with similar outcome. 1069 

C Immunoblot of total leaf extract (LE) and AWF probed with antibodies specific for the 1070 

chloroplastic/cytosolic contamination marker PsbA/D1 (predicted molecular mass 28 kDa), 1071 

the potential EV marker Ror2 (predicted molecular mass 34 kDa), and the secreted defence 1072 

marker PR-1 (predicted molecular mass 18 kDa). Total leaf extract and AWF was collected from 1073 

barley leaves that were sampled either prior to inoculation (0 hpi) or at 24 hpi or 72 hpi with 1074 

B. hordei. Gels were loaded with 2.5 μg protein per sample. The apparent molecular masses 1075 

of proteins (given on the right) were judged by comparison with protein standards analysed 1076 

on the same gel. Staining with Ponceau S (the prominent band corresponding to the large 1077 

subunit of RuBisCO) served to demonstrate equal loading. The experiment was performed in 1078 

three independent biological replicates with similar results. 1079 
1080 
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 1081 
 1082 
Figure 2. Characteristic cup-shaped structures are present in the P40 fraction and following 1083 

PME of EVs isolated from the barley leaf AWF. 1084 

A Scheme of the workflow for the isolation of crude EVs (P40 and P100) from barley AWF by 1085 

differential ultracentrifugation at 40,000 g and 100,000 g (Rutter & Innes 2017). See Materials 1086 

and Methods for further details. 1087 

B Scheme of the workflow for the isolation of crude EVs from barley AWF by PME according 1088 

to the manufacturer’s instructions. EVs are captured in a polymer-based hydrogel in the 1089 

presence of calcium (Ca2+) ions and released by the addition of the Ca2+ chelator 1090 

ethylenediaminetetraacetic acid (EDTA). See Materials and Methods for further details. 1091 

C Transmission electron micrographs of P40 and P100 fractions isolated from AWF collected 1092 

from barley leaves that were sampled either prior to inoculation (0 hpi) or at 72 hpi with B. 1093 

hordei. EVs were stained using uranyl acetate. Representative images of three (non-1094 

inoculated) and four (inoculated) biological replicates are shown. Typical cup-shaped 1095 
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morphology – black arrowheads, small granular particles – white arrowheads, electron-light 1096 

particles – white arrowheads with black outlines. Scale bars = 500 nm. 1097 

D Transmission electron micrographs of EVs isolated via PME from barley leaves that were 1098 

sampled either prior to inoculation (0 hpi) or at 72 hpi with B. hordei. EVs were stained using 1099 

phosphotungstic acid. Representative images of four (non-inoculated) or three (inoculated) 1100 

biological replicates are shown. Typical cup-shaped morphology – black arrowheads, small 1101 

granular particles – white arrowheads, electron-light particles – white arrowheads with black 1102 

outlines. Scale bars = 500 nm. 1103 

E The barley ortholog of the Arabidopsis EV marker PEN1, Ror2, is present in EV and 1104 

supernatant samples. Immunoblot of total leaf extract (LE), EV, and supernatant (SN) samples 1105 

probed with αRor2 (potential EV marker, predicted molecular mass 34 kDa) and αPR-1 1106 

(secreted defence marker, predicted molecular mass 18 kDa). Leaf extract, EV and 1107 

supernatant samples were isolated from leaves of 10-day-old barley plants that were either 1108 

not inoculated (-) or sampled at 72 hpi with B. hordei (+). The gel was loaded with 5 μg protein 1109 

of total leaf extract, completely resuspended ultracentrifugation (P40) pellets, 20 μl of PME 1110 

pellets resuspended in 150 µl Tris buffer, and 10 μl supernatant sample. Staining with Ponceau 1111 

S (the prominent band corresponding to the large subunit of RuBisCO) served to demonstrate 1112 

equal loading of the gels. Apparent molecular masses of proteins (given on the right) were 1113 

derived from a comparison with molecular mass standards analysed on the same gel. The 1114 

experiment was repeated in two biological replicates with similar results. 1115 
1116 
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Figure 3. Barley leaf apoplastic EVs constitute polydisperse populations that are selectively 1119 

responsive to infection with B. hordei. 1120 

A, B, C NTA data showing the size distribution and mean concentration within the upper and 1121 

lower 95 % confidence intervals of P40- (A), P100- (B), and PME-derived (C) EV samples. EVs 1122 

were isolated from leaves of 10-day-old barley plants that were either sampled prior to 1123 

inoculation (0 hpi) or at 72 hpi with B. hordei. Plots are based on data from five (P40, P100) 1124 

or six (PME) independent biological replicates.  1125 

D Comparison of EV concentrations in P40, P100 and PME samples from non-inoculated (0 1126 

hpi) and B. hordei-infected (72 hpi) plants, divided into 100 nm bins as indicated by the 1127 

colour-coded legend on the right side of the plots. Points represent the mean, and error bars 1128 

the standard deviation. Plots are based on data from five (P40- and P100-derived EVs) or six 1129 

(PME-derived EVs) independent biological replicates. The plots are based on the dataset 1130 

shown in panels A, B and C above. 1131 
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 1133 

Figure 4. Levels of barley leaf apoplastic EVs and its associated candidate marker protein 1134 

Ror2 increase highly during fungal infection. 1135 

A NTA data showing the size distribution and mean concentration of PME-derived EVs 1136 

isolated from barley leaves either prior to inoculation (0 hpi) or at 8, 24, 48, 72, 96 or 120 hpi 1137 

with B. hordei. Note the different scales used: data for time points 0, 8, 24, 48, and 72 hpi 1138 

refer to the left y-axis, data for 96 hpi and 120 hpi refer to the right y-axis. 1139 

B Concentration of EVs displayed by 100 nm size fractions sampled at different time points 1140 

after inoculation with B. hordei. Points represent the mean, error bars 95% confidence 1141 

intervals. The experiment was performed in six independent biological replicates for time 1142 

points 0-72 hpi and three independent biological replicates for 96-120 hpi. The graph is 1143 

based on the dataset shown in A. 1144 

C, D Immunoblots probed with antibodies specific for the potential EV marker protein Ror2 1145 

(predicted molecular mass 34 kDa), the secreted defence marker PR-1 (predicted molecular 1146 

mass 18 kDa), and the chloroplastic/cytosolic marker PsbA (predicted molecular mass 28 1147 

kDa) in PME-derived EVs (C) or total leaf extract (D) at different time points after inoculation 1148 

with B. hordei. Gels were loaded with 20 µl of EV pellets resuspended in 150 µl Tris buffer 1149 

(pH 7.5) and mixed with 6x loading dye. For total leaf extract, 5 µg protein were loaded on 1150 

the gel. Molecular masses of proteins (given on the right) were estimated from comparison 1151 

to a molecular mass standard analysed on the same gel. Proteins on the blots were stained 1152 

with Ponceau S (the prominent band corresponding to the large subunit of RuBisCO) and this 1153 

served to demonstrate equal loading. The experiment was performed in six independent 1154 

biological replicates for time points 0-72 hpi and three independent replicates for time 1155 

points 96-120 hpi. 1156 

1157 
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 1158 

Figure 5. Ror2 might qualify as an EV marker. 1159 

A Immunoblots probed with antibodies specific for the potential EV marker protein Ror2 1160 

(predicted molecular mass 34 kDa), the defence protein PR-17b (predicted molecular mass 1161 

24 kDa), and the secreted defence marker PR-1 (predicted molecular mass 18 kDa) in total 1162 

leaf extract (LE), supernatant (SN) or void, and 11-16 fractions collected by size exclusion 1163 

chromatography (SEC) of PME-derived EVs derived from barley leaves at 72 hpi with B. 1164 

hordei. Gels were loaded with 10 µl supernatant, and/or 166 µl of each SEC fraction (FRC) or 1165 

SEC void volume (after lyophilisation and resuspension in 10 µl) and mixed with 6x loading 1166 

dye. For LE, 5 µg protein were loaded on the gel. Molecular masses of proteins (given on the 1167 

right) were judged according to a molecular mass standard run on the same gel. Staining 1168 

with Ponceau S (the prominent band corresponding to the large subunit of RuBisCO) served 1169 

to demonstrate successful transfer. The experiment was performed in three independent 1170 

biological replicates for each protein. 1171 

B Immunoblots probed with antibodies specific for the potential EV marker protein CPN60 1172 

(predicted molecular mass 60 kDa), the potential EV marker protein Ror2 (predicted 1173 

molecular mass 34 kDa), the Arabidopsis EV marker PEN1 (predicted molecular mass 37 1174 

kDa), the defence protein PR-17b (predicted molecular mass 24 kDa), and the secreted 1175 

defence marker PR-1 (predicted molecular mass 18 kDa) in PME-derived EVs in barley leaves 1176 

sampled at 72 hpi with B. hordei. EVs were treated with either trypsin or Triton X-100 or pre-1177 

treated with TritonX-100 followed by trypsin. Gels were loaded with 20 µl of treated EV 1178 

pellets and mixed with 6x loading dye. Molecular masses of proteins (given on the right) 1179 

were judged according to a molecular mass standard run on the same gel. The experiment 1180 

was performed in seven independent biological replicates for Ror2 and PEN1, and three 1181 

independent biological replicates for CPN60, PR-17b, and PR-1. 1182 

 1183 
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Table 1. Proteins identified by mass spectrometry that were represented by at least two unique peptides and detected in both biological 1184 

replicates a.  1185 

UniProt 
identifier 

EnsemblPlants identifier Protein designation UP TM SignalP More 
abundant 
at 72 hpi 

Stress-
related 

Reference 

A0A8I6YA55 HORVU.MOREX.r3.7HG0639380.1 
RuBisCO large subunit-binding 
protein subunit beta 

23 - - - - - 

F2CTD9 HORVU.MOREX.r2.4HG0285800.1 Subtilase family protein 23 1 + - + 
(Zierold et al. 
2005) 

A0A8I6W9H5 HORVU.MOREX.r3.2HG0102500.1 
RuBisCO large subunit-binding 
protein subunit alpha 

20 - - - - - 

A0A8I6YK01 HORVU.MOREX.r3.5HG0510650.5 
Beta-D-glucan exohydrolase 
isoenzyme ExoI 

19 (1) + - + 
(Mostek et al. 
2015) 

A0A8I6WZ78 HORVU.MOREX.r3.2HG0206500.2 
Glycoside hydrolase family 3 C-
terminal domain protein 

18 - - - - - 

A0A287EUP1 HORVU.MOREX.r2.1HG0017110.1 
Peroxidase (generally classified 
as PR-9) 

14 (1) + - + 

(Pál et al. 2013; 
Dmochowska‐
Boguta et al. 
2013) 

A0A8I6YZ79 HORVU.MOREX.r3.6HG0550840.1 
Pathogenesis-related protein PR-
17b 

13 - + + + 
(Christensen et 
al. 2002) 

A0A8I6WTD6 HORVU.MOREX.r3.2HG0138660.1 
Glucan endo-1,3-beta-D-
glucosidase (generally classified 
as PR-2) 

13 - + + + 
(Beffa et al. 
1993) 

A0A8I6XTR1 HORVU.MOREX.r3.6HG0580070.1 Vacuolar proton pump subunit B 12 - - - - - 

A0A8I6Y6U2 HORVU.MOREX.r3.5HG0430940.1 
Cellulase domain-containing 
protein 

11 - + - - - 

A0A8I7B2A7 HORVU.MOREX.r3.2HG0117530.1 Carboxypeptidase 11 (1) - - +  
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A0A8I7BCV7 HORVU.MOREX.r3.4HG0397690.1 
Fn3_like domain-containing 
protein 

11 - - - - - 

F2D465 HORVU.MOREX.r2.1HG0036040.1 
Pathogenesis-related protein Pr-
17a 

11 (1) + - + 
(Christensen et 
al. 2002) 

A0A8I6YYE1 HORVU.MOREX.r3.7HG0725070.1 
Peptidase A1 domain-containing 
protein 

10 - - - + 
(Jashni et al. 
2015) 

F2D5K9 HORVU.MOREX.r2.7HG0542610.1 GDSL-like Lipase/acylhydrolase 10 - + + (+) 
(Kusumawati et 
al. 2008) 

A0A287PQV9 HORVU4Hr1G082700.8 Ribosomal protein L4/L1 family 9 - - - - - 

A0A287F5Q6 HORVU1Hr1G037650.7 

RuBisCO accumulation factor 1 
helix turn helix domain or 
RuBisCO accumulation factor 1 
alpha helical domain 

9 - - - - - 

F2CWJ3 HORVU.MOREX.r2.4HG0342010.1 
Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) 

8 - - - -  - 

A0A8I6X3I7 HORVU.MOREX.r3.3HG0224850.1 Aspartic peptidase A1 8 - - + + 
(Beers et al. 
2004) 

P35793 HORVU7Hr1G033620.1 
Pathogenesis-related protein 
PRB1-3 (PR-1b) 

8 - + + + 

(Santén et al. 
2005; 
Bryngelsson et al. 
1994) 

F2D483 HORVU2Hr1G067370.1 40S ribosomal protein S8 7 - - + - - 

F2DH21 HORVU.MOREX.r3.6HG0623840.1 Purple acid phosphatase 7 - + -   - 

M0XRM3 HORVU.MOREX.r3.6HG0610230.1 
Peptidase A1 domain-containing 
protein 

7 - - - + 
(Beers et al. 
2004) 

F2DMI6 
HORVU.MOREX.r3.5HG0473560.1 
HORVU.MOREX.r3.5HG0473580.1 

Pathogenesis related protein PR-
1a (Hv-1a) 

7 - + + + 

(Santén et al. 
2005; 
Bryngelsson et al. 
1994) 
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A0A8I6YSJ4 HORVU.MOREX.r3.6HG0566190.1 
Peroxidase (generally classified 
as PR-9) 

7 (1) + - + 

(Pál et al. 2013; 
Dmochowska‐
Boguta et al. 
2013) 

A0A287PS10 HORVU4Hr1G077240.3 40S ribosomal protein SA 6 - - + - - 

A0A8I6XS54 HORVU.MOREX.r3.3HG0300600.1 
Chitinase (generally classified as 
PR-3 or PR-4) 

6 - - + + 
(Anisimova et al. 
2021; Ahmed et 
al. 2012) 

A0A191TDI3 
HORVU.MOREX.r3.UnG0754030.1 
HORVU.MOREX.r3.UnG0760960.1 

ATP synthase subunit alpha 5 - - - - - 

A0A8I6Y217 HORVU.MOREX.r3.3HG0318620.1 Glycoside hydrolase family 17 5 (1) + + - - 

F2D5M4 HORVU.MOREX.r3.3HG0318590.1 Glycoside hydrolase family 17 5 - - + - - 

A0A8I6WAC6 HORVU.MOREX.r3.2HG0112580.1 
Peroxidase (generally classified 
as PR-9) 

5 - - + + 

(Pál et al. 2013; 
Dmochowska‐
Boguta et al. 
2013) 

P00828 atpB 
ATP synthase subunit beta, 
chloroplastic 

4 - - - - - 

A0A287V4V8 HORVU6Hr1G090170.1 Ribosomal protein L14p/L23e 4 - - + - - 

F2DD69 HORVU.MOREX.r3.6HG0606220.1 Phosphoribulokinase 4 - - - -   

F2CVM1 HORVU.MOREX.r3.4HG0409940.1 Catalase 4 - - - -  

M0UFX2 HORVU3Hr1G026060.1 
Ribosomal protein L5 or 
ribosomal L5P family C-terminus 
protein 

4 - - - -   

M0VYX8 HORVU1Hr1G072060.1 
30S ribosomal protein S8, 
chloroplastic 

4 - - - -  

F2ELD1 HORVU.MOREX.r3.4HG0349070.1 Fructose-bisphosphate aldolase 4 - - - -   

M0X3R2 HORVU.MOREX.r3.2HG0173530.1 
14-3-3 domain-containing 
protein 

4 - - - + 
(Finnie et al. 
2002) 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 19, 2024. ; https://doi.org/10.1101/2024.04.17.589905doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.17.589905
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

47 
 

F2E7Z5 HORVU.MOREX.r3.7HG0665050.1 
Germin-like protein (potentially 
PR-15 protein) 

4 - + - + 
(Segarra et al. 
2003) 

A0A8I6XJ65 HORVU.MOREX.r3.3HG0318380.1 
Leucine rich repeat N-terminal 
domain-containing protein 

4 - + +  - 

A0A8I6Y3Y6 HORVU.MOREX.r3.6HG0610500.1 
Peptidase A1 domain-containing 
protein 

3 - - - + 
(Beers et al. 
2004) 

F2CSC5 HORVU.MOREX.r3.2HG0112820.1 
Ribosomal protein L6 family 
protein 

3 - - - - - 

Q6RYF4 HORVU.MOREX.r3.4HG0416190.1 Coatomer subunit alpha 3 - - - - - 

F2CSC5 HORVU.MOREX.r3.2HG0112820.1 Ribosomal protein L19 3 - - - - - 

F2CRF1 HORVU.MOREX.r3.4HG0337050.1 
14-3-3 domain-containing 
protein 

3 - - - + 
(Finnie et al. 
2002) 

A0A287XW13 HORVU7Hr1G115040.1 
30S ribosomal protein S17, 
chloroplastic 

3 - - - - - 

F2CTW0 HORVU.MOREX.r3.3HG0248990.1 
Phosphorylase superfamily 
protein 

3 2 - - (+) 
(Hwang et al. 
2016) 

A0A8I6WYU4 HORVU.MOREX.r3.2HG0204520.1 
Papain family cysteine protease 
protein 

3 1 - - + 
(Misas-Villamil et 
al. 2016) 

F2DEW5 HORVU.MOREX.r3.5HG0537290.1 TCP-1/cpn60 chaperonin family 3 - - - - - 

F2CV55 HORVU.MOREX.r3.2HG0112610.1 
Peroxidase (generally classified 
as PR-9) 

3 (1) + + + 
Dmochowska-
Boguta 2013, Pal 
2013 

D2CVR3 HORVU.MOREX.r3.1HG0054950.1 
Chitinase (generally classified as 
PR-3 or PR-4) 

3 (1) + + + 
(Anisimova et al. 
2021; Ahmed et 
al. 2012) 

F2D6I8 HORVU.MOREX.r3.6HG0592050.1 
Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) 

2 - - - - - 

A0A8I6WRK8 HORVU.MOREX.r3.2HG0188290.1 Major intrinsic protein 2 6 - - + 
(Kayum et al. 
2017; Lu et al. 
2018) 
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0A287EWL1 HORVU1Hr1G022570.1 
Ribosomal_L18e/L15P domain-
containing protein 

2 - - - - - 

F2CRM3 HORVU1Hr1G089760.1 

Ribosomal protein L7/L12 C-
terminal domain or Ribosomal 
protein L7/L12 dimerisation 
domain protein 

2 - - - - - 

A1E9M6 rps8 
30S ribosomal protein S8, 
chloroplastic 

2 - - - - - 

A0A8I6X7P9 HORVU.MOREX.r3.2HG0201390.1 Adenosylhomocysteinase 2 - + - - - 

A0A287PXM5 HORVU4Hr1G084410.4 
50S ribosomal protein L5, 
chloroplastic 

2 - - - - - 

F2E2K8 HORVU.MOREX.r3.2HG0133340.1 Major intrinsic proteins 2 3 - - + 
(Kayum et al. 
2017; Lu et al. 
2018) 

A0A8I6WF61 HORVU.MOREX.r3.2HG0172790.1 PLAT domain-containing protein 2 - + - (+) (Hyun et al. 2014) 

M0XCF8 HORVU2Hr1G063880.5 Ribosomal protein L13 2 - - - - - 

A0A8I6WFT1 HORVU.MOREX.r3.1HG0046150.1 Alpha-galactosidase 2 - - - (+) 
(Zhao et al. 2006; 
Yu et al. 2022) 

A0A287Q809 HORVU5Hr1G005290.2 Thaumatin family protein (PR-5) 2 (1) + + + 
(Lambertucci et 
al. 2019) 

F2CT91 RBCS RuBisCO small subunit 2 - - - - - 

A0A8I6XSB4 HORVU.MOREX.r3.5HG0423060.1 Thaumatin family protein (TLP5) 2 (1) + + + 
(Lambertucci et 
al. 2019) 

P05698 rbcL RuBisCO large subunit 2 - - - - - 

M0WZI8 HORVU.MOREX.r3.6HG0609880.1 ADP/ATP translocase 2 3 - - - - 

A0A287SR52 HORVU5Hr1G111820.3 40S ribosomal protein S26 2 - - - - - 

D2KZ38 HORVU.MOREX.r3.4HG0407580.1 Major intrinsic proteins 2 2 - - + 
(Kayum et al. 
2017; Lu et al. 
2018) 
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a UP = unique peptides; TM = transmembrane domain, N-terminal TMs that are likely false positive displayed in brackets; SP = signal peptide, “+” 1186 

indicates the presence of signal peptide; proteins more abundant (either log2 fold change of label-free quantification >2 in both replicates, or log2 1187 

fold change >2 in one of the replicates and in the other replicate only identified in the inoculated sample) at 72 hpi are marked “+” and “+” when 1188 

the protein is exclusively present at 72 hpi. Proteins known or potentially involved in biotic stress responses are marked “+”, in abiotic stress 1189 

responses “(+)”. 1190 
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