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 2 

Abstract 30 

 31 

Mechanical stimuli such as wind, rain and touch affect plant development, 32 

growth, pest resistance and ultimately reproductive success. Using water spray 33 

to simulate rain, we demonstrate that jasmonic acid signalling plays a key role in 34 

early gene expression changes, well before it leads to developmental changes in 35 

flowering and plant architecture.  The JA-activated transcription factors 36 

MYC2/MYC3/MYC4 modulate transiently induced expression of 266 genes, most 37 

of which peak within 30 minutes, and control 52% of genes induced >100-fold. 38 

ChIP-seq analysis indicates that MYC2 dynamically binds >1300 promoters and 39 

trans-activation assays show that MYC2 activates these promoters. By mining 40 

our multi-omic datasets, we identified a core MYC2/MYC3/MYC4-dependent 41 

‘regulon’ of 82 genes, containing many previously-unknown MYC2 targets 42 

including transcription factors bHLH19 and ERF109. bHLH19 can in turn directly 43 

activate the ORA47 promoter, indicating that MYC2/MYC3/MYC4 initiate a 44 

hierarchical network of downstream transcription factors. Finally, we also reveal 45 

that rapid water spray-induced accumulation of JA and JA-Ile is directly 46 

controlled by MYC2/MYC3/MYC4 through a positive amplification loop that 47 

regulates JA-biosynthesis genes.   48 
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Significance Statement 49 

 50 

Plants are continuously exposed to mechanical manipulation by wind, rain, 51 

neighbouring plants, animals and human activities. These mechanical stimuli cause 52 

short-term molecular changes and long-term developmental effects, affecting flowering 53 

time, pathogen defence and plant architecture. Using water spray to simulate rain, we 54 

show that JA-signalling factors mediate rapid gene expression changes. Nearly 300 55 

genes are regulated by MYC2/MYC3/MYC4 transcription factors, particularly affecting 56 

the most highly responsive genes. This is controlled by induced binding and activation 57 

of water spray-inducible promoters by MYC2. We have identified a core MYC2 ‘regulon’, 58 

including many secondary transcription factors that in turn activate downstream 59 

promoters, creating a hierarchical transcriptional network. Finally, we demonstrate that 60 

spray-induced jasmonate accumulation is transcriptionally regulated by a 61 

MYC2/MYC3/MYC4-controlled positive feedback loop. 62 

 63 

  64 
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Introduction 65 

 66 

Plants are constantly subjected to a changing environment. As sessile organisms, they 67 

have evolved defence mechanisms to cope with abiotic and biotic stresses that can 68 

interfere with their development and growth. Stresses such as salt, wounding and insect 69 

herbivory are known to affect plant growth, development and flowering time (1-4). 70 

These phenotypes are also observed in plants that are repeatedly exposed to mechanical 71 

stimulation including wind, rain, neighbouring plants, agricultural equipment and 72 

human touch, colloquially termed thigomorphogenesis (5, 6). Such mechanical 73 

stimulation without observable damaging of leaves also increases disease resistance 74 

against insect and fungal pests (7-9). As flowering time and disease resistance are of 75 

significance for global food production, understanding the molecular basis of the touch 76 

response may aid in rational design of future crops. 77 

At the core of this response are signalling molecules like reactive oxygen species (ROS) 78 

and the phytohormones jasmonic acid (JA), abscisic acid (ABA), gibberrelic acid (GA), 79 

brassinosteroids, auxin and ethylene (10). Furthermore, a single touch results in fast 80 

accumulation of early signalling compounds like calcium (11, 12), activation of 81 

membrane-localised mechanosensitive channels (13, 14) and genome-wide 82 

transcriptional changes (15, 16), while repeated touch eventually results in stunted 83 

growth and delayed flowering (17).  84 

While a well-calibrated touch response in plants should not automatically result in a 85 

wound response, a clear overlap between the wound response and the response to 86 

touch is apparent. Repeated wounding of leaves results in increased JA accumulation in 87 

Arabidopsis (18, 19) and stunts its growth in a JA-dependent manner (2, 20). Similarly, 88 

regular touch increases JA accumulation (7, 21). Some of the JA genes known to be up-89 

regulated by wounding, such as JASMONATE ZIM-DOMAIN (JAZ) 10, 12-90 

OXOPHYTODIENOATE REDUCTASE (OPR) 3, LYPOXYGENASE (LOX) and ALLENE OXIDE 91 

CYCLASE (AOC) have been also shown to be touch-inducible (22-24). In Arabidopsis, this 92 

effect of touch on gene expression can be alleviated in ALLENE OXIDE SYNTHASE (aos) 93 

and opr3 mutants (7). At the same time, some genes are specifically responsive to either 94 

wounding or touch and the expression of a significant set of touch genes, including 95 

TOUCH (TCH) 2, TCH4 and CALMODULIN-LIKE (CML) 39, is independent of JA (7). Finally, 96 

whereas both touch and wounding cause a fast accumulation of calcium (6), the 97 

concomitant modulated electric potential in wounded leaves appears not to occur in 98 

touched leaves (25), hence further indicative of discriminating signalling cascades 99 

between touch and wounding responses. 100 
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JA integrates environmental stresses and developmental signals to regulate plant 101 

growth and defence (26, 27). A key transcription factor (TF) of the JA-signalling 102 

pathway is the basic Helix-Loop-Helix (bHLH) TF MYC2 (28), which is involved in many 103 

aspects of plant defence and development (2, 29-33). Importantly, in addition to 104 

CORONATINE INSENSITIVE 1 (COI1) (34) and the JAZ repressors (35), MYC2 and its 105 

paralogs MYC3 and MYC4 also regulate the JA-dependent delay of flowering time (36) 106 

and whereas untouched myc2 mutants show no flowering phenotype (34), the myc2 107 

myc3 myc4 triple (myc234) mutant flowers early (36). Although many indirect targets of 108 

MYC2 have been identified through analyses of myc2 and myc234 mutants (29, 37, 38), 109 

few of its direct targets have been identified to date (31, 33, 39-41). 110 

Besides JA, the volatile phytohormone ethylene has been widely linked to touch 111 

responses in the past, although it seems that for most touch responses ethylene is not 112 

directly involved (10). Both expression of the touch-responsive genes TCH2, TCH3 and 113 

TCH4 as well as the developmental changes associated with touch are not noticeably 114 

affected in the ethylene signalling mutants ein2 and etr1 (42). Similarly, touch-induced 115 

expression of the JA-biosynthesis gene OPR3 appears independent from ETHYLENE 116 

RECEPTOR 1 (ETR1) (43). Nevertheless, some studies have reported ethylene 117 

accumulation and expression of the ethylene biosynthesis gene 1-118 

AMINOCYCLOPROPANE-1-CARBOXYLATE SYNTHASE (ACS) is induced after touch (10, 119 

44-45). Given the crosstalk between ethylene and other hormones like JA in regulation 120 

of growth and development (32, 33), a role for ethylene in some aspects of the touch 121 

response cannot be excluded (10). To what extent the genome-wide transcriptome is 122 

affected after touch in any of the ethylene signalling mutants, or any hormone signalling 123 

mutants by extension, has however not yet been investigated. 124 

A single touch can impose fast and wide-spread transcriptional changes (15, 17). 125 

Transcriptional, posttranscriptional and posttranslational mechanisms underlying the 126 

touch response have been identified. These include the identification of cis-regulatory 127 

regions, the characterisation of active mRNA degradation components and 128 

posttranslational modifications that affect touch-induced transcript accumulation levels 129 

(46-51). Although transcription factors are central to such transcriptional 130 

reprogramming, a regulatory network underlying the touch response remains to be 131 

identified.  132 

Using water spray as a  trigger (5), we have screened the responsiveness of hallmark 133 

mechanical stimulation-responsive genes in selected core signalling mutants to identify 134 

major pathways regulating their transcriptional response. To substantiate our findings 135 

we have undertaken in-depth multi-omics profiling of the early water spray-induced 136 
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response in Arabidopsis in the context of JA-signalling components and have discovered 137 

a regulatory network governed by MYC2, MYC3 and MYC4.  138 

 139 

Results 140 

Identification of key regulatory components of the Arabidopsis touch response  141 

Touch-responses in Arabidopsis involve mechanosensitive channels (14, 52) as well as 142 

the accumulation of phytohormones, such as JA, GA and ethylene (7). We have shown 143 

previously that the GA biosynthesis mutant ga2ox7 displays a normal transcriptional 144 

response for some of these genes (53). Here, we first assessed the expression of the 145 

touch marker genes WRKY40, JAZ8, ACS11, ETHYLENE RESPONSE FACTOR (ERF) 1 and 146 

GIBBERLLIN 2-OXIDASE (GA2OX) (15, 52-54) in mutants affected in the JA and ethylene 147 

pathways at the reported peak of their expression 25 min after ‘touch’, using water 148 

spray as a trigger, as this causes similar but more reproducible transcriptomic 149 

responses compared to mechanical touching by hand, brush or with tweezers (5, 53) (SI 150 

Appendix, Fig. S1). The ethylene receptor etr1 mutant showed wild-type responsiveness 151 

for these five genes (SI Appendix, Fig. S2A), but spray-induced expression of all genes 152 

except GA2OX6 was repressed in the JA receptor mutant coi1-16 (SI Appendix, Fig. S2B). 153 

The coi1-16 mutant allele contains a secondary mutation in penetration 2 (PEN2; 154 

involved in penetration resistance to fungal pathogens), but this is unlikely to affect 155 

short-term signalling responses triggered by water-spray (55). While the single myc2 156 

mutant showed wild-type response for WRKY40 and JAZ8, the triple myc234 mutant 157 

showed reduced transcript accumulation 25 min after water spray compared to Col-0 158 

(SI Appendix, Fig. S2C). In the mechanosensitive channel mutants msl9,10 and 159 

msl4,5,6,9,10 no difference in water spray-induction could be observed (SI Appendix, 160 

Fig. S2C). Based on this we assessed the hallmark touch-induced effects on rosette size 161 

and flowering time in myc234. Untouched myc234 showed an increased rosette size and 162 

flowered early compared to Col-0. The delay in flowering time and reduced rosette size 163 

after touch observed in Col-0 did not occur in myc234 plants (SI Appendix, Fig. S2D,E). 164 

Together, these data indicate that the JA pathway and the TFs MYC2/MYC3/MYC4 are 165 

involved in thigomorphogenesis and the underlying water spray-induced 166 

transcriptional response.  167 

To further assess the role of these TFs, we performed an RNA-Seq transcriptome 168 

analysis in myc234 25 min after water spray treatment Overall, 33,602 annotated 169 

transcript loci were mapped, of which 27,360 transcripts were detectable in at least one 170 

of the 4 sample groups (Dataset S1). After multiple testing correction, we found 2,107 171 

differentially expressed genes (DEGs) by water spray treatment in Col-0 (> 2-fold 172 
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change up or down, P < 0.05; Dataset S2), from which 1,638 (77.6%) were up-regulated 173 

and 10.5% (222 transcripts) encoded TFs (Fig. 1A, Dataset S2). 364 transcripts were 174 

induced and 11 reduced by over 10-fold. Of the 2,107 water spray-responsive genes, 175 

266 were differently regulated in myc234 compared to Col-0 (P < 0.05), of which 88.3% 176 

(235 transcripts) were significantly decreased compared to Col-0 (Fig. 1b). 85.7% (228 177 

transcripts) of the 266 genes were up-regulated 25 min after spray in Col-0 and 16.9% 178 

(45 transcripts) encoded TFs (Fig. 1B). In addition to the 266 MYC2/MYC3/MYC4-179 

dependent touch genes, 198 transcripts showed significant changes (> 2-fold change up 180 

or down, Padj < 0.05) under untreated conditions in the myc234 mutant. The vast 181 

majority of these constitutively changed transcripts were not responsive to touch in Col-182 

0 (85%, 169 transcripts). The remaining genes were water spray responsive either in a 183 

MYC2/MYC3/MYC4-dependent (13 transcripts) or MYC2/MYC3/MYC4-independent 184 

(16 transcripts) manner (SI Appendix, Fig. S3A). 75.3% (149 transcripts) and 24.7% (49 185 

transcripts) of these 198 genes were down-regulated and up-regulated, respectively (SI 186 

Appendix, Fig. S3B). The former and latter are enriched for genes encoding enzymes for 187 

glucosinolate/camalexin biosynthesis and genes encoding proteins involved in flower 188 

development and flowering time, respectively (SI Appendix, Fig. S3C).  189 

Out of 44 genes induced over 100-fold by water spray in Col-0, 23 (52,3%) were 190 

significantly less expressed in myc234 seedlings (Fig. 1C), including the known MYC2 191 

target genes ZAT10 and LOX4 (Dataset S3). Several JA-signalling genes required 192 

functional MYC2/MYC3/MYC4 for their full touch-inducibility (Fig. 1D). Notably, 193 

expression of the hallmark touch genes TCH2/3/4 was not affected in myc234 (SI 194 

Appendix, Fig. S4A). The most highly spray-inducible TF genes appeared to be most 195 

affected by the myc234 mutation (Fig. 1E, Dataset S2). Nine candidate TFs out of the 45 196 

MYC2/MYC3/MYC4-dependent touch-inducible TFs showed at least 40% reduction in 197 

their induction in myc234 compared to Col-0 and literature mining suggested their 198 

involvement in plant stress response (Dataset S4). To confirm the RNA-Seq results, we 199 

performed quantitative RT-PCRs (qPCRs) on Col-0 and myc234 seedlings before 200 

(untreated) and after a 25 min spray treatment (Fig. 2). All selected TF genes were 201 

touch-inducible in Col-0 and significantly reduced touch-inducibility in myc234 was 202 

observed for OCTADECANOID-RESPONSIVE AP2/ERF-DOMAIN TF 47 (ORA47), ERF5, 203 

ERF6, ERF11, ERF13, ERF109 and bHLH19. The relative effect of the myc234 mutations 204 

was most pronounced for transcript levels of ERF109 and bHLH19 (Fig. 2A).  To confirm 205 

the role of MYC2/MYC3/MYC4 in classical ‘touch’ mechanical stimulation, Col-0 and 206 

myc234 seedlings were mechanically stimulated by brief gentle patting with a soft paint 207 

brush (Figure 2B). qPCR analysis clearly shows that representative transcripts ERF109, 208 
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bHLH19 and JAZ8 are significantly less induced in myc234 than in Col-0 25 minutes after 209 

touching, as observed during water spray mechanical stimulation. Together, these 210 

results show that MYC2/MYC3/MYC4 play an important role in regulating touch-211 

responsive expression of particularly the most touch-induced transcripts.  212 

 213 

Dynamic transcript profiling of the water-spray induced response  214 

To investigate direct regulation by MYC2 of the TF genes indicated above, we performed 215 

a time-resolved water spray experiment in a myc2 mutant background expressing a 216 

MYC2 promoter-driven FLAG-tagged MYC2 (myc2 pMYC2:MYC2-FLAG). We sprayed 15-217 

day old myc2 MYC2-FLAG seedlings and sampled after 0 min (untouched), 10 min, 25 218 

min, 40 min, 60 min and 180 min (Dataset S5). This enabled profiling of the speed of 219 

responses at the transcript and protein level as well as subsequent analysis of MYC2 220 

DNA-binding by ChiP-Seq.  221 

We found 2,612 DEGs in at least one time-point after water spray (> 2-fold change; P < 222 

0.05; Dataset S6). Co-expression analyses were performed to quantify and visualise the 223 

dynamics of the response over time (Fig. 3A). The list of 2,612 contains many known 224 

touch-responsive genes, including TCH2, TCH3 and TCH4 (Fig. 3B), as well as different 225 

genes of the JA-signalling pathway like OPR3, JAZ10 and MYC2 (Fig. 3C). 1,564 226 

transcripts (60%) were up-regulated and overall, up-regulation of genes was markedly 227 

stronger than down-regulation (Fig. 3D). To further capture the dynamics of the 228 

response, we grouped water spray-responsive genes based on significant differential 229 

expression by at least 2-fold (P < 0.05) at each single time-point. Using these 230 

parameters, 48% of the genes were exclusively expressed at a single time-point, of 231 

which the majority were expressed at 25 min (Fig. 3E). The other genes were differently 232 

expressed at multiple time-points, including the aforementioned TCH and JA-signalling 233 

pathway genes, which nevertheless showed similar highly dynamic transcriptional 234 

patterns (Fig. 3B, C). Of the genes differently regulated at 25 min, 50%, 70% and 92% 235 

regain untreated transcriptional levels by the 40min, 60min and 3h time-points, 236 

respectively (Fig. 3A, E), illustrating the fast and transient nature of the water spray 237 

transcriptional response. To further organise the 1,564 up-regulated genes we used 238 

their peak expression level to assign them into a single “peak expression time-point”. 239 

The majority of genes showed peak expression level 25 min after spray treatment (Fig. 240 

3F), including the TCH genes, OPR3 and JAZ10, but not MYC2 that peaked 10 min after 241 

spray (Fig. 3B, C).  242 

The 2,612 water spray-induced genes comprised 10% TFs, while genes that showed 243 

peak expression 10 min after spray were 25% TFs (Fig. 3G), representing strong 244 
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enrichments compared to the 5% TF genes in the Arabidopsis genome (TFDB, 245 

http://planttfdb.cbi.pku.edu.cn/). In total, 55% more TFs were differentially expressed 246 

than expected by random sampling (P < 0.001), demonstrating that fast reprogramming 247 

of a complex transcriptional network may be an important step in the early water spray 248 

response of plants.  249 

MYC2/MYC3/MYC4 appear to mostly regulate early responsive genes, with over 75% of 250 

the 266 MYC2/MYC3/MYC4-dependent genes peaking in the first 25 minutes after 251 

stimulation (Fig. 3H). Two of the most highly affected TF genes in myc234 were bHLH19 252 

and ERF109 (Fig. 2; Tables S3, S4). We assessed transcript accumulation levels in a time-253 

course experiment spanning the first 3h in Col-0 and myc234 using qRT-PCR, showing 254 

peak expression at 25min, which was severely impeded in the myc234 background (Fig. 255 

3i). 256 

Between our two RNA-Seq experiments, 1,273 transcripts were water spray responsive 257 

in both data sets. When combined, the two datasets comprise a total of 3,446 spray-258 

responsive transcripts that we can define as a water spray transcriptome, representing 259 

~10% of the 33,602 Arabidopsis genes (TAIR10). When combined with two previously 260 

published touch-related transcriptome analyses (15, 16), a total of 3,944 mechanical 261 

stimulation-responsive transcripts can be obtained, with 1,671 transcripts (42,3%) 262 

represented in at least two out the four transcriptome data sets (SI Appendix, Fig. S5A). 263 

This so-called ‘core mechanical stimulation transcriptome’ represents ~5% of the 264 

Arabidopsis genome and contained all 44 genes induced over 100-fold after water spray 265 

in Col-0 (SI Appendix, Fig. S5B, Dataset S7). 266 

 267 

MYC2 orchestrates a hierarchical regulatory network  268 

To gain genome-wide insight into the mechanical stimulation-regulated MYC2 binding 269 

sites, chromatin immuno-precipitation (ChIP) was performed in the pMYC2:MYC2-FLAG 270 

seedlings untreated and 25min after water spray. Overall, 1,316 peaks were mapped to 271 

the vicinity of a coding sequence. Some peaks could be assigned to multiple adjacent 272 

genes, so in total 1,681 transcripts were represented (Dataset S8). Overlap of these 273 

1,681 transcripts with all transcripts significantly altered by the myc234 mutations in 274 

the RNA-Seq (P < 0.05; 899 transcripts) and our previously defined core mechanical 275 

stimulation transcriptome (1,671 transcripts) resulted in a total of 82 genes (SI 276 

Appendix, Fig. S5B) that we defined as the core MYC2 ‘mechanical stimulation regulon.  277 

This regulon contained known direct MYC2-target genes such as JAZ2, LOX2, LOX3, OPR3, 278 

AOS, AOC2, SULFOTRANSFERASE 16 (SOT16) and ORA47 (31, 41, 56, 57). Importantly, 279 

many previously-unknown MYC2-targeted TF genes as well as JA-signalling, JA-280 

http://planttfdb.cbi.pku.edu.cn/
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biosynthesis, stress-related and regulatory genes were identified (Dataset S9).  About 281 

one quarter (20 genes) of the regulon consisted of TFs (Fig. 4A) of which 17 are also JA-282 

inducible, including bHLH19, ERF109, ZAT10 and ORA47. Overall, 74.3% (66 transcripts) 283 

were inducible by JA, including several JAZ proteins and JA biosynthesis genes (Fig. 4A, 284 

B). The effect of the myc234 mutations varied among the regulon genes and many of the 285 

previously identified MYC2-target genes were among the most affected transcripts (Fig. 286 

4B). Out of 26 genes that showed 50% or more reduced expression levels, 8 encoded 287 

TFs (Fig. 4B). Clustering the regulon TF genes with known MYC2-regulated genes using 288 

the water spray time-course transcript data groups bHLH19 with JAZ10, SOT16 and 289 

LOX3, and ERF109 in a clade with WRKY40 (Fig. 4C). Of the 44 genes that are over 100-290 

fold induced by spray after 25min, 30 (68%) are MYC2-dependent based on the RNA-291 

Seq and/or ChiP-Seq results (SI Appendix, Fig. S5B). In addition, 36 of the regulon genes 292 

were present in the 230 mechanical stimulation genes identified in all four RNA-Seq 293 

experiments (SI Appendix, Fig. S5A). 294 

To further establish a direct role for MYC2 in TF gene activation, we created firefly 295 

LUCIFERASE (fLUC) reporter constructs with the promoter regions of the 9 selected 296 

MYC2/MYC3/MYC4-dependent touch TF genes (Dataset S3) for transient trans-297 

activation assays with MYC2 in tobacco protoplasts. A JAZ–inhibition desensitised 298 

version of MYC2 (MYC2D105N) (41) was used as well. The promoters of ORA47, ZAT10, 299 

ERF109 and bHLH19 could be directly activated by both MYC2 and MYC2D105N (Fig. 5A), 300 

supporting the myc234 RNA-Seq results (Fig. 4B, 5B), qPCR results (Fig. 2) and ChIP-Seq 301 

results (Fig. 5C). Analysis of the upstream regions of bHLH19, ERF109, ZAT10 and ORA47 302 

showed the presence of one or more G-boxes (CACGTG) in their promoters (Fig. 5D, 303 

Dataset S10). None of the other tested promoters could be markedly activated by MYC2 304 

(SI Appendix, Fig. S6). We then assessed if the selected promoters could be trans-305 

activated by bHLH19 or ERF109. A significant over 2-fold trans-activation (5-fold; P < 306 

0.0005) could be observed for pORA47 by bHLH19 (SI Appendix, Fig. S7). These 307 

combined experiments delineated the core gene set directly regulated by MYC2 in 308 

response to mechanical stimulation and identified bHLH19 and ERF109 as new direct 309 

target genes of MYC2, and ORA47 as a target gene of bHLH19. 310 

 311 

Water spray-responsive expression of ERF109 and bHLH19 depends on JA  312 

Despite an established link between touch and JA, the extent to which the mechanical 313 

stimulation transcriptome responds to JA is not known. Combining two published large-314 

scale analyses on (Me)JA-treated seedlings resulted in 4,309 unique (Me)JA-responsive 315 

transcripts (58, 59). Overlay of the combined 3,944 mechanical stimulation-responsive 316 
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genes with the two combined (Me)JA transcriptomic data sets  (4,309 transcripts) 317 

yielded 40.2% (1,586 transcripts) transcripts responding to both JA and mechanical 318 

stimulation. Similarly, 36.8% of the JA- transcriptome is mechanical-stimulation-319 

responsive (Fig. 6A).  320 

We tested the water spray-inducible expression of bHLH19 and ERF109 in a range of JA-321 

related mutants. In the JA-receptor mutant coi1-16, spray-induced expression of both 322 

genes was nearly absent (Fig 6B). Contrary, spray-induced transcript accumulation 323 

levels of TCH2/3/4 were COI-independent (SI Appendix, Fig. S4B), as was shown 324 

previously for wound-inducibility (60). In the JA-biosynthesis mutant opr3, bHLH19 and 325 

ERF109 expression was significantly affected (Fig 6C) compared to Col-0. Analogously, 326 

in the jar1 mutant that cannot convert JA into its bioactive form JA-Ile, water spray-327 

induction of bHLH19 and ERF109 was almost completely absent (Fig. 6C).  328 

Finally, based on a literature search (38, 61) and screening public DNA affinity 329 

purification sequencing (DAP-seq) data (62) for ERF109-target genes, we have selected 330 

several mechanical stimulation-inducible genes and assessed their water spray-induced 331 

transcript accumulation in an erf109 mutant line. Neither the basal or spray-induced 332 

gene expression of the selected genes was significantly affected by the erf109 mutation 333 

(SI Appendix, Fig. S8). This suggests that either additional factors acting redundantly to 334 

ERF109 must be active or that in the context of water spray, these genes are not 335 

targeted by ERF109.  336 

 337 

Time-resolved proteomics of the water-spray response  338 

To assess dynamic changes during touch responses in plants at the protein level, an in-339 

depth peptide mass spectrometry analysis was performed on the same sample sets used 340 

for the RNA-Seq time course analysis. For 12,413 proteins, one or more peptides were 341 

found in at least one biological replicate (n = 4) of at least one time point, with 4243 342 

proteins considered as reliably quantified. Of these, 347 proteins were significantly 343 

altered in abundance compared to the untreated samples (P < 0.05, 1.5-fold change) in 344 

at least one time point based on spectral counting (Fig. 7A, Dataset S11). 139 proteins 345 

were more abundant at their peak value, while 208 proteins were less abundant. 346 

Different overall abundance patterns could be identified, ranging from rapid increase- 347 

(cluster A) or decrease (clusters D and E), over initial decrease with recovery at 40-60 348 

min (clusters C and F), to later transient decrease (cluster B).  349 

Protein levels of the JA–biosynthesis gene product AOC1 and the JA-signalling 350 

component ARABIDOPSIS SKP1 HOMOLOG1 (ASK1) that interacts with COI1 as part of 351 

the SCF-complex (63), were responsive to spray. Redox-related proteins are 352 
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overrepresented in the proteins changing in abundance, compared to the proteome as a 353 

whole; including 6 thioredoxins, 4 glutaredoxins and 6 peroxidases. Glutathione 354 

peroxidase GPX2 increased 5-fold after 40 minutes, while GPX1 and GPX6 decreased in 355 

abundance after 10 minutes and recovered to pre-spray levels by 40 minutes. 10 protein 356 

kinases, including MITOGENACTIVATED PROTEIN KINASE (MPK) 3, calcium-dependent 357 

protein kinases and receptor-like kinases, and 11 protein phosphatases showed 358 

alterations in protein levels, indicating that phosphorylation cascades are likely to be 359 

important during early mechanical stimulation responses.  360 

A targeted analysis of peptides derived from proteins whose transcripts were identified 361 

as being spray responsive was conducted by manual curation of full scan MS data (MS1 362 

analysis). Fig. 7B shows a comparison of protein and RNA levels of representative 363 

proteins that were identified as differential during the water spray time course. JA-364 

biosynthetic enzyme OPCL1 and cold-responsive KIN2 showed a positive correlation 365 

between transcript induction and protein levels, while LIGHT HARVESTING COMPLEX 366 

PHOTOSYSTEM II (LHCB4.2; AT3G08940) was transcriptionally down-regulated and 367 

protein level fell. Several proteins however showed a more negative correlation, with 368 

transcripts increasing while protein levels fell, e.g. for ERF105, UDP-GLUCOSYL 369 

TRANSFERASE (UGT) 74B1 and MAPK3.  370 

 371 

MYC2/MYC3/MYC4 regulate water spray-induced JA accumulation 372 

About 40% of the mechanical stimulation transcriptome is JA-responsive (Fig. 6A) and 373 

JA is reported to accumulate after touch (7). Further inspection of selected hormone 374 

metabolism pathway genes showed that 10 out of 26 JA pathway genes (38%) were 375 

water spray-responsive (Dataset S12). Furthermore, 4 out of 14 ABA pathway genes 376 

(29%) and 9 out of 17 IAA pathway genes (53%) were water sprayresponsive (> 2-fold 377 

up or down; P < 0.05; Dataset S12). Half of the water spray-responsive JA pathway genes 378 

were dependent on MYC2, whereas none of the spray-responsive IAA and ABA pathway 379 

genes were MYC2-dependent (Fig. 8A-C, SI Appendix, Fig. S9A-C, S10A-C, Dataset S12). 380 

Thirteen of the JA biosynthesis and degradation genes were identified in the ChIP-Seq 381 

using MYC2 (Fig. S8). 382 

Therefore, we performed hormone accumulation profiling on a time-course spanning 383 

the first 3h after water spray in Col-0 and myc234 seedlings. We also measured different 384 

active forms, precursors, conjugates and/or degradation products of jasmonate (JA), 385 

auxin (indole-3-acetic acid; IAA), cytokinins (CK), salicylic acid (SA) and abscisic acid 386 

(ABA) (Dataset S13). Levels of gibberellic acids (GA) were below detection limit using 387 
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our conditions, and ethylene was not included in the analysis. No difference in CKs 388 

between genotypes or as a response to water spray could be observed (Dataset S13).  389 

In untreated conditions (UT), there were no significant difference between Col-0 and 390 

myc234 for ABA (SI Appendix, Fig. S9), JA and its precursor cis-OPDA (Fig. 8D). In 391 

contrast, IAA levels were significantly reduced by 58% (P < 0.05; n = 5; SI Appendix, Fig. 392 

S10D) and JA-Ile levels could not be detected in myc234 compared to Col-0 (Fig. 8D). In 393 

response to water spray, IAA levels were unchanged but ABA levels dropped in Col-0 394 

(Fig S9D, SI Appendix, Fig. S10D). For the most highly up-regulated ABA pathway gene, 395 

CYP707A3, touch without spray could induce expression up to 50-fold, indicating the 396 

effect was not merely evoked by water for this gene as well (SI Appendix, Fig. S9E). 397 

Interestingly, JA and its active conjugate JA-Ile transiently peaked 25 min after touch in 398 

Col-0, restoring to near ‘untouched’ levels after 3h (Fig. 8D). The JA precursor cis-OPDA 399 

remained stable after water spray in Col-0. Significantly different patterns were found in 400 

the myc234 mutant. After water spray, cis-OPDA levels in myc234 were significantly 401 

lower than Col-0, pointing to touch-induced MYC2/MYC3/MYC4-dependent activation 402 

of OPDA synthesising enzymes such LOX, AOC and AOS.  Whereas JA levels between Col-403 

0 and myc234 were similar at UT and 10 min, the major peak of JA at 25 min in Col-0 is 404 

missing in myc234 (Fig. 8D). JA-Ile levels are drastically lower at all time-points 405 

measured in myc234 (Fig. 8D). Independently of the myc234 mutations, levels of the 406 

IAA-precursor tryptophan (Trp) were reduced after water spray, although not 407 

significantly for the majority of time-points. Interestingly, IAA and its conjugate IAA-408 

aspartic acid (IAA-Asp) were depleted in a water spray-independent manner in myc234 409 

compared to Col-0 (SI Appendix, Fig. S10D).  410 

Overall, reduced levels of IAA and IAA precursors, conjugates, and degradation products 411 

were measured in at least one time point of the touch time course, indicating that 412 

MYC2/MYC3/MYC4 also modulate overall IAA metabolism.  This is supported by subtle 413 

but significantly reduced levels for ANTHRANILATE SYNTHASE 1 (ASA1) in myc234 414 

compared to Col-0, independent of touch (Dataset S12) as previously reported (28). 415 

These analyses point to clear differences in hormone profiles when it comes to both 416 

water spray response and the contribution of MYC2/MYC3/MYC4. 417 

 418 

Discussion  419 

Water spray invokes major dynamic transcriptome and proteome changes 420 

through a regulatory network of transcription factors  421 

Mechanical stimulation triggers a wide-spread transcriptional response. Our RNA-Seq 422 

data sets were consistent with 2 published transcriptomic data sets (15, 16) with 230 423 
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genes in all four and 1,671 genes in two out of four data sets differentially expressed. 424 

The increased time resolution of our data set allowed for a more dynamic dissection. 425 

Over 700 genes respond to the water spray treatment within 10min. Most of these genes 426 

continue to increase in expression, peaking at 25 min, returning to near unsprayed 427 

levels within 1h, including bHLH19, ERF109 and TCH2/4. Only very few of the DEGs peak 428 

at 10min with a clear overrepresentation of TFs such as MYC2 and ORA47, suggesting a 429 

transcriptional network is being initiated rapidly. Nearly half of the DEGs are 430 

differentially expressed at a single time-point, illustrating the transient nature of this 431 

regulatory network and its implication for the transcriptional response. Accordingly, 432 

proteomic analysis revealed that the abundance of over 300 proteins was altered in at 433 

least one time-point after water spray. Several kinases/phosphatases were identified 434 

confirming the importance of phosphorylation cascades in mechanical stimulation 435 

signalling (51). Also redox status seems to play an important role with many 436 

peroxidases, thioredoxins and glutaredoxins being altered in abundance after water 437 

spray. This is in line with previous reports of touch-induced reactive oxygen species 438 

bursts (12).  439 

As a central JA-response regulator, a critical role for MYC2 in insect-and wound-440 

response is well documented (64). Importantly, MYC2 and its paralogs MYC3 and MYC4 441 

are also reported to be involved in the regulation of flowering time (17, 36), a hallmark 442 

feature of the touch response. However, their involvement in mechanical stimulation-443 

induced gene expression had not been investigated to date. Here, we have assessed the 444 

genome-wide action of MYC2 in response to water spray through RNA-Seq on myc234, 445 

MYC2-tagged ChIP-Seq and promoter trans-activation assays. The RNA-Seq and ChIP-446 

Seq data combined showed that MYC2 (in addition to MYC3/4) (in)directly controls the 447 

majority of the most water spray-responsive genes. MYC2/MYC3/MYC4 regulate in 448 

particular early response genes, while MYC2 gene expression itself peaks 10 min after 449 

water spray. This further supports the concept that MYC2 activation is one of the first 450 

transcriptional events following touch. Generally, our analyses support a preference for 451 

MYC2 to directly regulate other TFs, which is largely in agreement with a recent study in 452 

tomato (65) and consequently positions MYC2 highly in the hierarchical regulatory 453 

network. Indeed, 20 TF genes were found to be directly targeted and regulated by MYC2 454 

after water spray, including bHLH19 and ERF109. ERF109 functions in ROS-related 455 

stress response, insect-resistance and auxin/JA-related lateral root formation (38, 59, 456 

66), amongst others. Very recently, involvement of ERF109 in JA-dependent wound 457 

regeneration was shown (67). bHLH19 has recently been implicated in JA-dependent 458 

Fe-metabolism (68). Our results add an additional role in the mechanical stimulation 459 
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response for these TFs. Given the overlap between the mechanical stimulation response 460 

and other (a)biotic stresses such as wounding, salt and insect attack, and the prominent 461 

role of MYC2 in stress response and development, our MYC2-target gene list could be 462 

useful to assess a role for these TFs in other signalling cascades as well. 463 

 464 

MYC2 regulates JA biosynthesis and hormone levels 465 

Previous reports have shown the importance of JA and the JA-signalling components 466 

JAR1, COI1, OPR3 and AOS in thigmomorphogenis (7, 26, 34, 35). However, it was 467 

unknown to what extent JA affects the transcriptional responses to mechanical 468 

stimulation. Our results show that approximately 30% of the water spray-induced genes 469 

are JA-responsive, whereas a clear non-JA-dependent circuit exists and is exemplified by 470 

JA- and COI1-independence of the TCH genes (5, 58). Accordingly, at the protein level 471 

the JA-biosynthesis enzymes OPCL1 and AOC2, were found to be differentially abundant 472 

in response to water spray, underlining the importance of JA. 473 

Some of the most striking effects of MYC2/MYC3/MYC4 were observed by hormone 474 

profiling. Although JA levels have previously been shown to be induced by touching and 475 

wounding in different species (7, 18, 19, 69, 70), the direct role of MYC2 on hormonal 476 

levels had not been described before. Our hormone analysis shows that the water spray-477 

induced accumulation of JA and JA-Ile are largely dependent on MYC2/MYC3/MYC4. 478 

Whereas an initial increase in JA and JA-Ile levels is observed in both Col-0 and myc234, 479 

the large boost in JA and JA-Ile accumulation in Col-0 is completely absent in myc234. 480 

This correlates with the widespread MYC2/MYC3/MYC4-dependent up-regulation of JA 481 

biosynthesis genes after water spray and is further supported by direct binding of no 482 

less than half of the JA-metabolism gene promoters (13 out of 26) by MYC2. JA and JA-Ile 483 

levels peak at 25 min and drop strongly by 40-60 minutes, which could be the result of 484 

enzymatic de-activation of the active hormone and thus attenuation of the JA-signal. 485 

This is supported by earlier peak expression for JA-biosynthesis genes like e.g. LOX3/4 486 

and OPCL1, compared to JA-catabolism genes like e.g. JAO2 and JAO4. Interestingly, also 487 

JAO2 and JAO4 are directly bound by MYC2 in our ChIP-seq analysis, indicating that in 488 

addition to JA biosynthesis, JA turnover appears transcriptionally regulated by MYC2 as 489 

well.  490 

In conclusion, this study provides a high-resolution landscape of the transcriptional, 491 

hormonal and proteomic effects of water spray in Arabidopsis. It clearly shows the 492 

direct role of JA and the MYC2/MYC3/MYC4 TFs in the regulation of a large proportion 493 

of the transcriptome changes, both by directly setting a secondary network of TFs in 494 

motion and directly controlling JA metabolism. Notably however, this JA- and 495 
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MYC2/MYC3/MYC4-dependent TF network does not seem to modulate other classical 496 

touch marker genes such as TCH3 and TCH4, meaning that additional touch-induced 497 

signalling pathways await discovery. 498 

 499 

Methods 500 

Plant material and treatment  501 

The myc2 myc3 myc4 (myc234) and coi1-16 mutant lines have been described before 502 

(30, 71) and were a kind gift from Prof. Roberto Solano. etr1-1 was kindly donated by 503 

Dr. Kirk Overmyer and the msl mutants were kindly provided by Prof. Elizabeth Haswell. 504 

The mutant line erf109 (SALK_150614) originates from the Nottingham Arabidopsis 505 

Stock Centre and the myc2 MYC2::MYC2-FLAG line was described before (72).  506 

Arabidopsis seeds were dry-sterilised O/N in commercial bleach (1:8 dilution in water) 507 

containing 3% HCl. Seeds were placed on 0.5x MS (including vitamins), 0.5% MES, pH 508 

5.8, 0.7% phytoagar plates and stratified for 2-3 days at 4°C after which the plates were 509 

transferred to standard growth conditions (21°C, 16h/8h light/dark regime) for 10-14 510 

days. 511 

For transcript and metabolite analyses, seedlings were stimulated by spraying 512 

downwards onto the plate from around 15 cm distance 5-10 times (depending on the 513 

size of the plate) with milliQ water using a spraying bottle (Black&Gold, 500 mL multi-514 

purpose sprayer, cat. No. CLEA0055), except where specified. An example treatment is 515 

shown in Video S1. The average droplet size of the spray is 211±12 µm as determined by 516 

immersion sampling in silicon oil and measurement under a microscope. The water 517 

volume of one spray is around 625 mL, and we sprayed with enough force to allow the 518 

droplets to travel upwards against gravity around 52 cm (implying an initial speed of 519 

about >3 m/s ignoring air friction). Excess water was then drained off and plates were 520 

closed for the indicated time before sampling. Ca. 5-10 whole seedlings were sampled 521 

for each biological repeat, and the plants were quickly dried with tissue paper before 522 

snap freezing in liquid nitrogen. In case of touching without spraying, seedlings were 523 

touched with a blunt forceps for approximately 10 seconds (in SI Appendix, Fig. S1) or 524 

using a gentle paint brush (Langnickel Snowhite 4, L4530) (in Figure 2B, Video S2).  525 

For phenotype analysis (in SI Appendix, Fig. S2D-E), seeds were sown in soil, stratified 526 

for 2 days at 4°C and grown in standard growth conditions (21°C; 16h/8h light/dark 527 

regime). From 14 days after transfer to the growth room onwards until bolting, leaves 528 

were touched 10 times twice per day with blunt tweezers.  529 

 530 

Construct design 531 
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All constructs were made using Gateway technology (Invitrogen®). Promoter regions of 532 

ORA47, ERF13, ERF105, MYB77, ZAT10, ERF5, ERF104, ERF109, ERF13 and bHLH19 were 533 

isolated using primer P53-72 (Dataset S14) and BP recombined into pDONR221 534 

(Invitrogen®). The coding sequence (CDS) of ERF109 and bHLH19 were isolated using 535 

primers P49/50 and P51/52, respectively (Dataset S14) and cloned into pDONR221 536 

(Invitrogen®). The Entry plasmids were sequence-verified and subsequently LR 537 

recombined into pGWL7 for the promoters and p2GW7 for the CDS. Cloning of MYC2 538 

and MYC2D105N was described before (41). Creation of MYC2::MYC2-FLAG line has been 539 

described (72).  540 

 541 

Expression analysis 542 

Total RNA extraction was isolated using the SpectrumTM Plant Total RNA Kit (Sigma-543 

Aldrich) and 1 μg was used for cDNA synthesis using iScript™ (Bio-Rad). Quantitative 544 

RT-PCR (qPCR) was performed with primers P1-P46 (Dataset S14). For normalisation 545 

housekeeping genes polyubiquitin 10 (UBQ10; At4g05320) and ubiquitin-conjugating 546 

enzyme 21 (UBC21; At5g25760) were used.  547 

 548 

Promoter trans-activation assays in tobacco protoplasts 549 

Transient promoter trans-activation assays in tobacco protoplasts were performed as 550 

described (73).  551 

 552 

ChIP-Seq 553 

Approx. 100 mg of myc2 MYC2:MYC2-FLAG or Col-0 seeds per plate were grown for two 554 

weeks on MS media in square petri dishes. Samples were spray treated with distilled 555 

water. At the selected time points, the seedlings were quickly plucked from the plates, 556 

with representative seedlings immediately snap frozen in liquid nitrogen for subsequent 557 

transcript and protein analysis. The remaining 5-10 g of seedlings was quickly 558 

submerged in nylon stockings in 1 % formaldehyde (Sigma-Aldrich cat no. F8775) in 10 559 

mM HEPES-NaOH pH 7.4, and vacuum infiltrated for 10 min. The vacuum was then 560 

released and reapplied for 10 min. Next, formaldehyde was replaced with 200 mM 561 

glycine and again vacuum infiltrated for 10 min. Finally, the samples were washed with 562 

distilled water, removed from the stockings and snap frozen. ChIP-Seq experiments 563 

were performed as previously described (74) with minor modifications. Approx. 500 mg 564 

of two week old myc2 MYC2:MYC2-FLAG and Col-0 seedling tissue was used. 565 

Experiments were conducted with antibodies against FLAG (F1804, Millipore Sigma). As 566 

a negative control, mouse IgG (015-000-003, Jackson ImmunoResearch) was used. Anti-567 
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FLAG antibody and IgG were coupled to 50µl Protein G Dynabeads (10004D, Thermo 568 

Fisher Scientific) 6 hours and subsequently incubated overnight with equal amounts of 569 

sonicated chromatin. After overnight incubation beads were washed twice with high salt 570 

buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% Triton X-100), low salt 571 

(50 mM Tris HCl pH 7.4, 500 mM NaCl, 2 mM EDTA, 0.5% Triton X-100) and wash buffer 572 

(50 mM Tris HCl pH 7.4, 50 mM NaCl, 2 mM EDTA). After elution, samples were de-573 

crosslinked and digested with proteinase K digestion before the DNA was precipitated. 574 

ChIP-seq libraries were generated following the manufacturer’s instructions (Illumina) 575 

and sequenced on the Illumina HiSeq 2500 Sequencing system. Sequencing reads were 576 

aligned to the TAIR10 genome assembly using Bowtie2 (75). Overrepresented peaks 577 

were called using SICER (76) (P < 0.01).  578 

 579 

 580 

RNAseq analysis 581 

Total RNA was extracted from snap-frozen tissues using the Sigma Spectrum Plant RNA 582 

kit, and genomic DNA was removed using Ambion DNA-free kit. Libraries for RNAseq 583 

analysis were prepared from 500 ng DNAse-treated total RNA using the Illumina Ribo-584 

zero Plant kit (RS-122-2401) following standard procedures, as described previously 585 

(77). Number of replicates for the myc234 time course experiment were n = 3, except for 586 

myc234 25 min (n = 4). For the MYC2-FLAG time course n = 4. Libraries were clustered 587 

on an Illumina cBot using Truseq SR Cluster Kit v3 cBOT HS (GD-401-3001). Sequencing 588 

was then performed on an Illumina HiSeq 1500 using SBS kit v3 for 50-61 cycles (FC-589 

401-3002). Reads were aligned to TAIR10 with STAR (78), and 24-39 million (myc234 590 

time course) or 13-23 million (MYC2-FLAG time course) uniquely aligned reads were 591 

obtained for each sample. Aligned reads were assigned to genes with featureCounts 592 

(79). Differentially expressed genes were called with DEseq2 with no independent 593 

filtering (80). Transcripts were considered to be significantly differentially expressed 594 

between genotypes when padj<0.05 (after multiple testing correction) and fold change 595 

>2x.  596 

 597 

Hormone quantification 598 

Samples (n = 5) were extracted, purified and analysed according to method described 599 

(81). Briefly, approx. 20 mg of frozen material per sample was homogenised and 600 

extracted in 1 mL of ice-cold 50% aqueous acetonitrile (v/v) with the mixture of 13C- or 601 

deuterium-labelled internal standards using a bead mill (27 hz, 10 min, 4°C; MixerMill, 602 

Retsch GmbH, Haan, Germany) and sonicator (3 min, 4°C; Ultrasonic bath P 310 H, Elma, 603 
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Germany) After centrifugation (14 000 RPM, 15 min, 4°C), the supernatant was purified 604 

as following. A solid-phase extraction column Oasis HLB (30 mg 1 cc, Waters Inc., 605 

Milford, MA, USA) was conditioned with 1ml of 100% methanol and 1ml of deionised 606 

water (Milli-Q, Merck Millipore, Burlington, MA, USA). After the conditioning steps each 607 

sample was loaded on SPE column and flow-through fraction was collected together 608 

with the elution fraction 1 ml 30% aqueous acetonitrile (v/v). Samples were evaporated 609 

to dryness using speed vac (SpeedVac SPD111V, Thermo Scientific, Waltham, MA, USA). 610 

Prior LC-MS analysis, samples were dissolved in 40 µL of 30% acetonitrile (v/v) and 611 

transferred to insert-equipped vials. Mass spectrometry analysis of targeted compounds 612 

was performed by an UHPLC-ESI-MS/MS system comprising of a 1290 Infinity Binary LC 613 

System coupled to a 6490 Triple Quad LC/MS System with Jet Stream and Dual Ion 614 

Funnel technologies (Agilent Technologies, Santa Clara, CA, USA). A list of internal 615 

standards used in this study is provided in Dataset S15.  The quantification was carried 616 

out in Agilent MassHunter Workstation Software Quantitative (Agilent Technologies, 617 

Santa Clara, CA, USA). 618 

 619 

Mass spectrometry 620 

For protein extraction, 200mg of ground seedlings (4 biological replicates per sample 621 

group) were resuspended in 400 ul of 125m mM Tris-HCl pH 7.0, 7% SDS, 0.5% PVP-40, 622 

25 mM DTT, 1 mM complete protease inhibitor cocktail (Roche) and vortexed 623 

repeatedly over the course of 5 minutes. Debris was pelleted by centrifugation and 250 624 

ul of supernatant transferred to fresh tubes. Chloroform:methanol extraction was 625 

performed (82) and the protein layer washed twice in methanol. The pellet was then 626 

treated with -20°C 90 % acetone for 2h with the acetone being changed after 1 hour. 627 

Pellets were resuspended in 1 % SDS, 50 mM ammonium bicarbonate, 10 mM DTT and 628 

treated with 25 mM iodoacetic acid for 30 min in the dark before digestion with trypsin 629 

(life Sciences) 1:20. Samples were cleaned up by combined J4-SDS2 (Nest group) and 630 

C18 (Waters) HPLC columns before drying down in a vacuum centrifuge. Peptide 631 

samples were analysed on a ThermoFisher Orbitrap Fusion over the course of 240 632 

minutes using a 75 um * 20 mm trap column (ThermoFisher) and a 75 um * 500 mm 633 

analytical column (ThermoFisher). Data files were converted to *.mzML (Msconvert 634 

3.0.9992) before spectral matching through CometMS (2017.01 rev. 4) with reversed 635 

decoy database (TAIR10). Peptide scores were cut off at a false discovery rate of 2% and 636 

rescored through PeptideProphet (TPP v5.0.0 Typhoon) and protein lists assembled 637 

with ProteinProphet (TPP v5.0.0 Typhoon). Relative abundance measurements were 638 

assembled with Abacus (83) and statistical analysis conducted through the DESeq2 639 
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packages (80) in the R statistical computing environment (3.5.1). Proteins with at least 640 

an average of 5 spectral counts per replicate in at least one time point, and a median of 641 

the average spectral counts per time point higher than 3, were deemed as reliably 642 

quantified and retained for statistical analysis (4243 proteins; Dataset S16). Proteins 643 

with a fold change >1.5x and adjusted p-value < 0.05 (DESeq2) were retained as 644 

significantly differential. Additional MS1 data was extracted for a subset of proteins 645 

through the MS1 filtering workflow in Skyline (4.1.0.11796). 646 

 647 

Cluster analyses and Venn-diagrams 648 

Average linkage hierarchical clustering with Pearson correlation and k-means clustering 649 

were performed using the multiple experiment viewer (MeV) software. Venn diagrams 650 

were made using a web application 651 

(http://bioinformatics.psb.ugent.be/webtools/Venn/). 652 

 653 

Statistical Information 654 

Information on statistical processing for the large data sets (RNA-seq, ChIP-Seq and 655 

proteomics) are specified in the respective methods sections. Complete lists of p-values 656 

are available in the supplementary material. For additional experiments, two-tailed 657 

student’s t-test were used, with number of replicates and error bars as indicated in the 658 

figure legends. 659 

 660 

Data availability 661 

RNA-Seq data have been deposited under reference numbers E-MTAB-8019 and E-662 

MTAB-8021. The ChIP-seq data have been deposited at Gene Expression Omnibus under 663 

reference number GSE132316. The mass spectrometry proteomics data have been 664 

deposited to the ProteomeXchange Consortium via the PRIDE (84) partner repository 665 

with the dataset identifier PXD014008. 666 
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Legends  693 

Fig. 1. The MYC2/MYC3/MYC4-dependent water spray-transcriptome. (A, B) Summary 694 

of the RNA-Seq experiment in Col-0 (A) and myc234 mutant (B) lines in untreated 695 

seedlings (UT) and seedlings 25 min (25m) after mechanical stimulation by water spray. 696 

(A) 77,6% of the genes are up-regulated (sprayUP) after 25 m in Col-0 of which 10,5% 697 

encode TFs. (B) Of the fraction of genes affected by the myc234 mutations, 88,3% show 698 

reduced inducibility after water spray. 85,7% are up-regulated by spray and 16,9% 699 

encode TFs. (C-E) Heat maps representing normalised levels of water spray-responsive 700 

transcripts in Col-0 and the myc234 mutant sampled 25 min after waterspray (25m) and 701 

untouched (UT). Scale bars represent linear fold changes normalised to Col-0 untreated 702 

as 1. (C) Heat map of all 266 myc234-dependent spray transcripts. Inset represents 703 

transcripts more than 100-fold induced by spray treatment in Col-0. (D) Heat map of 704 

selected MYC2/MYC3/MYC4-dependent transcripts related to JA-signalling and 705 

biosynthesis. (E) Heat map of the top-twenty spray-inducible TF genes in Col-0 and their 706 

transcript abundance in myc234 after touch. TF genes that are significantly altered (at 707 

least 2-fold, P < 0.05) in myc234 after spray (myc234 25m) compared to Col-0 (Col-0 708 

25m) are indicated in bold and blue. 709 

Fig. 2. Analysis of MYC2/MYC3/MYC4-dependent mechano-inducible transcription 710 

factor genes. (A) QPCR analysis of selected TF genes in seedlings of Col-0 (black bars) 711 

and myc234 (blue bars) untreated (UT) and 25 min after  water spray (25m). The Y-axis 712 

denotes fold inductions relative to UT Col-0 (set to 1). Error bars designate SE of the 713 

mean (n = 5). Statistical significance was determined by Student’s t test between 714 

genotypes and treatments (*P < 0.05, **P < 0.005, ***P < 0.0005). (B) QPCR analysis of 715 

selected genes in seedlings of Col-0 (black bars) and myc234 (blue bars) untreated (UT) 716 

and 25 min after touching with a gentle paint brush (25m brush). The Y-axis denotes 717 

fold inductions relative to UT Col-0 (set to 1). Error bars designate SE of the mean (n = 718 

4). Statistical significance was determined by Student’s t-test between genotypes and 719 

treatments (*P < 0.05, **P < 0.005, ***P < 0.0005). 720 

 721 

Fig. 3. The dynamic profile of the water spray transcriptome. (A) Co-expression 722 

analysis of the 2612 genes that are at least 2-fold and significantly (P < 0.05) changed in 723 

at least 1 of 5 time-points after spray treatment compared to the untreated seedlings. 724 

Average linkage hierarchical clustering with Pearson correlation was used. The bar on 725 

top shows the LOG(10) scale. Blue and yellow denote down-and up-regulation, 726 

respectively. (B, C) Selection of genes from the RNA-Seq dataset involved in the touch-727 
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response (B) and the JA-signalling pathway (C). Asterisks indicate statistically 728 

significant differences (see Methods) compared to 0 min (Padj < 0.05 and 2-fold 729 

change). (D) k-means clustering of the 2612 water spray-regulated genes showing the 730 

numbers and dynamics of down-regulated and up-regulated genes. The x-axis shows the 731 

different time-points. The Y-axis represents LOG10-transformed fold-induction. (E) 732 

Venn diagram showing the dynamics of genes between the selected time-points. For 733 

each time-point, all genes that are at least 2-fold and significantly (P < 0.05) changed 734 

were selected. (F) Pie-diagram showing the distribution of down-regulated genes (blue) 735 

and up-regulated genes (shades of yellow). For the latter, percentages of genes with 736 

maximum fold-induction at each time-point within the 2612 water spray-regulated 737 

genes is given. (G) Fraction of known transcription factors (TFs) within defined 738 

collections of genes as indicated in F. Abbreviations: TCH, touch; JAZ, Jasmonate ZIM; 739 

OPR, 12-oxophytodienoate reductase. (H) Co-expression analysis using the time-course 740 

RNA-Seq data of the 266 genes affected by myc234 (Fig. 1) The colour scale shows 741 

LOG10 transformed values with blue and yellow representing down-regulation and up-742 

regulation, respectively. (I) Quantitative RT-PCR (qPCR) showing the effect of myc234 at 743 

different time-points after spray for bHLH19 (upper panel) and ERF109 (lower panel). Y-744 

axis represents normalised fold-induction compared to untouched (UT) Col-0 (set to 1). 745 

). Error bars are standard error of the mean (n = 5). Statistical significance was 746 

determined by the Student’s t-test (*P < 0.05, **P < 0.005, ***P < 0.0005). 747 

 748 

Fig. 4. Characteristics of the MYC2-regulon. (A)  Venn diagram showing the number 749 

of TF genes (TFDB) and JA-inducible genes (JA) of the MYC2-regulon. (B) Distribution of 750 

the MYC2 regulon genes based on the water spray RNA-Seq data set in myc234. Regulon 751 

genes are ranked from most to least affected in myc234 compared to Col-0 after water 752 

spray. Values are percentages of the transcript accumulation levels 25 min after spray in 753 

Col-0. The colour code of the bars corresponds the colour code in the Venn diagram in 754 

(A). Genes previously shown to be bound by MYC2 are indicated with an asterisk and 755 

arrow in green. The black dashed line indicates the expression level after water spray 756 

for each individual gene in Col-0 (set to 100%) and the grey dashed line marks the 50% 757 

value. Boxed genes have transcripts reduced 50% or more in myc234 compared to Col-0 758 

after touch. (C) Hierarchical cluster analysis of the MYC2 regulon TF genes and/or genes 759 

previously shown to be bound by MYC2 (indicated with asterisk in green). Clustering 760 

was performed using transcript data from Col-0 and myc234 seedlings untouched (UT) 761 

and 25 min after spray (25m) as well as the water spray time-course. The scale bar 762 
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represents LOG2 transformed values. Red and blue denote up-regulation and down-763 

regulation, respectively.  764 

 765 

Fig. 5. MYC2 binds and activates touch-inducible TF gene promoters. (A) Trans-766 

activation assays in N. tabacum protoplast of the selected TF gene promoters by β-767 

glucuronidase (GUS), MYC2 and MYC2D105N (sMYC). The Y-axes represents normalised 768 

firefly luciferase activity (fLUC/renilla luciferase). Values represent fold-induction 769 

relative to the GUS control (set to 1) and are presented on top of the bars. Error bars 770 

represent SE of the mean (n = 8). Statistical significance was determined by Student’s t 771 

test (*P < 0.05, **P < 0.005, ***P < 0.0005). (B) RNA-Seq results of selected TF genes in 772 

Col-0 and myc234 seedlings untouched (UT) and 25min after water spray. The X-axis 773 

represents fold-induction compared to Col-0 UT (set to 1). Asterisks indicate statistically 774 

significant differences (see Methods and Dataset S1) between UT (set to 1) and 25m 775 

within each genotype (white) and between genotypes (coloured) (Padj < 0.05 and 2-fold 776 

change). (C) ChIP-Seq showing MYC2 binding to genome region of the selected TFs in a 777 

control transformed line (IgG) and the pMYC2:MYC2-FLAG line untouched (UT) and 25 778 

min after water spray (T25). Green indicates reads mapped to the Watson strand and 779 

red indicates reads mapped to the Crick strand. (D) Organisation of the 2kb upstream 780 

regions of the TF genes showing the location of G-boxes (CACGTG) relative to the ATG.  781 

  782 

Fig. 6. Mechano-induced expression of bHLH19 and ERF109 involves JA. (A) Venn 783 

diagram showing the connection between the combined mechanical stimulation-related 784 

transcriptomes of this and previous studies15, 16, and two MeJA transcriptomes50, 51. (B, 785 

C) qPCR of the depicted genes in Col-0 and coi1-16 (B), and Col-0, opr3 and jar1 (C) 786 

seedlings untouched (UT) and 25 min after water spray (25m). Y-values represent 787 

normalised fold-induction compared to UT Col-0 (set to 1). Error bars represent SE of 788 

the mean (n = 3 for UT and n = 4 for 25m (B) and n = 4 for UT and n = 5 for 25m (C)). 789 

Statistical significance was determined by Student’s t test (*P < 0.05, **P < 0.005, ***P < 790 

0.0005). Letters indicate significant differences (ANOVA, P < 0.005 according to the least 791 

significant difference post hoc analysis).  792 

Fig. 7. Water spray triggers wide-spread proteomic changes. (A) K-means clustering 793 

of 355 proteins that significantly change abundance during water spray response (P < 794 

0.05, 1.5-fold change). Relative abundance is shown for each time point (minutes/hours 795 

after treatment) compared to time point 0 min (untouched). (B) Peptides derived from 796 

proteins whose transcripts were identified as being water spray responsive were 797 
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selected for manual curation of full scan MS data. Comparison of RNA and protein levels 798 

for selected proteins over the 3h time course are shown. Relative abundance compared 799 

to time point 0 h were shown. Asterisks indicate statistically significant differences (see 800 

Methods) compared to UT (Padj < 0.05 and 2-fold change for transcripts; P < 0.05 and 801 

1.5-fold change for protein levels). 802 

 803 

Fig. 8. JA-related metabolite and transcript profiling of the MYC2/MYC3/MYC4-804 

dependent water spray response. (A) Venn diagram with selected JA biosynthesis 805 

genes (JA), MYC2/MYC3/MYC4-dependent genes (myc234) and water spray-responsive 806 

genes (spray). The colour code corresponds to the genes in (B-C): in green are 807 

MYC2/MYC3/MYC4-dependent JA biosynthesis genes, in blue are water spray-808 

responsive MYC2/MYC3/MYC4-dependent JA biosynthesis genes and in pink are water 809 

spray-responsive MYC2/MYC3/MYC4-independent JA biosynthesis genes. (B) Pathway 810 

for JA biosynthesis and expression profiling of the genes encoding the depicted 811 

enzymatic steps. Measured metabolites are boxed in green and the enzymatic steps are 812 

indicated. Visualisation of the time-course expression analysis of the JA-biosynthesis 813 

genes are depicted right-hand side of each enzymatic step. The time-points are indicated 814 

on top and the scale bar represents LOG10 transformed values. Red and blue denote up-815 

regulation and down-regulation, respectively. (C) Hierarchical cluster analysis of the JA 816 

biosynthesis genes. Clustering was performed using transcript data of the time series 817 

shown in B as well as transcript data from Col-0 and myc234 seedlings untouched (UT) 818 

and 25 min afterwater spray (25m). The scale bar represents LOG10 transformed 819 

values. Red and blue denote up-regulation and down-regulation, respectively. The 820 

colour code of the transcripts are derived from the Venn diagram in (A). Asterisks 821 

indicate genes identified by MYC2-ChIP (Dataset S8). (D) Accumulation of cis-OPDA, JA 822 

and JA-Ile after water spray in Col-0 and myc234 seedlings. The Y-axis denotes pmol.g-1 823 

FW. The X-axis represents sampling time (min) 10, 25, 40, 60, and 180 min after water 824 

spray. Black and coloured asterisks indicate differences (Student’s t-test; * P < 0.05; ** P 825 

< 0.005, *** P < 0.0005) with UT in Col-0 and myc234, respectively.  Note that in myc234 826 

UT, JA-Ile could not be detected. Grey asterisks indicate differences between Col-0 and 827 

myc234 at each time-point (Student’s t-test, P < 0.05). Abbreviations: cis-OPDA, cis-(+)-828 

12-Oxo-Phytodienoic Acid; JA, Jasmonic Acid; JA-Ile, Jasmonate-Isoleucine. Gene names 829 

can be found in Dataset S13. 830 
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