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Abstract 32 

Plants activate biochemical responses to combat stress. (Hemi-)biotrophic pathogens are fended off 33 

by systemic acquired resistance (SAR), a primed state allowing plants to respond faster and stronger 34 

upon subsequent infection. Here, we show that SAR-like defences in barley (Hordeum vulgare) are 35 

propagated between neighboring plants, which respond with enhanced resistance to the volatile cues 36 

from infected senders. The emissions of the sender plants contained 15 volatile organic compounds 37 

(VOCs) associated with infection. Two of these, β-ionone and nonanal, elicited resistance upon 38 

plant exposure. Whole genome transcriptomics analysis confirmed that inter-plant propagation of 39 

defence in barley is established as a form of priming. Although gene expression changes were more 40 

pronounced after challenge infection of the receiver plants with Blumeria graminis f. sp. hordei, 41 

differential gene expression in response to the volatile cues of the sender plants included an 42 

induction of HISTONE DEACETYLASE 2 (HvHDA2) and priming of TETRATRICOPEPTIDE 43 

REPEAT-LIKE superfamily protein (HvTPL). Because HvHDA2 and HvTPL transcript 44 

accumulation was also enhanced by exposure of barley to β-ionone and nonanal, our data identify 45 

both genes as possible defence/priming markers in barley. Our results further suggest that VOCs 46 

and plant-plant interactions are relevant for possible crop protection strategies priming defence 47 

responses in barley. 48 

 49 

Highlight 50 

Infected barley plants send airborne cues that are recognised as defence signals in conspecific 51 

neighbours. β-ionone and nonanal from the volatile blend of infected barley contribute to defence 52 

priming. 53 

Keywords: barley, β-ionone, disease resistance, nonanal, plant immunity, powdery mildew, 54 

priming, systemic acquired resistance, volatile organic compound. 55 

 56 

Abbreviations: 57 

SAR  Systemic Acquired Resistance 58 

VOCs  Volatile Organic Compound(s) 59 

Psj  Pseudomonas syringae pv. japonica 60 

Bgh  Blumeria graminis f. sp. hordei 61 

PTP  Plant-to-plant 62 

SA  Salicylic acid 63 
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RFU  Relative Fluorescence Unit 64 

PDMS  Polydimethylsiloxane 65 

Pip  Pipecolic acid 66 

NHP  N-hydroxy pipecolic acid 67 

LLP1  LEGUME LECTIN-like PROTEIN 1 68 

AZI1  AZELAIC ACID INDUCED1 69 

cfu  Colony Forming Unit 70 

PR  PATHOGENESIS-RELATED 71 

MeSA  Methyl salicylate 72 

DIR1  DEFECTIVE IN INDUCED RESISTANCE1  73 

GC-MS Gas Chromatography-Mass Spectrometry  74 

DAF-FM-DA  4-Amino-5-methylamino-2',7'-difluorofluorescein diacetate  75 

ppbv  Parts per billion volume 76 

TD-GC-MS Thermal Desorption-Gas Chromatography-Mass Spectrometry  77 

RI  Retention Index 78 

GLV  Green Leaf Volatile(s) 79 

HvEF1α Hordeum vulgare ELONGATION FACTOR 1α 80 

HvUBI  Hordeum vulgare UBIQUITIN 81 

HvHDA2 Hordeum vulgare HISTONE DEACETYLASE 2 82 

HvTPL Hordeum vulgare TETRATRICOPEPTIDE REPEAT (TPR)-like SUPERFAMILY 83 

PROTEIN   84 
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Introduction 85 

During their life cycle, plants experience a multitude of challenges, including stress imposed by 86 

their biotic and abiotic environment. On the one hand, plants are threatened by herbivorous insects 87 

and pathogenic microorganisms. On the other hand, adverse and changing climate conditions pose a 88 

stress on their own and additionally might alter the susceptibility of a plant to pests or diseases 89 

(Sangiorgio et al., 2020; Shahzad et al., 2021). As sessile organisms, plants evolved diverse 90 

biochemical responses to protect themselves from these threats (Spoel and Dong 2012). The 91 

activation of systemic acquired resistance (SAR) is a clear example of a biochemical strategy that 92 

plants have developed to fend off (hemi-)biotrophic microorganisms (Vlot et al., 2021). In SAR, an 93 

initial, local pathogen infection activates a cascade of reactions and the biosynthesis of several 94 

mobile defence cues that transmit the alert to distal parts of the plant (Gao et al., 2015; Vlot et al., 95 

2021). Like priming, SAR activates a faster and stronger immune response to a subsequent 96 

pathogen attack (Westman et al., 2019). 97 

Salicylic acid (SA) plays a fundamental role in SAR (Vlot et al., 2009), and its biosynthesis and 98 

recognition is crucial for inducing the expression of PATHOGENESIS-RELATED (PR) genes 99 

(Palmer et al., 2019). Nevertheless, other molecules are also involved in transmitting the immune 100 

signal to distal parts of the plant (Vlot et al., 2021; Gao et al., 2021). The methylated form of SA, 101 

methyl salicylate (MeSA), is one of several possible phloem-mobile molecules involved in systemic 102 

propagation of defence (Park et al., 2007; Park et al., 2009). Other important, potentially mobile 103 

molecules in the SAR network include the nonprotein amino acid pipecolic acid (Pip) and its 104 

bioactive derivative N-hydroxy pipecolic acid (NHP) as well as glycerol-3-phosphate and predicted 105 

lipid-transfer proteins, including AZELAIC ACID INDUCED1 (AZI1) and DEFECTIVE IN 106 

INDUCED RESISTANCE1 (DIR1) (Maldonado et al., 2002; Chanda et al., 2011; Návarová et al., 107 

2012; Cecchini et al., 2015; Lim et al., 2016; Chen et al., 2018; Hartmann et al., 2018; Wang et al., 108 

2018; Yildiz et al., 2021). In addition to being distributed through the phloem, volatile MeSA can 109 

also be dispersed through the air priming defence responses within and between plant canopies 110 

(Baldwin et al., 2006; Baldwin 2010). Beside this well-studied defence cue (Baldwin and Schultz 111 

1983), we have recently shown the importance of monoterpenes as airborne molecules able to 112 

induce defence responses in distal plant parts during SAR (Riedlmeier et al., 2017).  113 

Volatile organic compounds (VOCs) are low-molecular-weight compounds that easily evaporate at 114 

room temperature (Mofikoya et al., 2019). Plants produce volatiles constitutively or following 115 

biotic or abiotic stimuli (Loreto and Schnitzler 2010; Brilli et al., 2019). According to many studies 116 

(e.g., Baldwin and Schultz 1983; Piesik et al., 2013; Liu and Brettell, 2019; Markovic et al., 2019), 117 
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following the attack of an insect or the inoculation of a microbial pathogen, plants in the vicinity of 118 

their affected neighbours respond with enhanced/primed defences to future insect/pathogen attack. 119 

Riedlmeier and collaborators (2017) showed that VOCs emitted by SAR-induced plants are 120 

recognised as defence cues in plants that are in the vicinity. Specifically, trials on the model plant 121 

Arabidopsis thaliana infected with Pseudomonas syringae pv. tomato (Pst) expressing the effector 122 

AvrRpm1, revealed that monoterpenes, including α-pinene, β-pinene, and camphene play a central 123 

role as infochemicals.  124 

Plant-to-plant (PTP) interaction is a phenomenon through which plants transfer information to each 125 

other (Baldwin and Schultz 1983). Trials on different plant species demonstrated that PTP 126 

interaction can occur between plants of the same or different species (Riedlmeier et al., 2017; 127 

Markovic et al., 2019; Ninkovic et al., 2019; Moreno et al., 2020; Frank et al., 2021). As plants 128 

face a threat caused by either biotic or abiotic stress, they emit a blend of VOCs in the air. These 129 

compounds can be intercepted by neighbouring plants that benefit by having more time to promptly 130 

activate a response to the change that may be harming them as well (Erb, 2018; Bouwmeester et al., 131 

2019; Brilli et al., 2019). The mechanisms through which plant parts that are distant from the site of 132 

inoculation, perceive and process airborne cues remains unclear (Bouwmeester et al., 2019). 133 

Nevertheless, recent findings suggest the involvement of LEGUME LECTIN-LIKE PROTEIN 1 134 

(LLP1) in signalling events downstream of volatile infochemicals leading to the establishment of 135 

SAR (Wenig et al., 2019). In plants that receive airborne cues from SAR-induced sender plants, 136 

LLP1 further drives a positive feedback loop with Pip and glycerol-3-phosphate to stimulate VOC 137 

biosynthesis and emission, potentially supporting the generation of a wave of plant-derived volatile 138 

defence cues moving between neighbouring plants (Wenig et al., 2019).  139 

So far, molecular mechanisms associated with SAR have been uncovered mainly in the 140 

dicotyledonous Arabidopsis model system. In contrast, we know little about SAR-related processes 141 

in monocots, including cereals such as barley and wheat that are staple foods of the human 142 

population. Systemic immune responses have been observed in monocots, including maize, banana, 143 

wheat, and barley (Balmer et al., 2013; Yang et al., 2013; Wu et al., 2013; Dey et al., 2014). In 144 

barley, local infection with Pseudomonas syringae pv. japonica (Psj) enhances resistance in 145 

systemic tissues against different pathogens (Lenk et al., 2018; Dey et al., 2014). In this work, we 146 

set out to explore the potential role of VOCs in barley systemic immunity. We show that barley 147 

plants can sense airborne cues originating from infected neighbours, leading to enhanced defences 148 

in the receiver plant. Using a combination of gas chromatography-mass spectrometry (GC-MS), 149 

RNA-sequencing, and plant physiological analyses, we identified two VOCs that contribute to PTP 150 
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interaction in barley. Taken together, the results provide strong evidence that PTP interaction may 151 

be relevant to the induction of defence responses in barley and highlight the role of apocarotenoids 152 

and fatty acid-derivatives in their role as infochemicals. 153 

 154 

Materials and methods 155 

Plants and growth conditions 156 

Barley seeds (Hordeum vulgare L., cultivar Golden Promise) were sterilised in a 1.2% (v:v) sodium 157 

hypochlorite solution for three minutes on a rotating shaker at a speed of 26 inversions per minute. 158 

Afterwards, the seeds were rinsed with sterile water for 10 minutes on the same shaker. This was 159 

repeated three times before sowing the seeds in normal potting soil (Einheits Erde; Classic 160 

Profisubstrat, Germany). Plants were grown in a climate chamber with 14/10 h light/dark conditions 161 

(light intensity: ca. 100 µmol cm-2 s-1 of maximum incident photosynthetically active quantum flux 162 

density (PPFD) levels at plant canopy) and temperatures of 20/16 °C, respectively. Three-week-old 163 

plants were used for all experiments. 164 

Pathogen propagation and infection experiments 165 

Pseudomonas syringae pv. japonica (Psj; strain LMG5659, LMG collection of the Belgian 166 

Coordinated Collections of Microorganisms) was propagated as described (Dey et al., 2014). To 167 

induce infection-associated VOC emissions, 10 plants per pot were inoculated with 108 colony 168 

forming units (cfu) of Psj in 10 mM MgCl2 supplemented with 0.01 % Tween 20 (v:v) by spraying 169 

the plants until drop-off. Corresponding mock/control treatments were performed with 10 mM 170 

MgCl2 supplemented with 0.01 % Tween-20 (Calbiochem, Merck KGaA, Darmstadt, Germany) 171 

(v:v). Afterwards, the plants were allowed to dry for 45 minutes prior to starting the experiments.  172 

Blumeria graminis f. sp. hordei was propagated and inoculated as previously described at a density 173 

of 30 spores per mm2 leaf area (Lenk et al., 2018, 2019). To this end, barley plants were treated in 174 

inoculation towers by shaking spores off of fully infected barley plants, which were used as the 175 

inoculum. To estimate the inoculation rate, spores per mm2 were counted on glass slides, which 176 

were included in each inoculation procedure.   177 

Plant-to-plant interaction experiments 178 

Plants were grown and treated in galvanised steel pots (12 cm diameter; Socker, IKEA, Brunnthal, 179 

Germany) containing 10 sender plants per pot. Plants were spray-inoculated with 108 cfu ml-1 Psj or 180 
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with the corresponding mock/control treatment as described above, and each pot was placed at the 181 

centre of a glass vase (28 cm diameter x 59 cm height). Receiver plants were grown individually in 182 

pots (9 cm diameter x 18 cm height). Four receiver plants were placed in each vase with the 183 

‘sender’ pots. In these experiments, Psj-infected plants were lightly tied together with a twine in 184 

order to avoid physical contact (and a possible propagation of the Psj infection) between sender and 185 

receiver plants. After three days, the receiver plants were removed from the vases and either 186 

infected with Bgh as described above and/or used to harvest leaf tissue for further analysis. To this 187 

end, 3 cm of leaf tissue was harvested from the second true leaf of the receiver plants immediately 188 

after the PTP exposure (T3, before infection) and 24 hours post Bgh inoculation (T4). At 7 days (d) 189 

post-inoculation (dpi), Bgh propagation in the inoculated plants was quantified in 4 leaf discs per 190 

plant, which were harvested from the second true leaf and stained with DAF-FM-DA as described 191 

below. Samples from one vase were considered technical replicates; independent biological 192 

replicates were performed at separate times at the frequencies indicated in the figure legends.   193 

Blumeria graminis f. sp. hordei  quantification (DAF-FM DA staining) 194 

Blumeria graminis f. sp. hordei infection levels were measured after staining the hyphae with 4-195 

amino-5-methylamino-2',7'-difluorofluorescein diacetate (DAF-FM DA, Sigma Aldrich, Merck 196 

KGaA, Darmstadt, Germany) as described by Lenk et al. (2018, 2019). Stained leaf discs were 197 

distributed onto wells of 96-well plates, which had been filled with 1% (w:v) phytoagar (Carl Roth 198 

GmbH, Karlsruhe, Germany). DAF-FM DA fluorescence was excited with a 488 nm laser and 199 

detected using a 525/50 bandpass filter (Axio Observer.Z1; Zeiss, Jena, Germany). Fluorescence 200 

intensities were analysed using ZEN2 (Zeiss). In each experiment, all images were manually 201 

inspected for the presence of air bubbles in the wells, and the associated data were omitted from 202 

further analysis. For the remaining data points, fluorescence intensities were normalised to DAF-203 

FM DA background fluorescence in leaf discs from untreated barley plants (Lenk et al., 2018; 204 

2019).  205 

VOC collection and analysis 206 

Collection and analysis of VOCs were performed as described (Riedlmeier et al., 2017; Wenig et 207 

al., 2019). Plants were grown in galvanised steel pots, containing 10 plants each. Three week old 208 

plants were enclosed in conic glass cuvettes, each with ~31.7 L volume (height, base and top 209 

diameters: 45, 23.5, 18 cm, IKEA) 1 d prior to VOC sampling to allow acclimation to the new 210 

environment. Each cuvette was continuously flushed with 450 mL min-1 VOC-free synthetic air 211 

(Linde GmbH, Pullach, Germany) supplemented with CO2 at a concentration of 410 parts per 212 

million by volume (ppmv). After acclimation, VOCs were collected in the cuvette outlet air on 213 
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polydimethylsiloxane-foam-adsorbent (PDMS, Gerstel GmbH, Mülheim an der Ruhr, Germany) for 214 

8 hours (h) starting 1 h after the onset of light at a flow rate of 80 mL min-1 (Day 0 (D0) sample). 215 

The flow rates were regulated using mass flow controllers (MKS, Andover, USA), which were 216 

calibrated by a mass flow meter (ADM-3000, Agilent Technologies, Palo Alto, USA).  217 

The next day, the plants were spray-inoculated with 108 cfu mL-1 of Psj or mock/control-treated as 218 

described above and kept in the cuvettes with an airflow of 450 mL min-1. VOCs were collected as 219 

described for the D0 sample starting at 24 and 72 hpi (D2 and D4 samples), respectively. 220 

Background VOC emissions were measured using soil-filled pots, in which barley plants had been 221 

grown and subsequently had been removed 24 h before the enclosure of the pots in the cuvettes.   222 

The VOCs on the PDMS cartridges were analysed by thermal desorption-gas chromatography-mass 223 

spectrometry (TD-GC-MS; TD, Gerstel; GC, 7890A and MS, 5975C both from Agilent 224 

Technologies, Palo Alto, CA, USA) following established procedures (Ghirardo et al., 2012; 2016; 225 

2020). The TD-GC-MS parameters followed those given in Ghirardo et al. (2020). Annotation was 226 

achieved by comparison of the mass spectra against libraries of reference spectra (NIST 11, Wiley 227 

275) and non-isothermal Kovats retention indices (RI) found in literature (NIST Chemistry 228 

WebBook SRD 69, webbook.nist.gov). To quantify the VOC emissions, a calibration curve using 229 

six different concentrations of pure standard mixtures, independently created in triplicate, was 230 

performed. The standard mixtures contained the green leaf volatile (GLV) (E)-hex-3-en-1-ol (Sigma 231 

Aldrich, Merck KGaA, Darmstadt, Germany), the monoterpenes α-pinene and β-pinene (Carl Roth 232 

GmbH, Karlsruhe, Germany), the oxygenated monoterpenoids linalool (Carl Roth GmbH) and 233 

bornyl acetate (Sigma Aldrich, Merck KGaA, Darmstadt, Germany), the benzenoid MeSA (Fluka, 234 

Honeywell International Inc, Charlotte, North Carolina, USA), and the sesquiterpenes β-235 

caryophyllene (Carl Roth GmbH) and α-humulene (Sigma Aldrich). The recorded MS signals were 236 

linear (r2 = .986–.9993) for the range of 0–900 pmol, which covered the sampled VOC 237 

concentrations. Volatiles that were not included in the standard mixture were quantified using 238 

calculated response factors (Kreuzwieser et al., 2014) with an absolute uncertainty of <8% 239 

(Ghirardo et al., 2020). Each sample and calibration point contained the same amount of internal 240 

standard (860 pmol of δ-2-carene) and the respective peak areas were used for data normalization 241 

(Ghirardo et al., 2016).  To determine aboveground total plant VOC emissions, the means of peak 242 

areas detected in 15 blanks were subtracted from those obtained using plant samples. Finally, fluxes 243 

(emission rates) of VOC were calculated on leaf area basis (pmol m−2 s−1) (Ghirardo et al., 2011; 244 

Birami et al., 2021). The projected leaf area (la) was derived from dry weight (dw) measurements 245 

performed as described below and estimated using the ratios of la:dw obtained in pre-experiments 246 
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under identical experimental conditions. In these experiments, we determined the la of the above-247 

ground parts of 16 barley plants by taking pictures of their leaves on a scanner and calculating the 248 

leaf area (pixels/cm) with the open-source picture editor ImageJ (imagej.nih.gov). The leaves were 249 

dried at 60 °C for 48 h to obtain dry weight. Finally, la was estimated with a conversion factor as in 250 

Supplementary Table S1. 251 

Exposure experiments  252 

Pots with four three-week-old barley plants each were placed in 5.5 L air-tight glass desiccator as 253 

described (Riedlmeier et al., 2017). Pieces of 9 cm2 filter paper (Whatman, Sigma Aldrich, Merck 254 

KGaA, Darmstadt, Germany) were used to apply the VOC treatments as described below and 255 

situated on the bottom of a glass dish, which was fitted between the plants at the centre of the pots. 256 

For the treatments, different concentrations of nonanal or β-ionone were diluted in hexane. 257 

Subsequently, plants were exposed to final air concentrations of 35, 55 or 115 parts per billion by 258 

volume (ppbv) of nonanal or 50, 75 or 150 ppbv of β-ionone; the same volume of hexane was 259 

applied as the corresponding mock/control treatment. The plants were exposed to the treatments for 260 

three consecutive days, during which the desiccators were opened once every 24 h to exchange the 261 

air and repeat the treatment (Riedlmeier et al., 2017). After three days, the plants were removed 262 

from the desiccators and infected with Bgh as described above. Leaf tissue for qRT-PCR analysis 263 

was harvested from the plants immediately after the exposure (T3, before infection) and 24 hours 264 

post Bgh inoculation (T4). Bgh propagation was quantified at 7 dpi as described above.  265 

RNA-Sequencing 266 

Leaf samples of 3 cm were collected from the distal part of the second true leaf of receiver plants in 267 

PTP interaction experiments as described above; each sample contained 4 leaf segments from 4 268 

different receiver plants. RNA was isolated as described below. Transcript accumulation was 269 

analysed by RNA-sequencing (RNA-seq) at Novogene (Novogene Co., Ltd., United Kingdom). A 270 

total amount of one μg RNA per sample was used as input material. Sequencing libraries were 271 

generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) and 272 

barcode sequences for indexing were added to each sample/library as follows: mRNA was purified 273 

from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using 274 

divalent cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer 275 

(5X). First strand cDNA was synthesised using random hexamer primer and M-MuLV Reverse 276 

Transcriptase (RNase H-). Second strand cDNA synthesis was subsequently performed using DNA 277 

Polymerase I and RNase H. The clustering of the index-coded samples was performed on a cBot 278 
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Cluster Generation System using PE Cluster Kit cBot-HS (Illumina) according to the 279 

manufacturer’s instructions.  280 

The library preparations were sequenced on an Illumina platform and paired-end reads were 281 

generated. Reference genome and gene model annotation files were downloaded from the IPK 282 

Gatersleben (Monat et al., 2019). Paired-end clean reads were mapped to the MorexV2 reference 283 

genome using HISAT2 software (Monat et al., 2019). In total 512, 313, 920 sequences were read 284 

with an average of 42,692,826 reads per sample. Of that number, 478,313,528 reads were mapped 285 

to the reference genome with an average of 39,859,460 reads per sample. The following analysis 286 

was performed with R (R Development Core Team, 2020). Analysis of DEGs was done utilizing 287 

DESeq2 (Love et al., 2014), genes were considered significant DEGs with an FDR-adjusted p-value 288 

<0.05. The analysis for enriched GO terms among the DEGs was performed utilizing topGO (Alexa 289 

and Rahnenführer, 2020). GO analysis was performed separately on each DEG group (see below) 290 

with all DEGs per group as input data. Statistically significant enriched GO terms were determined 291 

using the Kolmogorov-Smirnov test (Ackermann and Strimmer, 2009) based on the “weight01” 292 

algorithm of topGO. Visualisation was performed with “ggplot2” (Wickham, 2016), including the 293 

packages “Gridextra” (Auguie, 2017), “ggVenn” (Yan, 2021), “ggpubr” (Kassambara, 2020) and 294 

“ggprism” (Dawson, 2021).  295 

RNA isolation and qRT-PCR analysis 296 

RNA isolation was carried out using Tri-Reagent according to the manufacturer’s instructions 297 

(Sigma, Deisenhofen, Germany). Oligo(dT) (20-mer) and SuperScript II Reverse Transcriptase 298 

(Invitrogen, Hilden, Germany) were used to generate cDNA. qRT-PCR was performed using the 299 

primers listed in Supplementary Table S2. qPCR was performed with the SensiMix SYBR Low-300 

ROX Kit (Meridian Life Sciences, Inc., Tennessee, USA) on a 7500 real-time PCR system (Applied 301 

Biosystems, Foster City, USA) as previously described (Breitenbach et al., 2014). Cycle threshold 302 

values (Ct) were quantified using the 7500 Fast System Software 1.3.1 (Applied Biosystems, Foster 303 

City, USA). Transcript accumulation of the genes-of-interest was normalised to that of the 304 

geometric mean of the two reference transcripts, ELONGATION FACTOR1α (HvEF1α; analysed 305 

with primers published in Dey et al., 2014) and UBIQUITIN (HvUBI; analysed with primers 306 

published in Ovesna et al., 2012), as described by Vandesompele et al. (2002) and Hellemans et al. 307 

(2007).  308 

Statistical analysis 309 
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Data from Bgh quantification, GC-MS, and qRT-PCR analyses were evaluated using Graphpad 310 

Prism v8.1.1 (GraphPad Software, San Diego, US). Changes of volatile emissions were evaluated 311 

by two-way ANOVA with multiple comparisons versus the control groups Mock and D0 (Holm-312 

Sidak method); data that were not normally distributed were evaluated with Kruskal–Wallis test. 313 

For Bgh quantification, unpaired Student t-tests were conducted. qRT-PCR data were normalised to 314 

mock T3 in case of PTP experiments and to hexane T3 in case of exposure experiments. 315 

Subsequently, qRT-PCR data from PTP experiments were evaluated with a one-way ANOVA with 316 

Tukey’s multiple comparison test, each group versus Mock T3. qRT-PCR data from exposure 317 

experiments were evaluated with Student’s t test.  318 

 319 

Results 320 

SAR induction enhances resistance against Blumeria graminis f. sp. hordei in neighbouring 321 

plants 322 

To investigate whether monocots show an enhanced resistance when exposed to volatile emissions 323 

from infected conspecific neighbours, we inoculated barley sender plants with the systemic 324 

immunity-inducing pathogen Psj or with a corresponding mock control solution and placed them 325 

together with naïve receiver plants in open-top glass vases (Fig. 1a). After three days, the receiver 326 

plants were taken from the vases and inoculated with Bgh, propagation of which was monitored at 7 327 

dpi. Differences in Bgh propagation on the leaves were visible by eye (Fig. 1b) and after fluorescent 328 

staining of the fungal hyphae with DAF-FM DA (Fig. 1c). Relative quantification of Bgh-associated 329 

DAF-FM-DA fluorescence revealed that Bgh propagation had been reduced (17 fold-change) on the 330 

leaves of receiver plants, which had been exposed to the infection-induced VOC emissions of Psj-331 

inoculated senders as compared to the controls (Fig. 1d). With this result, we could confirm that 332 

Psj-infected barley plants emit VOCs that are recognised as airborne defence cues by neighbouring 333 

plants. 334 

Characterization of SAR-induced VOC emission 335 

To investigate which VOCs might play a role in PTP interaction in barley, we analysed the VOC 336 

emissions of Psj-infected and mock-treated plants. VOCs were sampled the day before the 337 

treatment (D0) and on day 2 (D2) and day 4 (D4) of the Psj infection or mock treatment, 338 

corresponding to 24 and 72 hpi, respectively.  339 
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In total, we could detect and identify 23 VOCs in the collected barley emissions. Of these, 8 340 

compounds (toluene, ethyl benzene, p-cymene, benzyl alcohol, decanal, 1-pentadecene, calamenene 341 

and an unknown benzenoid) were constitutively emitted by the plants, with no difference between 342 

treatments (Fig 2a, Supplementary Table S3). Two compounds, α-methylstyrene and nonanal, were 343 

found in the emissions of untreated plants (D0) and significantly increased upon infection (Fig 2a 344 

and b). Notably, 13 VOCs were exclusively emitted following the Psj infection (Fig. 2a, 345 

Supplementary Table S3). Overall, barley plants displayed low emission rates; few compounds 346 

were emitted at >1 pmol m-2 s-1, and most of these were constitutively emitted. Infection-induced 347 

VOCs were mostly emitted at an emission rate of <1 pmol m-2 s-1. Within this last group, the VOCs 348 

with the highest emission rates were the alkene 1-undecene (~7 pmol m-2 s-1 on D2 and  ~2 pmol m-
349 

2 s-1 on D4), the apocarotenoid β-ionone (~0.8 pmol m-2 s-1 on D4) and the fatty-acid derivative 350 

nonanal (~0.6 pmol m-2 s-1 on D2 and ~0.3 pmol m-2 s-1 on D4). Of these, nonanal and β-ionone 351 

were already known as infochemicals from other studies (Yi et al., 2009; Moreno et al., 2020; 352 

Paparella et al., 2021).  353 

In further experiments described below, the effects of nonanal and β-ionone on barley immunity are 354 

assessed. Here, nonanal was emitted by un-infected plants and its emission responded to the Psj 355 

infection by a clear and significant increase (P = 0.004) on D2 (4-fold change) and D4 (5-fold 356 

change) as compared to healthy plants (Fig. 2b). By comparison, β-ionone was absent in the 357 

emission profile of healthy plants and became increasingly emitted after the inoculation of plants 358 

with Psj (Fig. 2c).  359 

 360 

Gene regulation in receiver plants 361 

To unravel possible molecular mechanisms underlying PTP-induced resistance in barley, we next 362 

analysed the genome-wide transcriptome of the receiver plants after 3 d of exposure to emissions of 363 

infected neighbours. Because induced resistance often is established as a form of priming, which is 364 

recognized at the molecular level only after a following challenge inoculation, we also analysed the 365 

transcriptome of the receiver plants at 24 h after the Bgh challenge inoculation. To this end, we 366 

performed the same experiment as above and exposed naïve receiver plants to the VOCs of Psj-367 

inoculated or mock-treated barley senders. After 3 d, leaf material from the receiver plants was 368 

collected and analysed; data from this time point are labelled T3. Additional receiver plants were 369 

inoculated with Bgh and harvested 24 h later (T4) (Fig. 3a).  370 

We detected a total of 5,150 differentially expressed genes (DEGs) by comparing relative transcript 371 

abundances in four different comparison groups (Fig. 3a). First, we analysed the influence of the 372 
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exposure on the transcriptome of receiver plants, comparing gene expression in receivers which 373 

were exposed to VOCs of Psj-infected senders to that in receivers which had been exposed to VOCs 374 

of mock-treated senders at T3 (Group I, Psj T3 – Mock T3, Psj-regulated genes, Fig. 3a-c). In the 375 

corresponding group I, 14 gene transcripts were significantly upregulated (Fig. 3b; Supplementary 376 

Table S4) and 4 were downregulated (Fig 3c; Supplementary Table S4). Strikingly, 13 of these 377 

DEGs represented genes, which could not be assigned to one of the chromosomes of the barley 378 

reference cultivar Morex (Monat et al., 2019; Supplementary Table S4). Five remaining DEGs with 379 

chromosome annotations included two genes with functional annotations: HISTONE 380 

DEACETYLASE2 (HvHDA2) and O-METHYLTRANSFERASE. Here, we tested these as possible 381 

marker genes of PTP-induced defence responses. qRT-PCR analysis on samples from additional, 382 

biologically independent experiments confirmed the induction of HvHDA2 and the reduction of O-383 

METHYLTRANSFERASE transcript accumulation in receiver plants which shared their headspace 384 

with Psj-infected senders (Fig. 4a and b).  385 

Next, we investigated a possible PTP-induced priming of gene expression changes. This was 386 

monitored by comparing transcript accumulation after Bgh inoculation of receivers (T4) that had 387 

been exposed to VOCs of Psj-infected plants as compared to receivers that had been exposed to 388 

VOCs of control-treated senders prior to the infection (Group IV, Psj T4 – Mock T4, primed genes, 389 

Fig. 3a-c). In the corresponding group IV, we detected 40 upregulated (Fig. 3b) and 61 390 

downregulated transcripts (Fig. 3c), and thus a total of 101 primed gene expression changes. Primed 391 

DEGs included e.g., HvHDA2, whose PTP-induced upregulation in receiver plants (group I) was 392 

downregulated after Bgh infection of the same plants, but remained significantly higher than in the 393 

mock-treated controls, as confirmed in qRT-PCR analyses of an additional set of experiments (Fig. 394 

4a). Consequently, HvHDA2 appeared primed for enhanced expression by PTP interaction in the 395 

comparison group IV (Supplementary Table S4). Expression of the potentially defence-associated 396 

gene TETRATRICOPEPTIDE REPEAT (TPR)-like SUPERFAMILY PROTEIN (HvTPL) followed 397 

the more classical view on priming (Bernsdorff et al., 2016; Jung et al., 2009). Whereas HvTPL 398 

transcript accumulation appeared to be induced in receiver plants of emissions of Psj-infected 399 

senders in the RNA-seq data (group I, Supplementary Table S4), this could not be confirmed by 400 

qRT-PCR analysis (Fig. 4c). Thus, HvTPL was not robustly regulated in response to the emissions 401 

of Psj-infected senders or in response to a Bgh infection (groups II and III, Fig. 3a, Supplementary 402 

Table S4, below), while its transcript accumulation was significantly enhanced upon Bgh infection 403 

of PTP-primed plants (group IV, Fig. 3a, Supplementary Table S4). This was confirmed in qRT-404 

PCR analyses of additional, biologically independent replicate experiments (Fig. 4c), suggesting 405 

HvTPL as a marker gene of PTP priming in barley. Strikingly, genes with functions in the light 406 
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reactions of photosynthesis were primed to be downregulated after inoculation of PTP-primed 407 

plants with Bgh (Group IV, Supplementary Table S4). This was confirmed for two of the 408 

corresponding genes (PHOTOSYSTEM II D2 PROTEIN - 1 and 2) in qRT-PCR analyses of samples 409 

from additional, biologically independent experiments (Fig. 4d and e). Taken together, our results 410 

suggest that the volatile emissions of Psj-infected barley senders prime defence responses at the 411 

transcriptional level in ‘naïve’ barley receivers. 412 

Finally, we analysed the effect of the Bgh infection on gene expression, comparing T4 to T3 in each 413 

receiver group (Group II and III genes, Fig. 3a-c, Supplementary Table S4). Receivers of VOCs 414 

from mock-treated senders (Group II, Mock T4 – Mock T3, Bgh-regulated genes) displayed 2,636 415 

upregulated and 2,157 downregulated genes in response to Bgh (Fig. 3a-c). Receivers of VOCs 416 

from Psj-infected senders (Group III, Psj T4 – Psj T3, Bgh-regulated/primed genes) displayed 1,018 417 

upregulated and 1,016 downregulated genes (Fig. 3a-c). DEGs that were detected after infection in 418 

either group II or III included SA-associated genes, such as PHENYLALANINE AMMONIA LYASE 419 

and PR genes. Strikingly, such genes were neither induced (Group I) nor primed (Group IV) in 420 

receiver plants upon their exposure to the emissions of Psj-infected senders.  421 

By comparing which DEGs were regulated in which comparison groups, only one DEG was 422 

specifically upregulated in the response of receiver plants to the volatile emissions of Psj-infected 423 

senders, while 3 genes were specifically downregulated in this group (Fig. 3b-c). HvHDA2 424 

constitutes one of 13 shared DEGs in the comparison groups I and IV, and is thus both induced and 425 

primed by PTP propagation of defence in barley (Figs. 3b and 4a).  426 

The comparison group T4 vs T3 mock (Group II) shared 869 upregulated and 841 downregulated 427 

DEGs with the group T4 vs T3 Psj (Group III); these DEGs were thus associated with the plant’s 428 

response to Bgh (Fig. 3b-c). Further 1766 upregulated and 1290 downregulated DEGs were specific 429 

to the comparison group T4 vs T3 mock, and thus specifically associated with the response of 430 

‘naïve’ barley to Bgh. These DEGs were not detected upon Bgh inoculation of PTP-primed plants. 431 

This shift might be caused in part by a general reduction of disease due to enhanced immunity of 432 

the primed plants, and in part by a priming-induced shift of transcriptional processes after infection. 433 

Taken together, we detected comparatively weak PTP-induced and –primed transcriptional 434 

responses in barley, which were accompanied by a comparatively strong shift in the transcriptional 435 

response of primed as compared to unprimed plants in response to a Bgh challenge infection. Thus, 436 

PTP priming markedly reduced and partially shifted the transcriptional response of barley to Bgh 437 

infection.  438 
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GO annotation of the DEGs revealed that genes which responded to PTP exposure to emissions of 439 

Psj-infected plants have functions in the chloroplast and mitochondrion as well as extracellularly 440 

(Fig. 3d; Supplementary Table S5). In particular the cellular compartment plastid was enriched in 441 

the GO annotations of DEGs that were associated with PTP-induced and primed responses 442 

(comparison groups I, III, and IV), whereas this was less pronounced in the plant’s response to Bgh 443 

(comparison group II).  The cellular compartment cytosol was moderately associated with the 444 

plant’s response to Bgh (comparison group II and III) and this appeared fortified by PTP-induced 445 

priming (comparison group III and IV) (Fig. 3d). With respect to the biological process, the GO 446 

annotation was strongly enriched with genes associated with defence responses (comparison groups 447 

I, II, and III) but less in primed plants (comparison group IV) (Fig. 3e; Supplementary Table S5). In 448 

addition, after the Bgh infection (comparison group II) we observed changes in the expression of 449 

genes related to stress responses, and this was also significant in the primed sector (comparison 450 

group IV). In support of the gene expression and RT-qPCR data (Fig. 4d and e; Supplementary 451 

Table S4), genes related to the photosynthetic light reactions were less associated with Bgh-induced 452 

gene responses in primed plants (comparison group IV) as compared to any other comparison 453 

group. 454 

Exposure of barley plants to nonanal and β-ionone enhances defence responses 455 

To investigate a possible role of nonanal and β-ionone as signalling molecules able to induce 456 

defence in exposed plants, these VOCs were applied to barley plants at different concentrations. 457 

Interestingly, plants exposed to nonanal and β-ionone showed a decreased level of Bgh infection (up 458 

to 6-fold change with nonanal and 18-fold change with β-ionone) (Fig. 5a). Among the 459 

concentrations that were used to expose the plants, 35 and 55 ppbv nonanal and 50 and 75 ppbv β-460 

ionone were most effective (Fig. 5b). Although all these concentrations induced a significant 461 

reduction of Bgh infection, nonanal was most effective at a concentration of 35 ppbv and β-ionone 462 

at 75 ppbv. As previously observed in Arabidopsis responding to different terpenes (Frank et al., 463 

2021; Riedlmeier et al., 2017), higher concentrations did not induce a significant reduction in Bgh 464 

infection (Supplementary Fig. S2). 465 

To compare the defence response to nonanal and β-ionone exposure with that triggered by PTP 466 

interaction, we analysed the transcript accumulation of 3 DEGs, which responded to or were primed 467 

by PTP interaction (Fig. 4a-c), in samples from exposure experiments. Similarly to its response to 468 

PTP interaction, HvHDA2 was up-regulated at T3 in response to both nonanal and β-ionone (Fig. 5c 469 

and d). In the case of HvTPL, an up-regulation was expected at T4 but was observed in response to 470 

both nonanal and β-ionone at T3, maybe due to a stronger effect of the chemical exposure compared 471 
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to a natural PTP scenario (compare Figs. 5e and f to Fig. 4c). Finally, O-METHYLRANSFERASE 472 

followed the behaviour observed in receiver plants in PTP interaction experiments, with a down-473 

regulation at T3 in nonanal- and β-ionone-treated plants as compared to the controls (Fig. 5g and h). 474 

Taken together, the data suggest that nonanal and β-ionone act as infochemicals in the volatile 475 

emissions of infected barley plants and are at least partially causative for immune propagation 476 

during PTP interaction in barley.   477 

 478 

Discussion 479 

Inter-plant interaction is a well-studied phenomenon. Plants have evolved strategies to interact with 480 

their neighbours that can depend on either air- or soil-borne cues (Zhao et al., 2018; Li et al., 481 

2020b). Receiver plants respond to such cues by enhancing or priming their tolerance to a possible 482 

perturbance of the environment. Such perturbances can be of abiotic or biotic origin. In this work, 483 

we elucidated part of this biochemical scheme in barley responses to infection. .  484 

Previously, we showed that Arabidopsis plants respond with enhanced resistance to the airborne 485 

cues emitted by infected neighbouring plants (Riedlmeier et al., 2017; Wenig et al., 2019; Frank et 486 

al., 2021). However, little is known about PTP interaction in barley and other monocots. Tolosa and 487 

co-workers (2019) demonstrated that VOCs emitted by the monocot Melinis minutiflora, commonly 488 

known as molasses grass, displayed a repellent effect against the stemborer, Chilo partellus, in 489 

neighbouring maize plants. The same study elucidated that maize plants displayed enhanced 490 

resistance when exposed to molasses grass’ constitutive VOC emission. In maize and rice, indole 491 

emissions are induced in response to infestation of the plants with insects (Erb et al., 2015; Zhuang 492 

et al., 2012). In maize, indole emissions induced by Spodoptera littoralis are believed to prime 493 

herbivore resistance in infested and neighbouring plants (Erb et al., 2015). Ye and co-workers 494 

(2020) further validated the role of indole in priming defence signalling in dicotyledonous Camellia 495 

sinensis (tea) plants. Work published by Li and colleagues (2020c) elucidated the effectiveness of 496 

VOCs emitted by monocotyledonous Chinese chive (Allium tuberosum) against Fusarium 497 

oxysporum f. sp. cubense, the causal agent of Panama disease, in banana plantations. These studies 498 

consolidate the presence of defence-related PTP interaction events in monocots and their ability in 499 

reducing disease caused by insect pests or microorganisms in the field.  500 

Studies on barley by Glinwood et al. (2009) investigated the function of VOCs emitted from 501 

different barley cultivars in attracting ladybirds as an effective strategy in controlling phloem-502 

feeding aphids. Also, Jud and co-workers (2018) characterised barley VOC emissions following 503 
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benzothiadiazole (BTH) treatment through proton transfer reaction time-of-fight mass spectrometry 504 

(PTR-ToF-MS). This last study confirms that barley is a low-emitting plant species and that VOCs 505 

such as methanethiol, monoterpenes, and green leaf volatiles, including hexenal isomers, are 506 

emitted after a BTH treatment.  507 

Our results suggest that a barley-PTP system with Psj-infected sender plants can dramatically 508 

reduce a subsequent Bgh infection in receiver plants (Fig. 1). After the inoculation with Psj, the 509 

relative abundance of 15 VOCs changed in the volatile blend that was emitted by barley (Fig. 2). 510 

Among these compounds, we characterised alkenes, aldehydes, ketones, aromatic compounds, 511 

diterpenes and apocarotenoids. In detail, most of these compounds are known secondary 512 

metabolites that are emitted by plants after different types of stresses (Cellini et al., 2021). 1-513 

Undecene is an alkene that is also found in Farfugium japonicum essential oils and is a known plant 514 

metabolite (Kim et al., 2008). Yi and co-workers (2009) demonstrated that exposure of lima bean 515 

(Phaseolus lunatus) to nonanal increases the transcript accumulation of the defence-associated PR2 516 

gene in the exposed plants. 2-Undecanone is a ketone that is found naturally in banana, guava and 517 

other plant species (Kamal et al., 2019). Finally, another structural group of VOCs which we 518 

detected in the emissions of Psj-inoculated plants are apocarotenoids, including α-ionene, dehydro-519 

β-ionone, α,β-dihydro-β-ionone, β-ionone, β-ionone-epoxide, β-cyclocitral, and 520 

dihydroactinidiolide. These compounds originate from the oxidative cleavage of carotenoids, which 521 

are C40 isoprenoids synthesised in plastids (Rodriguez-Concepcion et al, 2018). Murata et al. 522 

(2020), but also Paparella and co-workers (2021) highlight the biological role(s) of these 523 

compounds, in plant stress responses, growth and herbivore resistance. Some of the compounds are 524 

already known as infochemicals: β-ionone has been proven to have repellent effects against the 525 

crucifer leaf beatle (Phyllotreta cruciferae) (Wei et al. 2011) and silverleaf whiteflies (Bemisia 526 

tabaci) (Cáceres et al., 2016) in Arabidopsis plants over expressing CAROTENOID CLEAVAGE 527 

DIOXYGENASE1 (CCD1), which is involved in the synthesis of apocarotenoids. 528 

Dihydroactinidiolide occurs naturally in several plant species (Shumbe et al., 2014) and originates 529 

from the degradation of β-ionone. β-Cyclocitral is a VOC common in several plant species 530 

(Felemban et al., 2019) and has been shown to affect lateral root development and to induce 531 

resistance against salt (Dickinson et al., 2019) and photo-oxidative stress (Ramel et al., 2012). 532 

Together, our results further confirm the importance of apocarotenoids as infochemicals and 533 

demonstrate their role in barley immune responses and PTP interaction. 534 

In this work, we further studied if defence responses in neighbouring plants responding to the 535 

characterised VOCs in the emissions of Psj-infected barley were induced or primed. In order to test 536 
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this, we analysed PTP-induced gene expression changes in PTP receivers before a Bgh challenge 537 

inoculation and primed changes after Bgh inoculation (Fig. 3). One of the most notable changes in 538 

the receivers of emissions from Psj-infected plants was a marked shift in the number and nature of 539 

DEGs that were associated with a subsequent Bgh infection (compare groups III to II in Fig. 3). We 540 

further detected a higher number or primed DEGs (group IV) as compared to DEGs that were 541 

induced by the exposure of receivers to Psj-induced emissions (group I) (Fig. 3). Although we 542 

cannot exclude a reduction of Bgh-associated gene expression changes in primed as compared to 543 

unprimed plants due to compromised progression of the Bgh infection upon priming, we propose 544 

that the quantitative and, in particular, the qualitative shift in the Bgh-induced transcriptional profile 545 

in group III as compared to group II (Fig. 3) was related to an overall primed status of the receiver 546 

plant. In Arabidopsis, priming events, including transcriptional and metabolic reprogramming, 547 

hence a boosted activation of defences after future pathogen attack, can be triggered by SAR-548 

associated molecules, including Aza, Pip and NHP (Jung et al., 2009; Návarová et al., 2012; Yildiz 549 

et al., 2021; Zeier 2021). Of these, we previously demonstrated that exogenous application of Pip 550 

primes reactive oxygen species accumulation and enhanced resistance against Bgh in barley (Lenk 551 

et al., 2019). Similarly, colonization of barley roots with the endophytic fungus Serendipita indica 552 

(formerly Piriformospora indica) primes immune responses in barley (Waller et al., 2005; Molitor 553 

et al., 2011). In the latter interaction, 8 DEGs were detected in leaf tissues of S. indica-colonised 554 

barley plants, while 41 Bgh-induced DEGs were primed by the same interaction (Molitor et al., 555 

2011). Comparable to our observation, S. indica-induced priming was associated with a marked 556 

shift in transcriptional and metabolic changes after infection of the plants with Bgh. Together, our 557 

data suggest that PTP interaction-induced disease resistance in barley is established as a form of 558 

priming.  559 

Strikingly, a noticeable number of DEG gene products are located in the ribosome and plastids (Fig. 560 

3) highlighting the role of these organelles in plant-microbe interaction and in plant defence 561 

mechanisms in general (Lu and Yao, 2018; Kretschmer et al., 2020; Yang et al., 2021). 562 

Specifically, photosynthesis-related genes are primed for down-regulation after the challenge of 563 

PTP-primed plants with Bgh (Fig. 3). This is in line with findings of Molitor and co-workers 564 

(2011), who observed an overrepresentation of photosynthesis-related transcripts, which were 565 

down-regulated by Bgh at 24 hpi in barley leaves. These collective data from barley further support 566 

data from Arabidopsis, which show that photosynthesis and respiration rates are reduced in the 567 

systemic, primed tissues of SAR-induced plants (Bernsdorff et al., 2016). The reduction in net 568 

photosynthesis in primed plants, hence the reduced production of assimilates, is considered by 569 

many as an indirect cost of priming (Molitor et al., 2011; Douma et al., 2017). Our data further 570 
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confirm this hypothesis with reduced expression of genes that are associated with photosynthetic 571 

light reactions, in particular among the primed group IV genes (Fig. 3).  572 

Bruce et al., (2007) discussed possible epigenetic changes in plants that are associated with 573 

priming. Specifically, DNA methylation and histone modifications are likely to enable a longer 574 

lasting primed status in the plant compared to the accumulation of metabolites (Jaskiewicz et al., 575 

2011; Conrath et al., 2015; Li et al., 2020d). Interestingly, our results showed a PTP-induced 576 

upregulation of HvHDA2 in plants that received Psj-induced VOC emissions (Fig. 4). This suggests 577 

a possible epigenetic-driven primed status in plants that were in the vicinity of Psj-infected plants. 578 

In wheat, HISTONE DEACETYLASE 2 was identified as a negative regulator of defence responses 579 

against Blumeria graminis f. sp. tritici (Zhi et al., 2020). Similarly, in rice the overexpression of 580 

HD2 type histone deacetylase OsHDT701 enhances rice susceptibility to the biotrophic pathogen 581 

Magnaporthe oryzae and the hemibiotrophic pathogen Xanthomonas oryzae pv. oryzae (Ding et al., 582 

2012). In our work, after the challenge of primed plants with Bgh, the expression of HvHDA2 was 583 

downregulated compared to that in the same plants before their inoculation with Bgh (Fig. 4). Thus, 584 

it is conceivable that HvHDA2 contributes to the establishment of PTP priming, but not to the 585 

execution of the subsequent primed defence response.  586 

Concomitantly, the expression of HvTPL was primed, i.e. upregulated only after Bgh inoculation of 587 

receivers of Psj-induced emissions (Fig. 4). . Tetraricopeptide repeats (TPR) are protein-protein 588 

interaction modules contained in many proteins. In Arabidopsis, TPR motif-containing proteins are 589 

involved in responses to hormones, including ethylene, cytokinins, auxins and gibberellins 590 

(Schapire et al., 2006). In plants, TPR-motifs are further involved in substrate recognition and/or in 591 

the generation of active multiprotein complexes thus, often playing roles in vital cellular processes 592 

(Cerveny et al., 2012). In rice, for example, TPR-containing proteins have been reported to regulate 593 

mRNA metabolism (Goebl and Yanagida, 1991). In addition, such TPR proteins or the multiprotein 594 

complexes they induce are involved in rice immunity against Magnaporthe oryzae and 595 

Xanthomonas oryzae pv oryza (Goebl and Yanagida, 1991; Zhou et al., 2018). Zhou and co-596 

workers (2021) demonstrated that TPR-containing proteins in tomato, Solanum lycopersicum, are 597 

involved in responses to the biotic stress caused by necrotrophic fungi. Similarly to HvTPL in 598 

response to Bgh (Fig. 4), SlTPR2 is up-regulated after challenge infection of tomato with Botrytis 599 

cinerea, and this might be associated with immunity. Thus, our collective data suggest that TPR-600 

containing proteins, including HvTPL, play important roles in plant immunity and priming.    601 

Exposure of barley plants to nonanal or β-ionone, which are both induced in the emissions of barley 602 

after inoculation of the plants with Psj (Fig. 2), enhanced the resistance of the plants against Bgh 603 
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(Fig. 5). After exposing barley plants to different concentrations of nonanal and β-ionone, we 604 

observed that the most effective concentrations with our experimental setup were 35 ppbv for 605 

nonanal and 75 ppbv for β-ionone, respectively. Good results were also obtained with 55 ppbv 606 

nonanal and 50 ppbv β-ionone. Higher concentrations of these compounds did not elicit defence in 607 

the exposed plants (Supplementary Fig. S2), suggesting possible negative feedback mechanisms 608 

taking effect if the system (i.e. barley) is over-stimulated (Rosenkranz et al., 2021). Similar to 609 

terpene-induced defence in Arabidopsis, the concentrations of nonanal and β-ionone which were 610 

used in the exposure experiments, were in an estimated >1000-fold higher range than what was 611 

measured in the emissions of Psj-inoculated barley (Frank et al., 2021; Riedlmeier et al., 2017). 612 

This supports other findings that plants in a natural context likely respond to VOC blends rather 613 

than to individual compounds, and that such compounds consequently are needed in considerably 614 

higher concentrations to elicit a response on their own (reviewed in Rosenkranz et al., 2021). 615 

Nevertheless, both of the exposure treatments induced the transcript accumulation of HvHDA2 and 616 

HvTPL. In addition to confirming the potential role of these genes in defence, these data suggest 617 

that nonanal and β-ionone are among the causative VOCs promoting PTP propagation of immunity 618 

in barley.   619 

In summary, our study shows that Psj-infected barley plants emit airborne cues (Fig. 6). These cues 620 

are subsequently recognised by receiver plants, which results in priming of defence responses to 621 

promptly react to a subsequent Bgh infection. Nonanal and β-ionone might play a central role in 622 

PTP interaction by inducing or priming the up-regulation of defence-related genes such as HvHDA2 623 

and HvTPL and by down-regulating O-METHYLTRANSFERASE. Earlier studies on PTP interaction 624 

showed the benefits of introducing VOC-emitting plants in agricultural fields (Pickett and Khan, 625 

2016; Brilli et al., 2019). Similarly, intercropping barley with companion plants that are naturally 626 

emitting nonanal or β-ionone, could help in reducing Bgh infections and associated yield losses. 627 

Alternatively, recent studies demonstrated that the inclusion of VOC-based plant protection 628 

products in disease management programmes can reduce the input of chemical pesticides (Brilli et 629 

al., 2019; Ricciardi et al., 2021). Such crop protection strategies are likely to promote human 630 

health, to preserve natural ecosystems, and to avoid pesticide resistance in fields (Coelho, 2009).  631 

In conclusion, our findings elucidate a possible role of VOCs in PTP propagation of immunity in 632 

the cereal crop barley. If and how this can be integrated into new crop protection strategies for this 633 

and other crop species will be subject to further investigation. 634 
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Figure legends 917 

 918 

Figure 1 Plant-to-plant (PTP) propagation of defence in barley. (a) Set-up of a PTP experiment. 919 

Naïve receiver (R) plants were placed in open-top glass vases together with sender (S) plants, which 920 

were either mock-treated (Mock) or inoculated with Pseudomonas syringae pv. japonica /Psj). After 921 

3 days, the receiver plants were inoculated with Blumeria graminis f. sp. hordei (Bgh). (b) Bgh on 922 

barley leaves. Pictures were taken at 7 dpi. (c) Fluorescence microscopy images of Bgh hyphae on 923 

leaf discs stained with DAF-FM-DA at 7 dpi. (d) Quantification of Bgh propagation in DAF-FM-924 

DA stained leaf discs. Bgh-associated relative fluorescence units (RFU) were calculated by 925 

normalising the measured fluorescence values to those of uninfected controls. Bars represent 926 

average RFU values of 12 samples +/- standard error. Values are taken from a representative 927 

experiment. We repeated the experiment 12 times and obtained comparable results. **** = P < 928 

0.0001 (unpaired t test).  929 

 930 

Figure 2 Characterisation of VOC emissions in barley PTP experiments. (a) Heat map of the VOCs 931 

detected in the emissions of mock-treated (Mock) and Psj-inoculated plants at D0 (before 932 

treatment), D2 (24 hpi), and D4 (72 hpi). Darker colours indicate higher emission rates; black-933 

coloured cells indicate out-of-range values (> 1). Each cell represents average values from 8 934 

independent replicates. ° indicates tentatively identified compounds. (b,c) VOC emission rates of 935 

nonanal (b) and β–ionone (c) in mock-treated (Mock) and Psj-inoculated plants. Dashed lines 936 

separate timepoints before and after treatment. Bars represent average values of 8 independent 937 

replicates +/- standard error. * = P < 0.05; *** = P < 0.0005 (two-way ANOVA).  938 

 939 

Figure 3 RNA-seq analysis of transcript accumulation in receiver plants in PTP experiments. Plants 940 

were either mock-treated or inoculated with Psj, and subsequently harvested at 3 dpi (T3) or 941 

inoculated with Bgh and harvested 1 day later (T4). (a) Timeline of the experiment. The RNA-seq 942 

data from two biologically independent replicate experiments were used to determine differentially 943 

expressed genes (DEGs) in four comparison groups (group definitions to the right of the timeline). 944 

(b,c) Venn diagrams of upregulated (b) and downregulated DEGs (c) in the different comparison 945 

groups. (d,e) GO-term enrichment in the categories cellular component (d) and biological process 946 

(e) among DEGs in the different comparison groups. Colours indicate p-value. 947 

 948 

Figure 4 qRT-PCR validation of selected DEGs. Plants were either mock-treated or inoculated with 949 

Psj, and subsequently harvested at 3 dpi (T3) or inoculated with Bgh and harvested 1 day later (T4). 950 

Transcript accumulation of the indicated genes was analysed by qRT-PCR and normalised to that of 951 
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HvEF1α and HvUBI. Accumulation of transcripts is shown relative to that at T3 in mock-treated 952 

samples. Bars represent average values from 4 biologically independent experiments +/- standard 953 

error. * = P < 0.05; ** = P < 0.005; *** = P < 0.0005; **** = P < 0.0001 (one-way ANOVA, 954 

Tukey’s multiple comparison test).  955 

 956 

 957 

Figure 5 Exposure to nonanal and β-ionone enhances resistance in barley against Bgh. Plants were 958 

exposed to the indicated concentrations of nonanal or β-ionone (in hexane) or to a comparable 959 

amount of hexane as the mock control treatment. Three days later, leaves were either harvested (T3) 960 

or inoculated with Bgh and evaluated at 7 dpi. (a) Bgh on barley leaves; pictures were taken at 7 961 

dpi. (b) Quantification of Bgh propagation in DAF-FM-DA stained leaf discs. Bgh-associated 962 

relative fluorescence units (RFU) were calculated by normalising the measured fluorescence values 963 

to those of uninfected controls. Bars represent average values of 12 samples +/- standard error. 964 

Values are taken from a representative experiment. We repeated the experiment 8 times and 965 

obtained comparable results. *** = P < 0.0005 (one-way ANOVA, Tukey’s multiple comparison 966 

test). (c-h) qRT-PCR analysis of transcript accumulation of the indicated genes after exposure of 967 

barley to β-ionone (blue bars) and nonanal (yellow bars). Transcript levels were normalised to that 968 

of HvEF1α and HvUBI and are shown relative to those in hexane-treated samples (grey bars). Bars 969 

represent average values of 3 biologically independent experiments +/- standard error. * = P < 0.05; 970 

** = P < 0.005; *** = P < 0.0005; **** = P < 0.0001 (unpaired t test).  971 

 972 

Figure 6 Working model of plant-to-plant propagation of defence in barley. After the infection with 973 

Pseudomonas syringae pv. japonica (1), barley plants emit volatile organic compounds (2) that 974 

include nonanal and β-ionone. These chemicals are recognised as defence cues in barley plants that 975 

are in the vicinity (3). Similarly, exogenous application of nonanal and β-ionone (4) induces 976 

comparable responses in barley plants that are exposed to these compounds. 977 














